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tradeoff between the effort devoted to developing qualitative insight and the implementa-
tion of a quantitative analysis. Careful attention has been given to avoid slighting the de-
velopment of “intuition™ in light of the greatly enhanced quantitative capabilities arising
from the integrated use of the computer. Lastly, we have not attempted to be all-inclusive
in the depth and breadth of coverage—many things are left for later (another course, other
books). Hopefully, the proper tradeoffs have been achieved y the reader is reason-
ably knowledgeable about the subject matter and acceptably equipped to perform device
analyses after completing the text.

The present text is intended for undergraduate juniors o seniors who have had at least
an introductory exposure to electric field theory. Chapters are grouped into three major
divisions or “parts,” with Part II being further subdivided into IIA and IIB. With some
deletions, the material in cach of the three parts is covered during a five-week segment of
a one-semester, three-credit-hour, junior-senior course in Electrical and Computer Engi-
neering at Purdue University. A day-by-day course outline is supplied on the Instructor’s

Disk ing the Solutions Manual. If y to meet time constraints, read-only
Chapters 4, 9, 13, and 19 could be deleted from the lecture schedule. (An instructor might
I y assign the chapters as indep dings and reward i dents by
includi G dit inati ions covering the material.) Standard Chapters 12,

14, and 15, except for the general field-effect introduction in Section 15.1, may also be
omitted with little or no loss in continuity.

Although a complete listing of special features is given in the General Introduction,
instructors should take special note of the Problem Information Tables inserted prior to the
end-of-chapter problems. These tables should prove useful in assigning problems and in
dealing with homework graders. When faced with constructing a test, instructors may also
be interested in examining the Review Problem Sets found in the mini-chapters (identified
by a darkened thumb tab) at the end of the three book parts. The Review Problem Sets are
derived from old “open-book™ and “closed-book” tests. Concerning the computer-based
exercises and problems, the use of either the student or professional version of MATLAB is
recommended but not required. The in-text lutions and the p answers
supplied to the instructor, however, do make use of MATLAB. Although it would be helpful,
the user need not be familiar with the MATLAB program at the beginning of the book. The

MATLAB problems in ive chapters make i ingly sophisticated use of the:pro-
gram. In other words, the early ises and h k probl provide a learning
MATLAB by using MATLAB experience. [t is critical, however, that the user complete a
large p ge of the I based ises and prob! in the first three chapters.
The ises and problems found in later chapters not only assume a reasonably competent
use of MATLAB, but also build upon the programs developed in the carlier chapters.

The author gr. ly ack ledges the assi of i EE305 stud the

respondents to an easly marketing survey, the manuscript reviewers, and Addison-Wesley
personnel in making Book 2000 a reality. Deserving of special thanks is Ali Keshavarzi for
arranging the author's ical at Intel Corporation and for providing phc phs of
equipment inside the Albuquerque fabrication facility. Prof. Mark Lundstrom at Purdue
University was also most helpful in supplying key information and figures for several book
sections. Of the undergrad; dents asked to the manuscript for readability

PREFACE

Why another text on solid state devices? The author is aware of at least 14 undergraduate
texts published on the subject during the past decade. Although several motivating factors
could be cited, a very significant factor was the desire to write a ook for the next millen-

nium (a Book 2000 so to speak) that lly incorporates comp ssisted learning.
In a recent survey, bers of the Undergraduate Curriculum C in the School of
Electrical and Computer Engineering at Purdue University listed i ion of the com-

puter into the learning process as the number one priority. Nationally, university consor-
tiums have been formed which emphasize computer-assisted learning. In January 1992,
distribution began of the Student Edition of MATLAB, essentially a copy of the original
MATLAB manual bundled with a low-cost version of the math-tools software. Over 37,000
copies of the book/software were sold in the first year! Texts and books on a variety of
topics from several publishers are now available that make specific use of the MATLAB
softwarc. The direction is clear as we proceed into the second millennium: Computer-
assisted learning will become more and more prevalent. In dealing with solid state devices,
the computer allows ong to address more realistic problems, to more readily experiment
with “what-if” scenarios, and to conveniently obtain a graphical output. An entire device
h istic can often be g d with less time and effort than a small set of
manually calculated single-point values.

It should be clarified that the present text is not a totally new entry in the field, but is
derived in part from Volumes I-IV of the Addison-Wesley Modular Series on Solid Statc
Devices. Lest there be a misunderstanding, the latest versions of the volumes in the Modu-
lar Series were not simply glued together. To the contrary, more than half of the material
coverage in the four vol was pletely rewritten. M , several
sections and two additional chapters were added to the Volumes I-IV outline. The new text

I 1
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also puter-based text and end-of-chapter problems, plus a number
of other special features that are fully described in the General Introduction.
In just about any engineering end there are Device design’is replete

with tradeoffs. Tradeoffs also enter into the design of a book. For example, a few topics
can be covered in detail (depth) or lesser coverage can be given to several topics (breadth).

Similarly one can emphasize the und, of pts or optimize the of
factual information. Volumes I-IV in the Modular Series are known for their pedantic
depth of coverage emphasizi pts. While retaining the same basic depth of coverage,

four “read-only™ chapters have been specifically added herein to broaden the coverage and
enhance the transmission of factual information. In the read-only chapters the emphasis is
more on describing the exciting world of modern-day devices. Compound semiconductor
devices likewise receive increascd coverage throughout the text. There is also a natural

PREFACE

and errors, Eric Bragg stands out as especially perceptive and helpful. The very conscien-
tious manuscript reviewers were Prof. Kenneth A. James, California State University, Long
Beach; Prof. Peter Lanyon, Worcester Polytechnic Institute; Prof. Gary S. May, Georgia
Institute of Technology; Prof. Dieter K. Schroder, Arizona State University; and Prof. G. W.

- Stillman, University of lllinois at Urbana-Champaign. In recognition of a fruitful associa-
tion, a special thanks to Don Fowley, the former editor at Addison-Wesley who enticed the
author into writing the book, Last but not least, editor Katherine Harutunian is to be cred-
ited with smoothly implementing the project, and executive assistant Anita Devine with
cheerfully handling many of the early details.

Prof. Robert F. Pierret
School of Electrical and Computer Engineering
Purdue University
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GENERAL INTRODUCTION

Coincident with the writing of this book, there has been considerable media discussion
about the “Information Superhighway.” The envisioned highway itself, the physical link
bclw;cn points supporting the information traffic, is fiber optic cable. Relative to the topic
of this book, the on and off ramps, which insert and extract the information from the high-
way, are semiconductor (solid state) devices. Traffic control, the information processing
and the conversion to and from the human interface, is performed by computers. The cen-
lral'proccssing unit (CPU), memory, and other major p insidc the iputer are
again semiconductor devices. In the modern world, semiconductor devices are incorporated
in just about every major system from automobiles to washing machines.

) Althoug‘h roughly a half-century old, the field of study associated with semiconductor
devices continues to bedynamic and exciting. New and improved devices are being devel-
.oped at an almost maddening pace. While the device count in complex integrated circuits
increases through the millions and the side-length of chips is measured in centimeters, the
individual devices are literally being shrunk to atomic di ions. M , semicondi
tor properties desired for a given device structure but not available in nature are being
prroquced artificially; in essence, the semiconductor properties themselves are now being
engineered to fit device specifications.

'l'hn book should be viewed as a gateway to what the reader will hopefully agree is the

g realm of ductor devices. It was written for junior- or senior-level stu-

fients who have at least an introductory exposure to electric field theory. The coverage

Tud sa ive ling of information about a wide variety of devices. Primary

emphasis, however, is placed on developing a fund ] under ding of the internal

workings of the more basic device structures. As detailed below, this book contains a num-

ber o(’i unique features to assist the reader in learning the material. Alerted at an early stage
to their existence, the reader can plan to take full advantage of the cited features.

® Computer-Based Exercises and End-of Chapter (Homework) Problems. The majority
of chapters contain one or more MATLAB-based exercises requiring the use of a com-
puter. MATLAB is a math-tools software program that has been adapted to run on most
computer platforms. A low-cost student edition of MATLAB, which can be used to run
all of the files associated with this book, is available in both IBM ible and Mac-
intosh versions. The MATLAB program scripts yielding exercise answer‘s are listed in the
gext and are available in electronic form as detailed below. Computer-based problems,
identified by a bullet (®) before the problem number, make up approximately 25% of the

DEVICE S

problem total. Although other math-toois programs could be employed, the use of
MATLAB is recommended in answering p based problems. B; p
based exercises and problems in the early chapters are specifically designed to progres-
sively enhance MATLAB-use p the user need not be familiar with the MATLAB
program at the beginning of the book. It is very important, however, to complete a large
p ge of the computer-based ises and problems in the first three chapters. The
exercises and problems found in later chapters not only assume a reasonably competent
use of MATLAB, but also build upon the programs developed in the earlier chapters.

® Computer Program Files. Program files of the MATLAB scripts associated with com-

puter-based exercises are available via the Internet (Etp.mathworks. com in the di-
rectory pub/books/pierret) or on a floppy disk distributed free of charge by
MathWorks, Inc. A puli-out card is provided herein for obtaining the free disk
which is formatted for use with either an IBM-compatible or Macintosh p Each
floppy disk contains two sets of “m-files” to be used respectively with the pre-4.0 (stu-
dent 1st edition) or post-4.0 (student 2nd cdition) versions of MATLAB. The listings in
the text are specifically derived from the Macintosh post-4.0 version, but they are iden-
tical to the corresponding IBM-compatible version except for the occasional appearance
of a Greek letter.

® Supplement and Review Mini-Chapters. The book is divided into three parts. At the end
of each part is a Supplement and Review mini-chapter. The mini-chap identified by
a darkened thumb tab, contain an alternative/supplemental reading list and information
table, itations for the preceding chap an i iew-list of terms,
and review problem sets with answers. The review problem sets are derived from
“closed-book™ and “open-book™ examinations.

® Read-Only Chapiers. Chapters 4, 9, 13, and 19 have been classified as “read-only.”
Chapters with the read-only designation contain mostly qualitative information of a sup-
plemental nature. Two of the chapters survey some of the latest device structures. In-
tended to be fun-rcading, the read-only chapters are strategically placed to provide a
change of pace. The chapters contain only a small number of equations, no cxercises,
and few, if any, end-of-chapter problems. In a course format, the chapters could be
skipped with little loss in continuity or preferably assigned as independt ding

® Problem Information Tables. A compact table containing information about the end-of-
chapter problems in a given chapter is inserted just before the problems. The information
provided is (i) the text section or subsection after which the problem can be completed,
(ii) the estimated problem difficulty on a scale of ! (easy or straightforward) to 5 (very
difficult or extremely time consuming), (iii) suggested credit or point weighting, and
(iv) a short problem description. A bullet before the problem number identifies a com-
puter-based problem. An asterisk indicates computer usage for part of the problem.

® Fquation Summaries. The very basic carrier modeling equations in Chapter 2 and the
carrier action equations in Chapter 3, equations referenced throughout the text, are or-
ganized and repeated in Tables 2.4 and 3.3, respectively. These tables would be ideal as
*“crib sheets” for closed-book cxaminations covering the material in Part I of the text.

‘GENERAL INTRODUCTION

Measurements and Data. Contrary to the imp left by the sketches and
idealized plots often found in introductory texts, device characteristics are real, seldom
perfect, and are routinely recorded in lab ies. Herein a pling of
= measurement details and results, derived from an undergs EE lat y admini

tered by the author, is included in an attempt to convey the proper sensc of reality. For
added details on the described measurements, and for a description of additional mea-
surements, the reader is referred to R. F. Pierret, Semiconductor Measurements Labora-

tory Of ions Manual, A in the Modular Series on Solid State Devices,
Addison-Wesley Publishing Company, Reading MA, © 1991.
® Alternative Treatment. Section 2.1 provides the mini qui on the

topic of energy quantization in atomic systems. Appendix A, which contains a more in-
depth introduction to the guantization concept and rclated topics, has been included for
those desiring supplemental information. Section 2.1 may be totally replaced by Appen-
dix A with no loss in continuity.



PART I

SEMICONDUCTOR
FUNDAMENTALS

1 Semiconductors:
A General Introduction

1.1 GENERAL MATERIAL PROPERTIES

The vast majority of all solid state devices on the market today are fabricated from a class
of materials known as semiconductors. It is therefore appropriate that we begin the discus-
sion by examining the general nature of semiconducting materials.

1.1.1 Composition

Table 1.1 lists the atomic compositions of semicondi that are likely to be encountered
in the device literature. As noted, the semiconductor family of materials includes the ele-
mental icond: Si and Ge, pound icond! such as GaAs and ZnSe, and
alloys like AL Ga,_, As.! Due in large part to the advanced state of its fabrication tech-
nology, Si is far and away the most important of the semicond: totally d

the present commercial market. The vast majority of discrete devices and integrated circuits
{ICs), including the central p ing unit (CPU) in mi p and the ignition mod-

ule in modern automobiles, are made from this material. GaAs, exhibiting superior electron
transport properties and special optical properties, is employed in a significant number of
applications ranging from lascr diodes to high-speed ICs. The remaining semiconductors
are utilized in “niche” applications that are invariably of a high-speed, high-tcmperature,
or optoelectronic nature. Given its present position of dominance, we will tend to focus our
attention on Si in the text development. Where feasible, however, GaAs will be given com-
parable i ion and other icond! will be featured as the discussion warrants.
Although the number of semiconducting materials is reasonably large, the llst is actu-
ally quite limited considering the total number of el and p of
clements. Note that, referring to the abbrcvmed periodic chart of thc elements in Table 1.2,
only a certain group of el and binations typically give rise to semi-
conducting materials. Except for the IV-VI pounds, all of the iconductors listed in
Table 1.1 are composed of elements appearing in Column IV of the Periodic Table or are a
combination of clements in Periodic Table columns an equal distance to either side of

¥The x (or y) in alloy formulas is a fraction lying between 0 and 1. Al Gag ;As would indicate a material with
3 Aland 7 Ga atoms per every 10 As atoms.



Table 1.1 Semicond Materials.
General Semiconductor
Classification Symbol _ Name -
(1) Elemental Si Silicon )
Ge Germanium
(2) Compounds
@IV-IV. Sic - Silicon carbide
OULV.. AlP Aluminum phosphide
AlAs Aluminum arsenide
AlSb Aluminum antimonide
GaN Gallium nitr.de
GaP Gallium phosphide
GaAs Gallium arsenide
GaSb Gallium antimonide
InP Indium phosphide
InAs Indium arsenide
Indium antimonide
(c) II-VI... Zinc oxide
Zinc sulfide
Zinc selenide
Zinc telluride
Cadmium sulfide
Cadmium selenide
Cadmium telluride
Mercury sulfide
@) 1v-Vi. Lead sulfide
Lead selenide
Lead telluride
(3) Alloys
(a) Binary .. ....8i,.,Ge,
(b) Ternary . Al Ga,_,As. (or Ga, . Al, As)
Al In,_, As (or In;_, Al As)
Cd,_ Mn,Te
GaAs, ., P,
Ga,In, _,As (or In, _, Ga, As)
Ga,In,_,P (or In, _, Ga, P)
Hg,.,Cd, Te
(c) Quaternary ........ Al Ga,_,As, Sb, _,

Ga,In,_,As,_, P,
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(2) Amorphous (b) Polycrystalhine (c) Crystalline
No recognizable Completely ordered Entire solid is made up of
long-range order in segments atoms in an orderly array

Figure 1.1 General classification of solids based on the degree of atomic order: (a) amorphous,
(b) polycrystalline, and (c) crystalline.

1.1.3 Structure

The spatial arrangement of atoms within a material plays an important role in determining
the precise properties of the material. As shown schematically in Fig. 1.1, the atomic ar-
rangement within a solid causes it to be placed into one of three broad classifications;
namely, amorphous, polycrystalline, or crystalline. An amorphous solid is a material in
which there is no recognizable long-range order in the positioning of atoms within the
maierial. The atomic arrangement in any given section of an amorphous material will look
different from the atomic arrangement in any other section of the material. Crystalline
solids lie at the opposite end of the “order™ spectrum: in a crystalline material the atoms
are arranged in an orderly three-dimensional array. Given any section of a crystalline ma-
terial, one can readily rep the atomic ar in any other section of the mate-
rial. Polycrystalline solids comprise an intermediate case in which the solid is composed
of crystalline subsections that are disjointed or misoriented relative to one another.

Upon examining the many solid state devices in cxistencc, one readily finds examples
of all three structural forms. An amorphous-Si thin-film transistor is used as the switching
element in liquid crystal displays (LCDs); polycrystalline Si gates are employed in Metal-
Oxide-Semiconductor Field-Effect Transistors (MOSFETSs). In the vast majority of de-
vices, however, the active region of the device is situated within a crystailine semi-
conductor. The overwhelming number of devices fabricated today employ crystalline
semiconductors.

1.2 CRYSTAL STRUCTURE

The discussion at the end of the preceding section leads nicely into the topic of this section.
Since in-use semiconductors are typically crystaliine in form, it seems reasonable to seek
out additional information about the crystalline state. Our major goal here is to present a
more detailed picture of the atomic arrangement within the principal semicgnductors. To

Table 1.2 Abbreviated Periodic Chart of the Elements.

il m v v Vi

4 5 6 7 8

Be B C N o
12 i3 14 5 16

Mg Al Si P S
30 31 32 33 . |34

Zn Ga Ge As Se
48 49 50 51 52

Cd In Sn Sb Te
80 81 82 83 84

Hg T Pb Bi Po

Column IV. The Column I1I clement Ga plus the Column V clement As yields the I11-V
compound semiconductor GaAs; the Column 11 element Zn plus the Column VI element
Se yields the I1-VI compound semicond; ZnSe; the fractional combination of the Col-
umn 11 elements Al and Ga plus the Column V element As yields the alloy semiconductor
Al, Ga, _, As. This very general property is related to thc ch 1 bonding in semiconduc-
tors, where, on the average, there are four valence electrons per atom.

1.1.2 Purity

As will be explained in Chapter 2, extremely minute traces of impurity atoms called
“dopants” can have a drastic effect on the clectrical properties of semiconductors. For this
reason, the p | purity of semicond: must be very carefully controlled and,
in fact, modern semiconductors are some of the purest solid materials in existence. In Si,
for example, the unintentional content of dopant atoms is routinely less than one atom per
107 Si atoms. To assist the reader in pting to p this incredible level of
purity, let us suppose a forest of maple trees was planted from coast to coast, border to
border, at 50-ft centers across the United States (including Alaska). An impurity level of
one part per 10° would correspond to finding about 25 crabapple trees in the maple tree

" forest covering the United States! It should be emphasized that the cited material purity

refers to unintentional undesired impurities. Typically, dopant atoms at levels ranging from
one part per 108 to one impurity atom per 10° semicond! atoms will be purposely added
to the semiconductor to control its elcctrical properties.

- : A GENERAL

?chieve this gozfl, we first examine how one goes about describing the spatial position-
ing of atoms within crystals. Next, a bit of “visualization” practice with simpie three-

dimensional lattices (atomic arr ) is p prior to ini
Iatt!ces. t .' . The section ludes with an introduction to the related topic of Mil-
ler indices. Miller indices arc a ient shorthand ion widely employed for iden-

tifying specific planes and directions within crystals,

1.2.1 The Unit Cell Concept

Simply stated, a unit cell is a small portion of any given crystal that could be used to
repro.ducc the crystal. To help establish the unit cell (or building-block) concept, let us
consider the two-dimensional lattice shown in Fig. 1.2(a). To describe this lattice or to
totally specify the physical characteristics of the fattice, one need only provide the unit cell
shown in Fig. 1.2(b). As indicated in Fig. 1.2(c), the original lattice can be readily repro-
duced by mercly duplicating the unit cell and stacking the duplicates next to each other in
an orderly fashion.

In dealing with unit cells there often arises a misund ding, and hence 3
re.lalive to two points. First, unit cells are not necessarily unique. The unit cell shown in
Fig. 1.2(d) is as acceptable as the Fig. 1.2(b) unit cell for specifying the original lattice of

@) (b)

174 atom
each comer

® Iz
ole] s

«© (¢)

Figure 1.2 lmr.oduc(icn to the unit cell method of describing atomic arrangements within crystals,
(fl) Sample two-dimensional lattice, (b) Unit cell corresponding to the part (a) lattice. (c) Reproduc-
tion of the original lattice. (d) An alternative unit cell,
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Fig. 1.2(a). Second, a unit cell need not be primitive (the smallest unit cell possible). In
fact, it is usually advantageous to employ a slightly larger unit cell with orthogonal sides
instead of a primitive cell with nonorthogonal sides. This is especially true in three dimen-
sions wherc noncubic unit cells are quite difficult to describe and visualize.

1.2.2 Simpie 3-D Unit Celis

Semiconductor crytals are three-di i and are tk described in terms of three-
dimensional (3-D) unit cells. In Fig. 1.3(a) we have picturcd the simplest of all three-
dimensional unit cells, the simple cubic unit cell. The simple cubic cell is an equal-sided
box or cube with an atom positioned at each corner of the cube. The simple cubic lattice
associated with this cell is constructed in a manner paralleling the two-dimensional case.
In doing so, however, it should be noted that only 1/8 of each corner atom is actually inside
the cell, as pictured in Fig. 1.3(b). Duplicating the Fig. 1.3(b) cell and stacking the dupli-
cates like blocks in a nursery yields the simple cubic lattice. Specifically, the procedure
generates planes of atoms like that previously shown in Fig. 1.2(a). Planes of atoms parallel
to the base plane are separated from one another by a unit cell side length or latrice con-

|

(b) Pedantically correct
= simple cubic

{a) Simple cubic

.
. ® LY
Q.
@ .
(¢) bee (d) fec

Figure 1.3 Simple three-dimensional unit cells. (a) Simple cubic unit cell. (b) Pedantically correct
simple cubic unit cell including only the fractional portion (1/8) of each corner atom actually within
the cell cube. (c) Body centered cubic unit cell. (d) Face centered cubic unit cell.
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Figure 1.4 (a) Diamond lattice unit cell. (b) Zincblende lattice unit cell (GaAs used for il!uslm-
tion). (c) Enlarged top comer of the part (a) diamond Jattice izing the fc ,,_“"
bonding within the structure. The cube side length, a, is 5.43 Aand5.65Aat T = 300 .K for Si and
GaAs, respectively. [(2) Adapted from Shockley!'l. (b} From Szc!?), ©1981 by John Wiley & Sons,
Inc. Reprinted with permission.] _ '

corner and at each face of the cube similar to the fcc cell. The interior of the Fig. 1.4(a)
cell, however, contains four additional atoms. One of the intcrior atoms is located along a
cube body diagonal exactly one-guarter of the way down the diagonal from the top front
feft-hand corner of the cube. The other three intcrior atoms are displaced one-quarter of the
body diagonal length along the previously noted body diagonal direction from l!le front,
top, and left-side face atoms, respectively. Although it may be difficult to visur.nllzc from
Fig. 1.4(a), the diamond lattice can also be described as nothing more than two lnlcrpefm-
trating fcc lattices. The corner and face atoms of the unit cell can be viewed as belonging
to one fcc lattice, while the atoms totally contained within the cell belong to the _fecon.d fec
lattice. The second lattice is displaced quarter of a body di I along a body diago-
nal direction relative to the first fcc lattice.

Most of the IlI-V semiconductors, including GaAs, crystallize in the zincblende struc-
ture, The zincblende lattice, typified by the GaAs unit cell shown in Fig. 1.4(b), is essen-
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7 stant, a, When viewed normal to the base plane, atoms in a given plane are positioned

directly over atoms in a lower-lying plane.

Figures 1.3(c) and 1.3(d) display two common 3-D cells that are somewhat more com-
plex but still closely related to the simple cubic cell. The unit cell of Fig. 1.3(c) has an atom
added at the center of the cube; this configuration is appropriately called the body centered
cubic (bee) unit cell. The face centered cubic (fec) unit cell of Fig. 1.3(d) contains an atom
at each face of the cube in addition to the atoms at each corner. (Note, however, that only
onc-half of each face atom actually lies inside the fcc unit ccll.) Whereas the simple cubic
cell contains one atom (1/8 of an atom at each of the eight cube corners), the somewhat
more complex bee and fec cells contain two and four atoms, respectively. The reader should
verify these facts and visualize the lattices associated with the bec and fec cells.

(C) Exercise 1.1

The text-associated software distributed via the Internet or on a floppy disk contains
adirectory or folder named MacMolccule. Files stored inside this directory or folder
are ASCII input files generated by the author for use with a computer program by the
same name. The MacMolecule program, copyrighted by the University of A}'izonn.
is distributed free of charge 10 academic users and is at many academi
sites. As the name implies, the program runs only on Macintosh personal computers.
The input files supplied to IBM patible users, h , can be readily converted
for use on a public-access Macintosh.

MacMolecule generates and displays a “ball-and-stick” 3-D color rendering of
molecules, unit cells, and lattices. The input files supplied by the author can be used
to help visualize the simple cubic, bee, and fec unit cells, plus the diamond and zinc-

blendc unit cells described in the next sub The About-MacMolecule file that
is distributed with the M le program provides detailed information about
the use of the program and the ion/modification of input files.

The reader is urged to investigate and play with the MacMolecule software. The
initial display is always a z-direction view and is typically pscudo-two-dimensional
in nature. A more informative view is obtained by rotating the model. Rotation is best
accomplished by “‘grabbing and dragging” the edges of the model. The more adven-
turesome may wish to try their hand at modifying the existing input files or generat-
ing new input files,

1.2.3 Semiconductor Lattices

We are finally in a position to supply details relative to the positioning of atoms within the
principal semiconductors. In Si (and Ge) the lattice structure is described by the unit cell
pictured in Fig. 1.4(a). The Fig. 1.4(a) arrangement is known as the diamond lattice unit
cell because it also characterizes diamond, a form of the Column IV element carbon. Ex-
amining the diamond lattice unit cell, we note that the cell is cubic, with atoms at each
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4 tially identical to the diamond lattice, except that lattice sites are apportioned equally be-
tween two different atoms. Ga occupies sites on one of the two interpenetrating fcc
sublattices; arsenic (As) populates the other fcc sublattice.

Now that the positioning of atoms within the principal semiconductors has been estab-
lished, the question may arise as to the practical utilization of such information. Although
several applications could be cited, geometrical-type calculations constitute a very com-
mon and readily explained use of the unit cell formalism. For example, in Si at room tem-
perature the unit cell side length (a) is 5.43 A (where 1 A = 10-3 cm). Since there are
eight Si atoms per unit cell and the volume of the unit cell is a3, it follows that there are
8/a% or almost exactly 5 X 10?2 atoms/cm? in the Si lattice. Similar calculations could be
performed to determine atomic radii, the distance between atomic planes, and so forth. For
the purp of the develop herein, h » & major reason for the discussion of
semiconductor lattices was to establish that, as emphasized in Fig. 1.4(c), atoms in the
diamond and zincblende lattices have four nearest neighbors. The chemical bonding (or
crystalline glue) within the major ds is th dominated by the i
between any given atom and its four closest neighbors. This is an important fact that should
be filed away for future reference.

Exercise 1.2

P: If the attice constant or unit cell side-length in Si is @ = 5.43 X 10~ cm, what
is the distance (d) from the center of one Si atom to the center of its nearest neighbor?

S: As noted in the Fig. 1.4 caption, the atom in the upper front corner of the Si unit
cell and the atom along the cube diagonal one-fourth of the way down the diagonal
are nearest neighbors. Since the diagonal of a cubc is equal to V/3 times a side length;”
one concludes d = (1/4)V/3a = (V/3/4)(5.43 X 10~%) = [235 X 10-3 cm]..”

(C) Exercise 1.3

P: Construct a MATLAB program that computes the number of atoms/cm? in cubic
crystals. Use the MATLAB input function to enter the number of atoms/unit-cell
and the unit cell side length (a) for a specific crystal. Make a listing of your program
and record the program result when applied 1o silicon.

S: MATLAB program script . . .
%Exercise 1.3
%Computation of the number of atoms/cm3 in a cubic lattice
N=input(‘input number of atoms/unit cell, N = Y%
a=input(‘lattice constant in angstrom, a = ');
atmden=N*(1.0e24)/(a*3) %number of atoms/cm3

1
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Program output for Si . . .
input number of atoms/unit cell, N = §
lattice constant in angstrom, a = 5.43
atmden =
4.9968e+22

1.2.4 Miiler indices

Single crystals of silicon used in device processing normally assume the thin, round form
exhibited in Fig. 1.5. The pictured plate-like single crystals, better known as Si wafers, are
typical of the startir.g substrates presently employed by major Of particular
interest here is the fact that the surface of a wafer is carefully preoriented 1o lic along a
specific crystallographic plane. Moreover, a “flat” or “notch” is ground along the periph-
ery of the wafer to identify a reference direction within the surface plane. Precise surface
orientation is critical in certain device processing steps and directly affects the character-
istics exhibited by a number of devices. The flat or notch is routinely employed, for ex-
ample, to orient device arrays on the wafer so as to achieve high yields during device

Figure 1.5 Single-crystal silicon wafers typical of the starting substrates presently employed by
major device manufacturers. The 150 mm (6 inch) and 200 mm (8 inch) wafers are nominally
0.625 mm and 0.725 mm thick, respectively. The facing surface is polished and etched yiclding a
damage-free, mirror-like finish. The figure dramatizes the utility of Miller indices exemplified by the
(100) plane and [011] direction designations. (Photograph courtesy of Intel Corporation.)
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(ii) If the plane to be indexed has an intercept along the negative portion of a coordinate
axis, a minus sign is placed over the corresponding index number. Thus the Fig. 1.6(c)
plane is designated a (231) plane.

(iii) Referring to the diamond lattice of Fig. 1.4(a), note that the six planes passing through
the cube faces contain identical atom arrangements; that is, because of crystal sym-
metry, it is imp to distinguish the “equi (100), (010), (001),
(100). (0T0), and (00T) planes; or, it is impossible to distinguish between [ 100} planes.
A group of equivalent planes is concisely d in the Miller through the
use of { } braces.

(iv) Miller indices cannot be established for a plane passing through the origin of coordi-
nates. The origin of coordinates must be moved to a lattice point not on the plane to
be indexed. This procedure is acceptable because of the equivalent nature of parallel

= planes.

(®)

Figure 1.7 Visualization and Miller indices of commonly encountered (a) crystailine planes and
(b) direction vectors.
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Figure 1.6 Sample cubic crystal planes. (a) The (632) plane used in explaining the Miller indexing
procedure. (b) The (001) plane. (c) The (221) plane.

separation. The point we wish to make is that the specification of crystallographic planes
and directions is of practical importance. Miller indices, exemplified by the (100) plane
and [011] direction designations used in Fig. 1.5, constitute the conventional means of
identifying planes and directions within a crystal.

The Miller indices for any given plane of atoms within a crystal are obtained by follow-
ing a straightforward fi tep procedure. The p. is detailed below, along with the
simultaneous sample indexing of the plane shown in Fig. 1.6(a).

Indexing Procedure Sample Implementation
After setting up coordinate axes along the edges of the unit cell,

note where the plane to be indexed intercepts the axes. Divide

each intercept value by the unit cel) length along the respective

coordinate axis. Record the resulting normalized (pure-number)

intercept set in the order x, y, z 1,2,3

Invert the intercept values; that is, form f1/intercept]s. 1,% %
Using an appropri Mtiplier, convert the 1 setto the

smallest possible set of whole numbers. 6,3,2

Enclose the whole-number set in curvilinear brackets. (632)

To complete the description of the plane-indexing procedure, the user should also be
aware of the following special facts:

(i) If the plane to be indexed is parallel to a coordinate axis, the “intercept” along the
axis is taken to be at infinity. Thus, for example, the plane shown in Fig. 1.6(b) inter-
cepts the coordinate axes at @, ®, [, and is therefore a (001) plane.

: A GENERAL
Tabie 1.3 Miller Convention Summary.
C i Interpretation
(hkl) Crystal plane
{hkl} Equivalent planes
1124 Crystal direction
{hkl) Equivalent directions

Using the simple cubic cell as a reference, the three most commonly encountered crystal-
line planes are visualized in Fig. 1.7(a).

The Miller indices for directions are d in a manner anal to the weli-
known procedure for finding the components of a vector. First, set up a vector of arbitrary
length in the direction of interest. Next, decompose the vector into its components by
noting the projections of the vector along the coordinate axes. Using an appropriate muiti-
plier, convert the component values into the llest possible whol ber set. This of
course changes the length of the original vector but not its direction. Finally, enclose the

hol ber set in b Square brackets, [], are used to designate specific directions
within a crystal; lar b (), desig an equi set of directions. Com-
mon direction vectors and their corresponding Miller indices are displayed in Fig. 1.7(b).
A summary of the Miller bracketing convention for planes and directions is given in
Table 1.3.

In the foregoing di ion we p d the procedure for ing from a given
plane or direction in a crystal to the corresponding Miller indices. More often than not, one
is faced with the inverse process—visualizing the crystalline plane or direction correspond-
ing to a given set of indices. Fortunately, one seldom other than low-ind
planes and directions such as (111), (110), [001]. Thus it is possible to become fairly adept
at the inverse process by simply memorizing the oricntations for planes and directions
associated with small-number indices. It is also helpful to note that, Jor cubic crystals, a
plane and the direction normal to the plane have precisely the same indices—e.g., the
[110} direction is normal to the (110) plane. Of course, any plane or direction can always
be ded by ing the indexing proced

Exercise 1.4

P: For a cubic crystal lattice:
(a) Determine the Miller indices for the plane and direction vector shown in
Fig. E1.4(a).

(b) Sketch the plane and direction vector characterized by (011) and [011], re-
spectively.
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S: (a) The intercepts of the plane are ~ 1, 1, and 2 along the x, , and z coordinate
axes, respectively. Taking [1/i pt]s yields — 1, 1, 1/2. Multiplying by 2 to obtain
the lowest whole-number set, and enclosing in parentheses, gives for the
Miller indices of the plane. The direction vector has projections of 2a, a, and 0 along
the x, y, and z coordinate axes, respectively, The Miller indices for the direction are
then

(b) For the (011) plane, [/intercept)s = 0, 1, I. The normalized x, y, z intercepts of

the plane are therefore ¢, 1, 1; the plane intersects the y-axis at g, intersects the
z-axis at g, and is parallel to the x-axis. In a cubic crystal the [01 1] direction is normal
to the (011) plane. The deduced plane and direction are as sketched in Fig. EL4(b).

x
®)
Figure E1.4
1.3 CRYSTAL GROWTH
1.3.1 Obtaining Ultrapure Si
Given the obvious general availability and widk d use of | materials, par-

ticularly Si, it is reasonable to wonder about the origin of the single-crystal Si used in
modern-day device production. Could it be that Si is readily available in sandstone de-
posits?—No. Perhaps, as a sort of by-product, Si single crystals come from South African
diamond mines?—Wrong again. As suggested recently in a low-budget science fiction
movie, maybe Si is scooped from the ocean bottom by special submarines?—Sorry, no.
Although Si is the second most abundant element in the earth’s crust and a component in
numerous compounds, chief of which are silica (impure SiO,) and the silicates (Si + O +
another element), silicon never occurs alone in nature as an element. Single-crystal Si used
in device production, it turns out, is a man-made material.

Given the preceding introduction, it should be clear that the initial step in producing
device-quality silicon must involve ing Si from its ds and purifying the

SEMICONDUCTOR FUNDAMENTALS

Front opening
door

Froni opening
chamber

Seed holder.
Seed
Valve

Viewing port

Crucible shaft

Figure 1.9 Silicon crystal-pulling appara-
tus and resulting single crystal. (a) Photo-
graph of a computer-controlled Czochralski
crystal puller. (b) Simplified schematic draw-
ing of the puller. (c) Silicon ingot. {(a) and ()
Photographs courtesy of Wacker Siltronic.
{b) From Zublehner and Huber™; reprinted
with permission.]
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Siica  [we impure [ SO Ultrapure polyerystalline
silicon 4 Si
Reduced in Chlorinated Distilled, Reduced in
presence of C ete. hydrogen atmosphere

Figure 1.8 Summary of the process employed to produce ultrapure silicon.

separated material. The ingenious separation and purification process that has evolved is
summarized in Fig. 1.8. Low-grade silicon or ferrosilicon is first produced by heating silica
with carbon in an electric furnace. The carbon essentially pulls the oxygen away from the
impure SiO, (i.e., reduces the Si0,), leaving behind impure Si. Next, the ferrosilicon is
chlorinated to yield SiCl, or SiHCl,, both of which are liquids at room temperature. Al-
though appearing odd at first glance, the liquefaction process is actually a clever maneuver.
Whereas solids are very difficult to purify, a number of standard procedures are availabl
for purifying liquids. An ultrapure SiCl, (or SiHCl,) is the result after multiple distillation
and other liquid purification procedures. Lastly, the high-purity halide is chemically re-
duced, yielding the desired ultrapure elemental silicon. This is accomplished, for example,
by heating SiCl, in a hydrogen atmosphere [SiCl, + 2H, - 4 HC1 + Si).

1.3.2 Single-Crystal Formation

Although ultrapure, the silicon derived from the separation and purification process as just
described is not a single crystal, but is instead polycrystalline. Additional processing is
therefore required to form the large single crystals used in device fabrication. The most
commonly employed method yielding large single crystals of Si is known as the Czochral-
ski method. In this method the ultrapure polycrystalline silicon is placed in a quartz cru-
cible and heated in an inert atmosphere to form a melt, as shown in Fig. 1.9. A small single
crystal, or Si “seed” crystal, with the normal to its bottom face carefully aligned along a
predetermined direction (typically a (111) or (100) direction), is then clamped to a meta)
rod and dipped into the melt. Once thermal equilibrium is established, the temperature of
the melt in the vicinity of the seed crystal is reduced, and silicon from the melt begins to
freeze out onto the seed crystal, the added material being a structurally perfect extension
of the seed crystal. Subsequently, the seed crystal is slowly rotated and withdrawn from the
melt; this permits more and more silicon to freeze out on the bottom of the growing crystal.
A photograph showing a crystal after being pulled from the melt is displayed in Fig. 1.9(c).
The large, cylindrically shaped single crystal of silicon, also known as an ingot, is routinely
up to 200 mm (8 inches) in diameter and 1 to 2 meters in length. The Si wafers used in
device processing, such as those previously pictured in Fig. 1.5, are ultimately produced
by cutting the ingot into thin sections using a diamond-edged saw.

A GENERAL ON

1.4 SUMMARY

This chapter provides basic information about semiconductors in general and silicon in
particular. Examining the el 1 positions of semi one finds that there
are, on average, four valence electrons per atom. Moreover, device-quality semiconductors
are typically single crystals of high compositional purity. Si crystallizes in the diamond
lattice, GaAs crystallizes in the zincblende lattice, and the lattice atoms in both cases have
four nearest neighbors. Miller indices, introduced herein as an adjunct to the crystal struc-
ture discussion, are the accepted means for identifying planes and directions within a
crystal. Finally, large single crystals of device-grade Si are ly produced by the
Czochralski method.

PROBLEMS
CHAPTER | PROBLEM INFORMATION TABLE
Problem a:‘”}fel: “ D"lﬁ::;'y Pai‘l‘g‘f’:;;::ing De.;sc':"i,[::bn
1.1 1.4 1 10 (a::h-1, i-2) Short answer rcview
12 1.23 1 8 Unit cell for alloy
*3 " 1 10 (5 each part) Ge atomic density
14 " 1 8 (4 each part) Nearest-neighbor distances
LR 1.2.4 2-3  115(a-2,b-2, c-3, d-3, e-5) | Atoms/cm? on planes
1.6 " 1 8 (2 each subpart) Determine Miller indices
1.7 " 1 16 (2 each part) Given (hki), sketch plane
1.8 " 1 [6 (2 each part) Given ] hkl], sketch
direction
1.9 " 1 8 (4 each part) Perpendicular di
110 " 2 10 Direction on wafer surface
1.11 " 2 10 (a-3, b-2, ¢-3, d-2) Combi i
1.12 i 2 12 (2 each part) Equivalent planes/directions
1.13 123 3 20 (5 each part) % of volume occupied
1.1 Quick Quiz. Answer the ing questions as isely as possibl

(a) Name (i) one elemental semiconductor and (ii) one [1}-V compound semiconductor.
(b) What is the difference between a crystalline and a polycrystalline material?
(c) Give a word definition of unit cell.

(d) How many atoms are there in 2 simple cubic unit cell? in a bec unit cell? in a fee
unit cell?  in the unit cell characterizing the diamond lattice?
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) 1A=7cm.

(f) In terms of the lautice constant a, what is the di between t
in a simple cubic lattice?

(g) How many nearest-neighbor atoms are there in the diamond and the zincblende
lattices?

(h) What is being indicated by the bracket sets (), [], { ], and () as employed in the Miller
indexing scheme?

(i) Describe the Czochralski method for obtaining large single crystals of silicon.

ghbor atoms

1.2 The GaAs unit cell is pictured in Fig. 1.4(b). Describe (or sketch) the unit zell for
Alg5Gag s As.

L3 (a) The lattice constant of Ge at room temperature is @ = 5.65 X 10~8 cm. Detcrmine
the number of Ge atoms/cm?.
® (b) Copies of computer-required exercises employing MATLAB are included on disk. Run
the Exercise 1.3 program to verify your result from part (a).

1.4 In terms of the lattice constant a, what is the di between i
atoms in
(a) abee lattice?

(b) an fec lattice?

1.5 The surface of a Si wafer is a (100) plane.

(a) Sketch the placement of Si atoms on the surface of the wafer,

(b) Determine the number of atoms per cm? at the surface of the wafer.

(c)/(d) Repeat parts (a) and (b), this time taking the surface of the Si wafer to be a (110)
plane.

® (¢) Primarily for practice in utilizing MATLAB, construct a MATLAB program that com-
putes the surface density of atoms on (100) planes of cubic crystals. The number of
atoms with centers on the (100) face of the unit cell, and the lattice constant in A, arc
to be the input variables. Confirm the result obtained manually in part (b).

1.6 Record all intermediate steps in answering the following questions.

(a) As shown in Fig. P1.6(a), a crystalline plane has intercepts of 14, 3a, and 1a on the
x, y. and z axes, respectively. a is the cubic cell side length.

(i) What is the Miller index notation for the plane?
(i) What is the Miller index notation for the direction normal to the plane?

SEMICONDUCTOR FUNDAMENTALS

v 1.11 Acrystalline lattice is characterized by the cubic unit cell pictured in Fig. P1.11. The

cell has a single atom positioned at the center of the cube.

z

—a—s

Figure P1.11

(a) What is the name of the lattice generated by the given unit cell?

(b) Determine the number of atomns per unit volume in the crystal. (Your answer should be
in terms of the lattice constant, a.)

(c) Suppose the crystal has a (110) surface plane. Determine the number of atoms per unit
area whose centers lie on the (110) plane.

(d) A direction vector is drawn through the center of the atom in the unit cell. Specify the
Miller indices of the direction vector.

112 Given a cubic lattice, indicate how many equivalent planes [parts (a) to (c)] qr equiva-
lent directions [parts (d) to (f)] are associated with each of the following designations:

(a) [100}, (b) {110}, (o) {111),
(d) (100, () (110}, (D (111).

1.13 Treating atoms as rigid spheres with radii equal to one-half the distance between
nearest neighbors, show that the ratio of the volume occupied by the atoms to the total
available volume in the various crystal structures is

(a) /6 or 52% for the simple cubic lattice.

(b) V/37/8 or 68% for the body centered cubic lattice.
(©) V276 or 74% for the face centered cubic lattice.
(d) V/37/16 or 34% for the diamond lattice.
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(b) Assuming the crystal structure to be cubic, determinc the Miller indices for (i) the plane *

and (ii) the vector pictured in Fig. P1.6(b).

(O]

Figure P1.6

1.7 Assuming a cubic crystal system, make a sketch of the following planes.

@) 01, () (1), (o) (123), (d) (110,

© ©10. & (1D, (@ 21), () (O10).
1.8 Assuming a cubic crystal system, use an appropriately directed arrow to identify each
of the following directions:

(@ [010). (b} [101), () [001), (d) [111],

() (001}, (f [110), (g) [010), (h) [123].

1.9 Identify two crystalline directions in a cubic crystal which are perpendicular to
(a) the [100] direction,
(b) the [111] direction.

NOTE: The cosine of the angle 6 between two arbitrary directions, [h,k, ;] and [hky 1),
in a cubic crystal is

hihy + ko + 41,

cos(d) = [+ &+ B3+ 8+ e

Consequently, for two directions (o be perpendicular, cos(§) = 0 and one must have
hyhy + koky + LL=0

L10 As pictured in Fig. 1.5, [01 1] is the direction in the surface plane normal to the major
flat when the surface of the Si wafer is a (100) plane. To construct a Pparticular device
structure, a parallel set of grooves must be etched in the (100) surface plane along the {010)
direction. Make a sketch indicating how the grooves are to be oriented on the wafer’s sur-
face. Explain how you arrived at your sketch,

"2 Carrier Modeling

Carriers are the entities that transport charge from place to place inside a material and hence
give rise.to electrical currents. In everyday lifc the most commonly encountered type of
carrier is the electron, the sub ic particle ible for charge transport in metallic
wires. Within semiconductors one again encounters the familiar electron, but there is also
a second equally important type of carrier—the hole. Electrons and holes are the focal
point of this chapter, wherein we examine carrier related concepts, models, properties, and
terminology.

Although reminders will be periodically interjected, it should be emphasized from the
very start that the development throughout this chapter equilibrium conditi
exist within the semiconductor. “Equilibrium” is the term used to describe the unperturbed
state of 4 system, Under equilibrium conditions there are no external voltages, magnetic
fields, stresses, or other perturbing forces acting on the semiconductor. All observables are
invariant with time. This “rest” condition, as we will see, provides an excellent frame of
reference. Being able to characterize the semiconductor under equilibrium conditions per-
mits one to extrapolate and ascertain the semiconductor’s condition when a perturbation
has been applied.

The reader should be forewarned that a number of formulas and facts will be presented
without justification in this chapter. We would like to provide a complete discussion, prop-
erly developing every concept and deriving every formula. Unfortunately, this is not pos-
sible. It is our underlying philosophy, moreover, that being able to derive a result is second-
ary to knowing how to interpret and use a result. One can, of course, fill in any information
gap through supplemental readings. For suggested references see the supplemental reading
list at the end of Part L.

2.1 THE QUANTIZATION CONCEPT

Instead of attempting to dea! immediately with electrons in Icrysta]line Si, where there are
14 electrons per atom and 5 X 1022 atoms/cm?, we will take 2 more realistic approach and
first establish certain ground rules by examining much simpler atomic systems. We begin
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with the simplest of all atomic systems, the isolated hydrogen atom. This atom, as the
reader may recall from a course in modern physics, was under intense scrutiny at the start
of the twenticth century. Scientists of that time knew the hydrogen atom contained a nega-
tively charged particle in orbit about a more massive positively charged nucleus. What they
could not explain was the nature of the light emitted from the system when the hydrogen
atom was heated to an el d N lly, the cmitted Jight was observed at

only certain dlscnele waveleng!hs accordmg to the prevailing theory of the time, scientists

da of
In 1913 Niels Bohr pmposcd a solution to the dilemma. Bohr hypomeslzed that the H-
atom electron was restricted to certain well-defined orbits; or equ y, Bohr assumed

that the orbiting electron could take on only certain values of angular momentum. This
“‘quantization” of the electron’s angular momemum was, in turn, coupled dircctly to cncrgy

quantization. As can be readily established, if the el 's angular is

to be nfi, then

= _ myg* -= _M -
Ey 2bmegn)? SV m=l23. . Q@

where (also see Fig. 2.1) £y, is the electron binding cnergy within the hydrogen atom, m,
is the mass of a free el q is the i of the el ic charge, &, is the permit-
tivity of free space,  is Planck’s constant, & = h/2mr, and n is the cnergy number
or orbit identifier. [The electron voit QV) s a unit of energy equal to 1.6 X 10~ " joules.]
Now, with the electron limited to certain energies inside the hydrogen atom, it follows from
the Bohr model that the transition from a higher n to a lower n orbit will release quantized
energies of light; this explains the observation of emitted light at only certain discrete
wavelengths.

N
N
n=3
Ey = =1.51cV
=2
-34cV
Figure 2.1 The hydrogen at idealized showing the first three allowed eleciron
orbits and the associated energy quantization.
SEMICONDUCTOR FUNDAMENTALS
Line represents a shared

valence electron

Circle represents the core
of a semiconductor (e.g.. Si)
atom

Figure 2.3 The bonding model.

2.2.1 Bonding Model

The isolated Si atom, or a Si atom not interacting with other atoms, was found to contain
four valence electrons. Si atoms incorporated in the diamond lattice, on the other hand,
exhibit a bonding that involves an attraction between each atom and its four nearest neigh-
bors (refer to Fig. 1.4c). The implication here is thal, in going from isolated atoms to the
collective crystalline state, Si atoms come to share one of their valence electrons with each

of the four nearest neighbors. This lent bonding, or equal sharing of valence electrons
with nearest ncnghbms and the mere fact that aloms in the diamond lattice bave four nearest
neighbors, give rise to the idealized ion, the bonding model,

shown in Fig. 2.3, Each circle in the Fig. 2.3 bonding modcl represents the core of a semi-
conductor atom, while each line represents a shared valence electron, (There are eight lines
connected to each atom because any given atom not only contributes four shared electrons
but must also accepr four shared el from adj atoms.) The two-di ional
nature of the model is, of course, an idealization that facilitates mental visualizations.
Although considerable use will be made of the bonding model in subscquent discus-
sions, it is ncvertheless worthwhile at this point to examine sample applications of thes
model to provide some indication of the model’s utility. Two sample applications arc pre-
sented in Fig. 2.4, In Fig. 2.4(a) we use the bonding model to picture a point defect, a
missing atom, in the lattice structure. In Fig. 2.4(b) we visualize the breaking of an atom-
to-atom bond and the associated release or freeing of an electron. [Bond breaking (at T >
0 K) and defects occur naturally in all semiconductors, and hence (if we may be somewhat
overcritical) the basic model of Fig. 2.3 is strictly valid for an entire semiconductor only at
T = 0K when the icond in question no defects and no impurity atoms.]

2.2.2 Energy Band Model

If our interests were restricted to describing the spatial aspects of events taking place within
a semiconductor, the bonding model alone would probably be adequate. Quite often, how-
ever, one is more interested in the energy-related aspects of an event. In such instances the
bonding model, which says nothing about electron cnergies, is of little value and the energy
band model becomes the primary visualization aid.
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n=2
8 Electrons
Six allowed levels
at same energy
Two allowed levels
at same energy
sp
n=|
2 Electrons n=3

Figure 2.2  Schematic reg:ssentation of an isolated Si atom.

For our purposes, the most important idea to be obtained from the Bohr model is that
the energy of electrons in atomic systems is restricted (0 a Jimited set of values.! Relative
to the hydrogen atom, the energy leve! scheme in a multi-clectron atom like silicon is, as
one might intuitively expect, decidedly more p Itisstilla y easy task, how-
ever, to describe the salient energy-related features of an isolated silicon atom. As pictured
in Fig. 2.2, ten of the 14 Si-atom electrons occupy very deep-lying energy levels and are
tightly bound to the nucleus of the atom. Wn
eleclmm remain essentially un; uring chemical reactions or normal atom—atom

with the ten-electron-pl 1 ination often

“core™ of the atom. The

g four Si-atom el on the other hand, are rather
wcakly bound and are collecuvely called the valence electrons because of their strong

particip: in ch As emph ized in Flg 22, the four valence electrons,
if unperturbed, occupy “four of the eight allowed slots (or states) having the next highest

.encrgy above the deep-lying core levels. Finally, we should note, for completeness, that the
electronic configuration in the 32-electron Ge-atom (germanium being the other elemental
scmiconductor) is essentially identical to the Si-atom configuration except that the Ge-core
contains 28 clectrons.

2.2 SEMICONDUCTOR MODELS

Building on the information p in previ i we i and describe in
this section two very imp models or vi aids that are used extensively in the
analysis of semiconductor devices. The inclusion of semiconductor models in 2 chapter
devoted to carrier modclmg may appear odd :n first glance bul is actually quite appropriate.
We arc, in cffect, mod 7

g the carrier * ., the d crystal,

! Actually. not only energy but many other obscrvables relating to atomic-sized particles are quantized. An cntire
ficld of study, Quantum Mechanics, has been developed to describe the propertics and actions of stomic-sized
pasticles and systems.

CARRIER MODELING

fa)

Figure 2.4 Sample utilization of the bonding model. (a) Visualization of a missing atom or point
defect. (b) Breaking of an atom-to-atom bond and freeing of an electron.

Let us begin the conceptual path leading to the energy band model by recalling the
situation inside an isolated Si atom. Reviewing the Section 2.1 discussion, ten of the 14
elecu'ons mmde an isolated Si atom are tightly bound to the nucleus and are unlikely to be

bed by normal at tom interactions. The remaining four electrons
are rather weakly bound and, if unpcnurbed occupy four of the cight allowed energy states
immediately above the last core level. M , it is implicitly undy d that the elec-

tronic energy states within a group of Si atoms, say N Si atoms, are all identical—as long
as the atoms are isolated, that is, far enough apart so that they are noninteracting.

Given the foregoing know}édge of the isolated atom situation, the question next arises
as to whether we can use the Knowledge to deduce information about the crystalline state.
Assuredly we can omit any further mention of the core electrons because these electrons
are not significantly perturbed by normal interatomic forces. The opposite, however, is true
of the valence electrons. If N atoms are brought into close proximity (the case in crystalline
Si), it is quite reasonable to expect a modification in the energy states of the valence
electrons.

! The modification ih the val, lectron energy states actually known to take place is
summarized in Fig. 2.5. Starting with N-isolated Si atoms, and conceptually bringing the
atoms closer and closer together, one finds the_interatomic forces lead to a progressive
spread in the allowed energies. The spmad in energies gives rise to closely spaced sets of
allowed-states known as energy bands. At the interatomic distance corresponding to the Si
lattice spacing, the distribution of allowed states consists of two bands separated by an
intervening energy gap. The upper band of allowed states is called the conduction band;
the lower band of allowed states, the valence band; and the intervening energy gap, the
forbidden gap or band gap. In filling the allowed energy band states, electrons tend to
gravitate to the lowest possible energies. Noting that electrons are restricted to single oc-
cupancy in allowed states (the Pauli exclusion principle) and remembering that the 4N
valence band states can just accommodate what were formerly 4N valence electrons, we
typically find that the valence band is almost pletely filled with el and the
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Figure 2.5 Conceptual development of the energy band model starting with ¥ isolated Si atoms
on the top left and concluding with a “dressed-up” version of the energy band model on the top right.

conduction band is all but devoid of electrons. Indeed, the valence band is completely filled
and the conduction band empty at temp pp hing T=0K

To complete our plausibilization of the energy band model, we need to introduce and
utilize one additional fact: Unlike the valence electrons in the isolated-atom case, the band
electrons in crystalline silicon are not tied to or associated with any one particular atom.
True, on the average, one will typically find four electrons being shared between any given
Si atom and its four nearest neighbors (as in the bonding model). However, the identity of
the shared electrons changes as a function of time, with the electrons moving around from
point to point in the crystal. In other words, the allowed electronic states are no longer
atomic states but are associated with the crystal as a whole; independent of the point ex-

SEMICONDUCTOR FUNDAMENTALS

Empty
Ee
Completely
filled
(a) No carriers
—
@ —n—
E.
E,
(b) The electron
E.
E,
-0

(¢} The hole

Figure 2.7 Visualization of carriers using the bonding model (left) and the cnergy band model
(right). (a) No-carrier sitvation; (b) visualization of an electron; (c) visualization of a hole.

conduction band are carriers. Note that the energy required to break a bond in the bonding
model and the band gap encrgy, Eg, are one and the same thing. Likewise, freed bonding-
model el and ion band el are just different names for the same elec-
trons; in di ions the word “el ** when used without 2 modifier, will
be understood to refer to these conduction band electrons,

In addition to releasing an electron, the breaking of a Si—Si bond also creates a missing
bond or void in the bonding structure. Thinking in terms of the bonding model, one can
visualize the movement of this missing bond from place to place in the lattice as a result of
nearby bound clectrons jumping into the void (see Fig. 2.7c). Alternatively, one can think
in terms of the cnergy band model where the removal of an electron from the valence band
creates an empty state in an otherwise vast sea of filled states. The empty state, like a bubble
in a liquid, moves about rather freely in the lattice because of the cooperative motion of the
valence band electrons. What we have been describing, the missing bond in the bonding
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E,

Figure 2.6 The energy band diagram—widely employed simplified version of the energy band
model.

amined in a perfect crystal, one sees the same allowed-state configuration, We therefore
conclude that for a perfect crystal under equilibrium conditions a plot of the allowed elec-
tron energies versis dist along any p d crystalline di (always called the
x-direction) is as shown on the right-hand side of Fig. 2.5. The cited plot, a plot of allowed
electron energy states'as a function of position, is the basic energy band model. E, intro-
duced in the Fig, 2.5 plot is the lowest possible conduction band energy, E, is the highest
possible valence band energy, and Eg = E_ — E, is the band gap energy.

Finally, Fig. 2.6 displays the form of the basic energy band model encountered in
practice. In this widely employed “shorthand™ version, the line to indicate the top energy
in the conduction band, the line to indicate the bottom energy in the valence band, the fill
pattern drawing attention to mostly filled states in the valence band, the labeling of the y-
or electron-energy axis, and the labeling of the x- or position axis are all understood to exist
implicitly, but are not shown explicitly.

2.2.3 Carriers

With the semiconductor models having been firmly established, we are now in a position
to introduce and to visualize the current-carrying entities within semiconductors. Referring
to Fig. 2.7, we note first from part (a) that there are no carriers or possible current flow if
the bonding model has no broken bonds. Equivalently, in the energy band model, if the
valence band is letely filled with el and the conduction band is devoid of elec-
trons, there are no carriers or possible current flow. This lack of carriers and associated
current flow is easy to understand in terms of the bonding model where the shared electrons
are viewed as being tied to the atomic cores. As accurately portrayed in the energy band
model, however, the valence band electrons actually move about in the crystal, How is it
then that no current can arise from this group of electrons? As it turns out, the momentum
of the electrons is quantized in addition to their energy. Moreover, for each and every
possible momentum state in a band, there is another state with an oppositely directed mo-
mentum of equal magnitude. Thus, if 2 band is completely filled with electrons, the ner
momentum of the electrons in the band is always identically zero. It follows that no current
can arise from the electrons in a completely filled energy band.

The electrons that do give rise to charge transport are visualized in Fig. 2.7(b). When
a Si-Si bond is broken and the associated electron is free to wander about the lattice, the
released electron is a carrier. Equivalently, in terms of the energy band model, excitation of
valence band electrons into the conduction band creates carriers; that is, electrons in the

CARRIER MODELING

scheme, the empty state in the val i i i i
conductors—thg g'de' e valence band, is the second type of carrier found in semi-
Although perhaps not obvious from the preceding introductory description, the va-
lence band hole is an edtity on an equal footing with the conduction band electn‘m Both
electrons and holes participate in the P of most devices. Hol.es are
even the primary carrier in some devices. As one’s familiarity with carrier modeling grows,
.th.e parable status of e) and holes b more and more apparent. Ullimalely'
1t is commonplace to conceive of the hole as a type of subatomic particle. '

2.2.4 Band Gap and Material Classification

We conclude this section by citing a very important tie between the band gap of a material,
the mfmber of carriers available for transport in a material, and the overall nature of a'
material. As it turns out, alth gh specifically established for semicond the energy
bar}d m?dcl of Fig. 2.6 can be applied with only slight modification to all materials. The
major difference between materials lies not in the nature of the energy bands, but rather in
the magnitude of the energy gap between the bands. '

Insula¥ors, as illustrated in Fig. 2.8(a), are characterized by very wide band gaps, with
Eg for l!me insulating materials diamond and S$i0, being =5 eV and =8 eV, respcclive:ly. In
these wide band gap materials the thermal energy available at room temperature excites
ve{'y fcw electrons from the valence band into the conduction band; thus very few carriers
exist insidc the material and the material is therefore a poor conductor of current, The band

Few
electrons
-
Eg = 1.42 ¢V (GaAs)
~ i £, ¢
Wide ic_::x:;'_oz’ i’ ¢ E=l12evisi)
s iamond) Eg = 0.66 eV (Ge)
Thermal (Room temperature)
‘—E, excitation
moderately
easy
(a) Insulator (b) Semiconductor
Very i £,
narrow £ % £,
/ Y oor E,

(c) Metal

Figure 2.8 Explanation of the distinction between (a) in: i
sulators, (b) s
(c) metals using the energy band model. © semicondecor. and

n
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gap in metals, by way of comparison, is either very small, or no band gap exists at all
due to an overlap of the valence and conduction bands (see Fig. 2.8¢). There is always
an abundance of carriers in metals, and hence metals are excellent conductors. Semicon-
ductors present an intermediate case between insulators and metals. [At room temperature
(T =300 K), Eq = 1.42 ¢V in GaAs, E, = 1.12 &V in Si, and Eg = 0.66 ¢V in Ge.|
Thermal energy, by exciting elcctrons from the valence band into the conduction band,
creates a moderate number of carriers in these materials, giving rise in turn to a current-
carrying capability intermediate between poor and excellent.

2.3 CARRIER PROPERTIES

Having formally introduced the electron and the hole, we next seek to learn as much as
possible about the nature of these carriers. In this,particular section we examine a collage
of carrier-related information, information of a general nature including general facts,
propertics, and terminology.

2.3.1 Charge

Both electrons and holes are charged entities. Electrons are negatively charged, holes are
positively charged, and the magnitude of the carrier charge, g, is the same for the two types
of carriers. To threc-place accuracy in MKS units, g ™= 1.60 X 10~ coul. Please note
that, under the convention adopted herein, the electron and hole charges are —g and +¢,
respectively; i.e., the sign of the charge is displayed explicitly.

2.3.2 Effective Mass

Mass, like charge, is another very basic property of electrons and holes. Unlike charge,
however, the carrier mass is not a simple property and cannot be disposed of simply by
quoting a number. Indeed, the apparent or “effective” mass of electrons within a crystal is
a function of the semiconductor material (Si, Ge, etc.) and is different from the mass of
electrons within a vacuum.

Seeking to obtain insight into the effective mass concept, let us first consider the mo-
tion of electrons in a vacuum. If, as illustrated in Fig. 2.9(a), an electron of rest mass mg is
moving in a vacuum between two parallel plates under the influence of an electric field €,
then, according to Newton’s second law, the force F on the electron will be

dv
F=—-¢% = moz 2.2)

where v is the electron velocity and ¢ is time. Next consider electrons (conduction band
clectrons) moving between the two parallel end faces of a semiconductor crystal under the
influence of an applied electric field, as envisioned in Fig. 2.9(b). Does Eq. (2.2) also de-
scribe the overall motion of el within the semicond: crystal? The answer is no.
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Table 2.1 Density of States Effective Masses at

Material m¥fmg m3/mg
Si 118 0.81
Ge 0.55 036
GaAs 0.066 052

states effective masses, among others. It is also probably not too surprising that the effective
masses vary somewhat with temperature. Herein we make direct use of only the density of

states

masses (see Subsection 2.4.1). The density of states effective masses for

electrons and holes in S, Ge, and GaAs at 300 K are listed in Table 2.1.

2.3.3 Carrier Numbers in Intrinsic Material

The term intrinsic semiconductor in common usage refers to an extremely pure semicon-
ductor sample containing an insignificant amount of impurity atoms. More precisely, an

intrinsic

d “is a semi whose properties are native to the material (that

is, not caused by external additives). The number of carriers in an intrinsic semiconductor
 fits into the scheme of things in that it is an identifiable intrinsic property of the material.

Defining, quite generally,

n = number of electrons/cm3

p = number of holes/cm?

existing inside a semiconductor, then, given an intrinsic semiconductor under equilibrium
conditions, one finds

and

n=p=n Q4

n; =2 X 10%/cm? in GaAs
=1 X 10"%m?*® in Si at room temperature

=2 X 10%/cm? in Ge

The electron and hole concentrations in an intrinsic semiconductor are equal because
carriers within a very pure material can be created only in pairs. Referring to Fig. 27,ifa
semiconductor bond is broken, a free electron and a missing bond or hole are created si-

ly. Likewise, the excitation of an el from the valence band into the con-
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Figure 2.9 An electron moving in response to an applied electric field (a) within a vacuum, and
(b) within a semiconductor crystal

®)

Electrons moving inside a semiconductor crystal will collide with semiconductor atoms,
thereby causing a periodic deceleration of the carriers. However, should not Eq. (2.2) apply
to the portion of the electronic motion occurring between collisions? The answer is again
no. In addition to the applied electric field, electrons in a crystal are also subject to complex
crystalline fields not specifically included in Eq. (2.2).

The foregoing di: ion deli d certain imp diffe b l
in a crystal and electrons in a vacuum, but it left unresolved the equally important question
as to how one properly describes the motion of carriers in a crystal. Strictly speaking, the
motion of carriers in a crystal can be described only by using Quantum Mechanics, the
formalism appropriate for atomic-sized systems. Fortunately, if the dimensions of the crys-
tal are large to atomic di the compl hanical formulat
for the carrier motion b collisions simg of motion id

e

e to yield an
to Eq. (2.2), except that my, is replaced by an effective carrier mass. In other words, for the

Fig. 2.9(b) electrons one can write
.

F= ~q8%=mt % .3)

where m}, is the electron effective mass. A similar equation can be written for holes with
—q = q and m} — m}. In each case the internal crystalline fields and quantum-
mechanical effects are all suitably lumped into the effective mass factor multiplying dv/dr.
This is a very significant result. /1 allows us to conceive of electrons and holes as quasi-
classical particles and to employ classical particle relationships in most device analyses.
Although the effective mass formulation is a significant simplification, it should be
d that the carrier leration can vary with the direction of travel in a crystal; i.c.,
the effective masses can have multipl p M "y ding on how a mac-
roscopic observable is related to the carrier motion, a different grouping of mass compo-
nents can lead to a different m* being utilized in a particular relationship. There are, for
example, cyclotron resonance effective masses, conductivity effective masses, density of
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_duction band automatically creates a valence band hole along with the conduction band
~ electron. Also note that the intrinsic carrier i Ithough large in an absol
sense, is relatively small compared with the number of bonds that could be broken. For
example, in Si there are 5 x 102 atoms/cm3 and four bonds per atom, making a grand
total of 2 X 102 bonds or valence band electrons per cm?. Since n; = 10'%/cm3, one finds
less than one bond in 10*3 broken in Si at room To y the

situation inside intrinsic Si at room temperature, we could cover all the univer;ily chalk-
boards in the world with the bonding model and possibly show only one broken bond.

2.3.4 Manipulation of Carrier Numbers—Doping

Doping, in semiconductor terminology, is the addition of controlled amounts of specific
impurity atoms with the express purpose of increasing either the electron or the hole con-
centration. The addition of dopants in lled to semi
curs routinely in the fabrication of almost all semiconductor devices. Common Si dopants
are listed i‘n Table 2.2. To increase the electron concentration, one can add either phospho-
fus, arsenic, or antimony atoms to the Si crystal, with phosphorus foliowed closely by

materials oc-

arsenic being the most ly employed donor (el ing) dopants. To in-
crease the hole concentration, one adds either boron, gallium, indium, or aluminum atoms
to the Si crystal, with boron being the most ly employed ptor (hole-i ing)

To understand how the addition of impurity atoms can lead to a manipulation of carrier
numbers, it is important to note that the Table 2.2 donors are all from Column V in the
Periodic Table of Elements, while all of the cited acceptors are from Column 1T in the
Periodic Table of Elements. As visualized in Fig. 2.10(a) using the bonding model, when a
Column V element with five valence electrons is substituted for a Si atom in the semicon-
ductor lattice, four of the five valence electrons fit snugly into the bonding structure. The
fifth donor electron, however, does not fit into the bonding structure and is weakly bound
to the donor site. At room temperature this electron is readily freed to wander about The
lattice and hence becomes a carrier. Please note that this donation (hence the name *“do-
nor”") of carrier electrons does not increase the hole concentration. The donor ion left be-
hind when the fifth electron is released cannot move, and there are no broken atom-atom
bonds associated with the release of the fifth electron.

Table 2,2 Common Silicon Dopants. Arrows indicate the most widely employed

dopants.
_l)onors (Electron-increasing dopanis) Acceptors (Hole-increasing dopants)
B«
P&«
As Column V Ga Column III
sb elements In elements
Al
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Flgure 2.10 Visualization of (a) donor and (b) acceptor action using the bonding mode!. In(a) the
Column V element P is substituted for a Si atom; in (b) the Column IIi element B is substituted for a
Si atom.

The explanation of acceptor action follows a similar line of reasoning. The Colur)nn )it
acceptors have three valence el and cannot plete one of the
bonds when substituted for Si atoms in the semiconductor lattice (see Fig. 2.10b). The
Column I atom, however, readily accepts (hence the name “acceptor”) an electron from
a nearby Si-Si bond, thereby completing its own bonding scherfle anfi in the process cre-
ating a hole that can wander about the lattice. Here again there is an increase m‘ only one
type of carrier. The negatively charged ptor ion ( atom plus pted electron)
cannot move, and no electrons are released in the hole-creation process.

The ing bonding-model-based ion of dopant action is reasonably un-
derslandable.n’l‘he‘;e are, nevertheless, a few loose ends. For one, we noted that the fifth
donor electron was rather weakly bound and readily freed at room lempemfure_. How does
one interpret the relative term “weakly bound™? It takes =1 eV to break Si-Si bonds anS
very few of the Si-Si bonds are broken at room temperature. Perhaps “weakly_boupd
means a binding energy =0.1 eV or less? The question also arises as to hovf one vns'nahzes
dopant action in terms of the energy band model. Both of the cited questions, as it turns
out, involve energy considerations and are actually interrelated.

Let us concentrate first on the binding energy of the fifth donor electron. Crudely

peaking, the p ly charged d plus-fifth-el may be likened to a hydro-
gen atom (see Fig. 2.11). Conceptually, the donor core replaces the hydrogen-atom nucleus
and the fifth donor electron replaces the hydrogen-atom electron. In the real hydrogen atom
the electron moves of course in a vacuum, can be characterized by the mass of a free
electron, and, referring to Eq. (2.1), has 2 ground-state binding energy of —13.6eV.In lhe:
pseudo-hydrogen atom, on the other hand, the orbiting electron moves through a sea of Si
atoms and is characterized by an effective mass. Hence, in the donor or p.seudo-atom case,
the permittivity of free space must be replaced by the permittivity of Si and m, must be
laced by m}. We therefi lude that the binding energy (Eg) of the fifth donor
electron is approximately
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Figure 2.12 Addition of the £ = E, donor levels to the energy band diagram. Dashes of width Ax
emphasize the localized nature of the bound donor-site states.

The actual visualization of dopant action using the energy band model is picmred in
Fig. 2.13. Examining the left-hand side of Fig. 2.13(a), one finds all the donqr sites filled
with bound electrons at temperatures 7 — 0 K. This is true because very little thermal
energy is available to excite electrons from the donor sites into the conduction band at these
very low temperatures. The situation changes, of course, as the temperature is IPCI’CBS&L‘,
with more and more of the weakly bound electrons being donated to the conductw'n ba.nd.
At room temperature the jonization of the donors is all but total, giving rise to the situation
pictured at the extreme right of Fig. 2.13(a). Although we have concentrated on donors, the

ituation for ptors is completely analogous. As visualized in Fig. 2.13(b), acceptors
introduce allowed electronic levels into the forbidden gap at an energy slightly ?bc')vc the
valence band edge. At low temperatures, all of these sites will be empty—there is insuffi-

e [ ©eso0esse
sooooeoe soioee 06 ———-———= Py
v
T+ 0K increasing T Room temperature
@
E

———————— —_—————— *0 0000 GS ?
o\ o cooco00000
T+ 0K Increasing T Room temperature
()

Figure 2.13 Visualization of (a) donor and (b) acceptor action using the energy band modet.
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Figure 2.1 Pseudo-hydrogen atom model for the donor-site bond.

— . magt  _omy L _

Ey =~ WamKoogh)E = my K3 Bt = =01V @.5)
where Kj is the Si dielectric constant (K5 = 11.8). Actual donor-site binding energies in Si
are listed in Table 2.3. The observed binding energies are seen to be in good agreement
with the Eg. (2.5) estimate and, confirming the earlier speculation, are roughly = 1/20 the
Si band gap energy. .

Having established the strength of dopant-site bonds, we are now in a position to tackle
the problem of how one visualizes dopant action using the energy band model. Working on
the problem, we note first that when an electron is released from a donor it becomes a
conduction band electron. If the energy absorbed at the donor is precisely equal to the
electron binding energy, the released electron will moreover have the lowest possible en-
ergy in the conducting band—namely, E,. Adding an energy |Ey | to the bound electron, in
other words, raises the electron’s energy to E.. Hence, we are led to conclude that the
bound electron occupies an allowed electronic level an energy |Eg| below the conduction
band edge, or, as visualized in Fig. 2.12, donor sites can be incorporated into the energy
band scheme by adding aliowed electronic levels at an energy Ep, = E, — |Ey . Note that
the donor energy level is represented by a set of dashes, instead of a continuous line, be-
cause an electron bound to a donor site is localized in space; i.e., a bound electron does not
leave the general Ax vicinity of the donor. The relative closeness of Ey to E, of course
reflects the fact that £, — E, = |Eq| = (1/20)Eg(Si).

Table 2.3 Dopant-Site Binding Energies.

Donors |Eg| Acceptors | Eg|
Sb 0.039ev B 0.045ev
P 0.045eV Al 0.067 eV
As 0.054 eV Ga 0.072ev
In 0.16 eV

CARRIER MODELING

cient energy at temperatures 7 — 0 K for a valence band electron to make the transition to
an ptor site. I ing temp , implying an increased store of thermal energy,
facilitates electrons jumping from the valence band onto the acceptor levels. The removal
of electrons from the valence band of course creates holes. At room temperature, essentially
all of the acceptor sites are filled with an excess el and an i d hole -
tion is effected in the material.

To complete this subsection, a few words are in order concerning the doping of non-
elemental semiconductors such as GaAs. Dopant action in GaAs follows the same general
principles but is slightly more involved because of the existence of two different lattice-site
atoms. Completely analogous to the doping of a Si crystal, the Column VI elements S,
Se, and Te act as donors when replacing the Column V element As in the GaAs lattice.
Similarly, the Column I elements Be, Mg, and Zn act as acceptors when replacing the
Column IIT element Ga. A new situation arises when Column IV elements such as Si and
Ge are incorporated into GaAs. Si typically replaces Ga in the GaAs lattice and is a popular
n-type dopant. However, under certain conditions Si can be made to replace As in the GaAs
laitice, thereby functioning as an acceptor. In fact, GaAs pn junctions have been fabricated
where Si was both the p-side and n-side dopant. An impurity that can act as either a donor
or an acceptor is referred to as an amphoteric dopant.

Exercise 2.1

Energy Quiz

P: (a) 1 ¢V is equal to how many joules of energy?

(b} kT is equal to how many eV at 300 K?

(c) The ionization energy of acceptors and donors in Si is roughly equal to ?
(d) Eg(Si) = ?

(e) E5(Si0,) = ?

(f) The energy required to ionize a hydrogen atom initially in the n = 1 statejs 7

S:(2) 1 eV = 1.60 X 10 -1 joules.
(b) kT = (8.617 X 10-5)(300) = 0.0259 eV at 300 K.

(c) The fonization energy of dopants is equal to |Eg | of the dopant sites. As discussed
in Subsection 2.3.4, |Eg| = 0.1 eV for dopants in Si.

(d) E;(Si) = 1.12eVa 300 K (see Subsection 2.2.4).
(e) EG(Si0,) = 8 eV (see Subsection 2.2.4).

(f) Making use of Eq. (2.1) in Scction 2.1, the hydrogen atom ionization energy is
|EH|--|| =136eV.

ar
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2.3.5 Carrier-Related Terminology

bling block to ding and since this punicu!ar
section is replete with specialized terms, it seems apProprinle 1o conclude the sef:tion with
an overview of carrier-related inology. App ly one half of the cafner-relatcd
terms that follow were introduced and defined carlier in this sccli.on; the remainder of lhg
terms are being listed here for the first time. Al of the terms are widely employed and their
definitions should be committed to memory.

Since terminology is often a

Hed

Dopants—specific impurity atoms that are added to in
for the express purpose of i cither the electron or the hole
Intrinsi icond d d 3 ly pure semicond sample

containing an insignificant amount of impurity atoms; a semiconductor whose prop-
ertics are native to the material.

Extrinsic d: 4dop?d icond v a
controlled by added impurity atoms.

d whose propertics are

Donor—impurity atom that increases the electron concentration; n-type dopant.
Acceptor—impurity atom that i the hole p-type dopant.
ial; a semicond ining more than

n-type material—a donor-doped
holes.

p-type material—an acceptor-doped materia: a semiconductor containing more holes than
clectrons.

ier i d s el in
Majority carrier—the most abundant carrier in a given sample;

an n-type material, holes in a p-type material.

Minority carrier—the least abundant carrier in a given semiconductor sample: holes ir an
n-type materid), clectrons in a p-type material.

2.4 STATE AND CARRIER DISTRIBUTIONS

Up to this point in the modeling process we have concenfrated on carrier pmpperr:n:isc:{lld
information of a ptual, quali or, at most, semiq nlnlure. tsec;n icon}:
speaking, there is often a need for more detailed information. Forvcxamp e, mo: oo
ductors arc doped, and the precise numerical value of the carrier congen‘t;ra c;?‘:ribu(ion
doped semiconductors is of routine interest. Another property of interest is the distr o
of carriers as a function of energy in the respective energy bands. _ln this section w;h ‘gie-
the process of developing a more detailed description of tl?e carrier p?pnlauons. e de-
will Ily lead to relationships for the carrier distributions and concen

tions within semiconductors under equilibrium conditions.
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£,(E) —>

g E)—

Flgure 2.14 General energy dependence of g.(E)and g, (E) near l.l_'le band eages. 8.(E)and g,(E)
are the density of states in the conduction and valence bands, respectively.

It therefore follows that g, (E) and g, (E) themselves are numbers/unit volume-unit energy,
or typically, numbers/cm>-eV.

2.4.2 The Fermi Function

Whereas the density of states tells one how many states exist at a given energy E, the Ferfni
function f(E) specifies how many of the existing states at the energy E will be filled with
an electron, or equivalently,

J(E) specifies, under equilibrium conditions, the probability that an available state at
an energy E will be occupied by an electron.

the Fermi

is simply a probability distribution function.
In mathematical symbols, %

1
B = T @7
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2.4.1 Density of States

When the energy band model was first introduced in Section 2.2 we indicated that the total
number of allowed states in each band was four times the number of atoms in the crystal.
Not mentioned at the time was how the allowed states were distributed in energy; i.e., how
many states were to be found at any given energy in the conduction and valence bands. We
are now interested in this energy distribution of states, or density of states, as it is more
commonly known, because the state distribution is an essential component in determining
carrier distributions and concentrations.

To determine the desired density of states, it is necessary to perform an analysis based
on hanical id Herein we will merely summarize the results of

the analysis; namely, for energies not too far removed from the band edges, one finds

ma\/ZmE(E ~ E)
w3 '
m;VZm;(Ev - E)

w2h3 ’

8(B) = E=zE, (2.62)

8.(E) = E=E, (2.6b)

where _8:(E) and 8,{E) are the density of states at an energy E in the conduction and
valence bands, respectively. ;

What exactly should be known and remembered about the cited density of states? For
one, it is important to grasp the general density of states concept. The density of states can
be likened to the description of the seating in a football stadium, with the number of seats
in the stadium a given distance from the playing field corresponding to the number of states
a specified energy interval frorii E, or E,. Second, the general form of the relationships
should be noted. As illustrated in Fig. 2.14, g (E) is zero at £, and increases as the square
root of energy when one proceeds upward into the conduction band. Similarly, g,(E) is
precisely zero at £, and increases with the square root of energy as one proceeds downward
from E, into the valence band. Also note that differences between &.(E) and g (E) stem
from differences in the carrier effective masses. If m* were equal to my, the seating (states)
on both sides of the football field (the band gap) would be mirror images of each other.
Finally, considering closely spaced energies E and E + dE in the respective bands, one can
state

8.(E)dE represents the number of conduction band states/cm3 lying in the energy
range between E and E + dE (if £ = E_),

&,(E)dE  represents the number of valence band states/cm? lying in the energy range
between E and E + dE (if E < E,).

CARRIER MODEUNG

w2 | — dE-E ) KT

st s}

f(E)u e~ (E-Ep ) IkT

E. - 3KT E,+3kT

@7=-0K ®T>0K

Figure 2.15 Energy dependence of the Fermi function. (a) T— 0K; (b) generalized T > 0 K plot
with the cnergy coordinate expressed in kT units.

Ey = Fermi energy or Fermi level
k = Boltzmann constant (k = 8.617 X 10-5 eV/K)

T = temperature in Kelvin (K)

Secking insight into the naturc of the newly introduced function, let us begin by inves-
tigating the Fermi function’s energy dependence. Consider first temperatures where T —
O0K.As T— 0K, (E — E¢)/kT — —eo for all energies £ < Epand (E — E)kT > +
for all energies E > E.. Hence f(E < Ep) > U[1 + exp(~=)] = | and f(E > E;) - 1/
[l + exp(+=)] = 0. This result is plotted in Fig. 2.15(a) and is simply. interpreted as
meaning that all states at energies below E;: will be filled and all states at energies above
Ey: will be empty for temperatures 7 — 0 K. In other words, there is a sharp cutoff in the
filling of allowed energy states at the Fermi energy Eg when the system temperature ap-
proaches absolute zero.

Let us next id

p T>0K.E
the following pertinent observations.

ining the Fermi function, we make

() f E = Eq, f(Ep) = 112,

@ii) If E = Ey + 3kT, expl(E — Eg)/KT] > 1 and f(E) = exp| - (E — E;)/kT]. Conse-
quently, above Ey + 3k7 the Fermi function or filled-state probability decays expo-
nentially to zero with increasing energy. Moreover, most states at energies 34T or more
above Eg will be empty.
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(i) If E = E,, — 3KT, exp[(E — E¢)/kT) < 1 and f(E) = 1 — cxp[(E — Eg)/KT). Below
Ep — 3KT, therefore, [l — f(E)), the probability that a given state will be empty,
decays exponentially to zero with decreasing energy. Most states at energies 34T or
more below E, will be filled.

(iv) Atroom temperature (T = 300 K), T = 0.0259 eV and 3kT = 0.0777 eV < E,(Si).
Compared to the Si band gap, the 3kT energy interval that appears prominently in the
T > 0K formalism is typically quite small.

The properties just cited are reflected and summarized in the 7> 0 K Fermi function plot
displayed in Fig. 2.15(b).

Before concluding the discussion here, it is perhaps worthwhile to reemphasize that

_ the Fermi function applies only under equilibrium conditions. The Fermi function, how-

" ever, is universal in the sense that it applies with equal validity to all materials—insulators,

semiconductors, and metals. Although introduced in rel p to d
Fermi function is not dependent in any way on the special nature of semiconductors but is
simply a statistical function iated with el in general. Finally, the relative posi-

tioning of the Fermi energy E, compared to E, (or E,), an item of obvious concern, is
treated in subsequent subsections,

Exercise 2.2

P: The probability that a state is filled at the conduction band edge (E,) is precisely
equal to the probability that a state is empry at the valence band edge (E, ). Where is
the Fermi level located?

$: The Fermi function, f(E), specifies the probability of electrons occupying states
ata given energy E. The probability that a state is empty (not filled) at a given energy
Eis equalto 1 — f(E). Here we are told

HE) =1 = fE)

Since b
fE) = T @
and |

1 1
V- fE) =1 — e ~ TF s
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%Plotting result

close

plot(dE'f"); grid;  %Note the transpose (') to form data columns
xlabel(E-EF(eV)"); ylabel('f(E));

text(.05,.2, T=400K"); text(-.03,.1, T=100K’);

Program output . . .

o
S

02

2.4.3 Equilibrium Distribution of Carriers

Having established the distribution of available band states and the probability of filling
those states under equilibrium conditions, we can now easily deduce the distribution of
carriers in the respective energy bands. To be specific, the desired distribution is obtained
by simply multiplying the appropriate density of states by the appropriate occupancy
factor—g (E)f(E) yields the distribution of electrons in the conduction band and
8.(E) [1 — f(E)} yiclds the distribution of holes (unfilled states) in the valence band.
Sample carrier distributions for three different assumed positions of the Fermi energy
(along with associated energy band diagram, Fermi function, and density of states plots)
are pictured in Fig. 2.16.

Examining Fig. 2.16, we note in general that all carrier distributions are zero at the

18
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we conclude
or
£ = E + E,
2

The Fermi level is positioned at midgap.

(C) Exercise 2.3

In this exercise we wish to examine in more detail how the Fermi function varies
with temperature.

P: Successively setting T = 100, 200, 300, and then 400 K, compute and plot f(E)
versus AP‘ =E— Epgfor ~02eVsAE=<02eV. All f(E) versus AE curves should
be superimposed on a single set of coordinates.
S: MATLAB program script . . .

%Fermi Function Calculation, f(AE,T)

% Constant
k=8.617e-5;

%Computation proper
forii=1:4;

£(ii, )= 1/(1 +exp(dEijj)/kT));
dE(ii jj+ 1)=dE(ii,j)+0.1*kT;
end
end

dE=dE(;,1:jj); %This step strips the extra dE value

@w CARRIER MODELING
Ene'ngy band Density Occupancy Carrier
diagram of states factors distributions
1
L-f5) :
=
B = D
Ep < - te HE X0 (]
N 1
{—e g(E) ) 8B = £E)
—_, 18 E, 'F— 1-/0
() Ep ubo‘:c midgap
E Electrons
E,

]
.L } '
¢ —* 5d8) E‘:
& Ee[2 H
—a= 5(E) H
£, \ | E,
\ Holes

(b) E near midgap
E
© — 2B Eey
]
1
— & — 55 = N !
= e, 1 EVF

(c) Eg below midgap

Flgure 2.16 Carrier distributions (not drawn to scale) in the respective bands when the Fermi level
is pos,noned (a) above midgap, (b) near midgap, and (c) below midgap. Also shown in each case are
coordinated sketches of the energy band diagram, density of states, and the occupancy factors (the
Fermi function and one minus the Fermi function).
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band edges, reach a peak value very close to £, or E,, and then decay very rapidiy toward
zero as one moves upward into the conduction band or downward into the valence band. [n
other words, most of the carriers are grouped energetically in the near vicinity of the band
edges. Another general point to note is the effect of the Fermi level positioning on the
relative magnitude of the carrier distrit When Eg is positioned in the upper half of
the band gap (or higher), the electron distribution greatly outweighs the hole distribution.
Although both the filled-state occupancy factor [f(£)] and the empty-state occupancy factor
[1 = f(E)] fall off exponentially as one proceeds from the band edges deeper into the
conduction and valence bands, respectively, {1 — f(E)] is clearly much smaller than f(E)
at corresponding energies if Eg lies in the upper half of the band gap. Lowering Ej; effec-
tively slides the occupancy plots downward, giving rise to a nearly equal number of carriers
when E, is at the middle of the gap. Likewise, a predominance of holes results when E,.
lies below the middle of the gap. The argument here assumes, of course, that g (E) and
8,(E) are of the same order of itude at corresponding ies (as is the case for Si
and Ge). Also, referring back to the previ ion, the concerning the
occupancy factors falling off exponentially in the respective bands are valid provided
E, —3kT= E. = E, + 3kT.
The information just presented concerning the carrier distributions and the relative
magnitudes of the carrier numbers finds widespread usage. The information, however, is
often yed in an i or d fashion. Figure 2.17, for example, shows a
common way of representing the carrier encrgy distributions. The greatest number of
circles or dots are drawn close to E_and E, , reflecting the peak in the carrier concentrations
near the band edges. The smaller number of dots as one progresses upward into the con-
duction band crudely models the rapid falloff in the electron density with increasing energy.
An extensively utilized means of ying the relative de of the carrier numbers
is displayed in Fig. 2.18. To represent an intrinsic material, a dashed line is drawn in ap-
proximately the middle of the band gap and labeled E;. The near-midgap positioning of E;,
the intrinsic Fermi level, is of course consistent with the previously cited fact that the elec-
tron and hole numbers are about equal when Ey. is near the center of the band gap. Similarly,
a solid line labeled £ appearing above midgap tells one at a glance that the semiconductor
in question is n-type; a solid line labeled E; appearing below midgap signifies that the
semiconductor is p-type. Note finally that the dashed E; line also typically appears on the

E,
f\_"ﬁloog

Figure 2.17 Schematic representation of carrier energy distributions.

SEMICONDUCTOR FUNDAMENTALS

Eon
n= [ smnedE @388
&,
p= L___ &(BI1 — fIBNIE @380)

Seeking explicit expressions for the carrier concentrations, let us focus our efforts on
the n-integral. (The analogous p-integral ipulations are left to the reader as an exer-
cise.) Substituting the Eq. (2.6a) expression for g.(E) and the Eq. (2.7) expression for f(E)
into Eq. (2.8a), one obtains

my\2m?* (8o VE — E, dE
n=

w2h3 e 1+ elE~Ep)kT @9
Now letting / e
(E - E) %
n T (2.103)
_ (B~ E)
7 = T (2.10b)
Eg > ® (2.10c)
yields

* * nz "% 1
a Vo CD f 7'y @11
w23 o 1+ e %

The (2.10c) simplification on the upper integration limit makes use of the fact that the
integrand in question falls off rapidly with increasing energy and is essentially zero for
energies only a few kT above E,. Hence, extending the upper limit to « has a totally neg-
ligible effect on the value of the integral.

Even with the cited simplification, the Eq. (2.11) integral cannot be expressed in a
closed form containing simple functions. The integral itself is in fact a tabulated function
that can be found in a variety of mathematical references. Identifying

= _n'"dn

A pr—— the Fermi-Dirac integral of order 1/2 (2.12)

Fip(m) =
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Intrinsic n-type

Figure 2.18 “At a glance” re, i intrinsi i
. presentation of intrinsic (left), n-t ddl i
semiconductor materials using the energy band diagram. P (MGl e pype (righy

energy band diagrams Characterizing extrinsic semiconductors. The £, line in such cases
P the exp p oning of the Fermi leve) if the material were intrinsic, and it
serves as a reference energy level dividing the upper and lower halves of the band gap.

2.5 EQUILIBRIUM CARRIER CONCENTRATIQNS/

We have arrived at an important point in the carrier modeling process. For the most part,

this section simply embodies the culmination of ou deli ith worl
! . r g efforts, with i -
uons;hlgs for the equilibrium carrier ions being established t‘:. 'kmg mll:
1 carrier inf ion p in previ ions. Wnfe ly, the emph .
devel + - T, ’ v
on the p of ps makes the final assault on the carrier

modeling summit a little more arduous (and perhaps just a bit boring). Hopefully, the reader
can stay focused /A comment is also in order concerning the presentation here}n of alter-
native forms for the carrier relationships. The alternative forms can be likened to the diffe
ent kinds of wrenches used, for ple, in home and bile repairs. The o -eﬂ;
wrench, lhe box wrench, and the ratchet wrench all serve the same gcne;‘al pu Pene I]lﬂ
ste‘appl.lcmions one can use any of the wrenches. In other applications, howev:l:O: s'pe-
cial situation restricts the type of wrench employed or favors the use of one wrem:‘h over
:::l:lzr. The same ish lm; of the alternative carrier relationships. Finally, boxes are drawn
aroun that find widespread usage. A single- igni

important result; a double-walled box, a veryg imponzgnlle r:sillxlll:d box signifes ¢ -

2.5.1 Formulas for nand P

Since'g (E) dE the number of conduction band /em? lying in the £

dl':' energy range, and f(E) specifies the probability that an available sytaug: atan en::gE -2

will be fxccupled by an clectron, it then follows that g (E)f(E)dE gives the nnmbe! of

f:onducnen band electrons/cm? lying in the £ to E + d& energy range, and g (E)f(E)dE
grated over all cond: band 'gies must yield the total number of elec:lmns in the

f:onductlon band. In other words, integration over the equilibrium distribution of electrons

in the conduction band yields the equilibrium electron ion. A similar

can be made relative to the hole ion. We therefc 1

" ((‘“‘\1‘,
&S‘ ({D CARRIER MODELING
' C

)
and also defining I“’(/‘ 2

n
M
Ne = 2[”"‘ T] , the “qﬁecl.ive"‘{dcnsity of conduction band states (2.13a)

27h? SRR
meikr ] N
Ny =2 E;;; . the “‘effective’” density of valence band states (2.13b)
.23
WO
one obtains K \'47%
2
n= NCW Fin(o) < [@14)
‘w" &v [
and, by analogy, la <& o
A
’ 2
P = Ny 7= Fiam,) (2.14b)

where n, = (E, — Ep)/kT.
The Eq. (2.14) relationships are a very general result, valid for any conceivable posi-
tioning of the Fermi level. The N and Ny arc readily calculated; [at 300 K,
/y Ncy = (2.510 X 10P/em3)(m} /m%)>?]. The value of the Fermi integral can be obtaifi
from available tables, from plots, or by direct computation. The general-form relationships,
e are admittedly cumt and i ient to use in routine analyses. For-
tunately, simplified closed-form expressions do exist that can be employed in the vast ma-
jority of practical probiems. To be specific, if Eg is restricted to values Ep < E, — 3kT,
then 1/[1 + exp(n — 7,)] = exp[—(n — )] forall £ = E_(y = 0), and

V7
Fin(m) = - e(En=E)AT (2.153)
Likewise, if E, = E, + 347, then

va
Fin(n,) = =5 et et @.15b)

49

51



56

52 SEMICONDUCTOR FUNDAMENTALS

... Degencrate
semiconductor

Eg herc ... Nondegenerate
semiconductor
IV . .
} E, Ep here ... Degencrate
3kT semiconductor

Figure 2.19 Definition of

It therefore follows that, if E, + 3kT < E; < E._ — 3kT,

(2.16a)
(2.16b)

= Neteem BT

= Nyel&EnhT

The mathematical simplification leading to Eqs. (2.16) is equivalent to appmximmin.g
the occupancy factors, f(E) and 1 = f(E), by simple exponential functions—an approxi-
mation earlier shown to be valid provided £y was somewhere in the band gap no closer
than 3kT 1o either band edge. Whenever Ey is confined, as noted, to £, + 3kT.s .EF =
E, — 3KT, instead of continually repeating the Ep restriction, the semi s simply
said to be nondegenerate. Whenever Ey lies in the band gap closer than 3kT to either band
edge or actually penetrates one of the bands, the semiconductor is said to be degenerate.
These very important terms are also defined pictorially in Fig. 2.19.

2.5.2 Alternative Expressions for nand p

Although in closed form, the Eq. (2.16) relationships are not in the simplest form possible,
and, more often than not, it is the simpler alternative form of these relationships that one

in device analyses. The ive-form relationships can be ot " d by re-
calling that E;, the Fermi level for an intrinsic semiconductor, lies close lo' midgap, and
hence Egs. (2.16) most assuredly apply to an intrinsic semiconductor. If this be the case,
then specializing Eqs. (2.16) to an intrinsic semiconductor, i.e., setting n = p = n; and E; =
Eg, one obtains

- £ = EQNT
n; = NeelbimE )

(2.172)
s i
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(b) The accepted value of n; in Si at 300 K has been revised recently to be in agree-
ment with the experimental r; versus 7 data acquired by Sproul and Green [Journal
of Applied Physics, 70, 846 (July 1991)]. The authors concluded n; = 1.00 * 0.03
X 10%/cm? in Si at 300 K. Over the probed temperature range of 275 K < T <
375 K, their experimenlnl’data could be fitted by the relationship

2
mo=(9.15 X 1019)(%) ¢ —0S928UT

Compare the n; computed from this experimental-fit relationship to the part (a) output
over the temperature range of mutual validity.

$: (a) MATLAB program script . . .
%ni vs. T calculation for Si (200K - 700K) used in Fig. 2.20
%elnitialization
format short e
%Constants and T-range
k=8.617¢-5;
A=2.510e19;
Eex=0.0074; % Value was adjusted to match S&G ni(300K) value
T=200:25:700;

%Band Gap vs. T
EG0=1.17;

2=4.730e-4;

b=636;
EG=EG0-a.*%(T.*2)./(T+b);

%Effective mass ratio (mnr=mn*/m0, mpr=mp*/m0)
mnr=1.028 + (6.11¢-4).*T - (3.09¢-7).¥T.*2;
mpr=0.610 + (7.83¢-4).*T - (4.46e-7).¥T.*2;

%Computation of ni
ni=A *((T./300).A(1.5)).*((mnr.*mpr).A(0.75)).*exp(-(EG-Eex)./(2 .*k.*T));

%Display output on screen

j=length(T);

fprintf'\n\n T ni\n'); %There are ten spaces between T and ni.
for ii=13j,

fprintf(’ %-10.f%-10.3e\n', T(ii),ni(ii));

end

r

20

oL

. = 2 &1 e
Ne =0 |)/)—T’ 1\1\12 N o ) v) o JeT
(ge- £ Ve -
Mm= m_ e P 'ha, cmmenuuogum
oo m o G NNy € 0 Rk
Equation (2.21) exp n;asafi of known q and can be used to compute
n; at a specified orasa ion of Numerical values for the

intrinsic carrier concémmlion in Si and Ge at room were cited p y; the
best available plots of n; as functions of temperature in Si, Ge, and GaAs are displayed in
Fig. 2.20.

A second very important n;-based relationship follows directly from Egs. (2.19). Mul-
tiplying the corresponding sides of Eqs. (2.19a) and (2.19b) together yields -

Although appearing trivial, the np product relationship (Eq. 2.22) often proves to be

(222)

useful in p p If onc of the carrier concentrations is known,
the ining carrier is readily d d using Eq. (2.22)—provided of
course that the semiconductor is in equilibrium and nondegengrate.
(C) Exercise 2.4

Substituting the Eq. (2.13) definitions of N and Ny, into Eq. (2.21), introducing
i factors, and ing known by their numerical values, one

obtains

da 32
m¥ m¥ T
. = (2510 X 109)| = — —_— - EglauT
e )(’"o ,,.,,) (300) ¢

Eg and the effective masses exhibit a weak but non-negligible temperature depen-
dence. The Eg versus T variation can be modeled to four-place accuracy by the fit
relationship noted in Problem 2.1(a). As deduced from the analysis by Barber [Solid-
State Electronics, 10, 1039 (1967)), the s depend: of the effecti
masses over the range 200 K =< 7T = 700 K can be approximated by

.

% = 1.028 + (6.11 X 10-9T — (3.09 X 10-7)T2
*

%';B = 0610 + (7.83 X 10-4)T — (446 X 10-7)T?
0

P: (a) Confirm that the n; versus T curve for Si graphed in Fig. 2.20 is generated

ploying the relationships just cited, provided E in the n; expression is replaced
by Eg — E.,, where E_, = 0.0074 eV. (In the previously cited article, Barber sug-
gested using an exciton correction factor of E,, = 0.007 eV. The slightly larger value
employed in the Fig. 2.20 computation was specifically chosen to give n;, = 10'0/
cm?at 300 K.)

CARRIER MODELING

(b) MATLAB program script . . .
« %Experimental fit of Sproul-Green ni data (275K - 375K)

%oni calculation

T=275:25:375;

k=8.617e-5;

ni=(9.15e19).*(T./300)./2 .*exp(-0.5928./(k*T));

%Display resuit on screen

j=lengt(T);
fprimtf('\o\n T ni\n'); %There are ten spaces between T and ni.
for ii=13j,

fprintf(’ %-10.f%-10.3e\n’, T(ii).ni(ii));

end

Output from the two programs is reproduced below. Note the excellent agreement of
the computational results (to within 2%) over the temperature range of mutual
validity.

T(K) (a) n(em=?) (b) nicm~?)
200 5.246 x 10* —
275 1.059 X 10° 1.051 X 10°
300 1.000 X 10'° 1.006 x 10'°
325 6.798 x 101° 6.887 X 1010
350 3.565 x 10" 3.623 x 10V
375 1518 X 1012 1.542 x 1012
400 5.449 X 1012 —
500 2,716 X 104 —
600 3.988 x 1013 —
700 2.865 X 1016 —

2.5.4 Charge Neutrality Relationship

The relationships established to this point are devoid of an explicit dependence on the
dopant concentrations introduced into a semiconductor. It is the charge neutrality relation-
ship that provides the general tie between the carrier and dopant concentrations.

To establish the charge lity refationship, let us ider a uniformly doped semi-
conductor, a semiconductor where the number of dopant atoms/cm? is the same every-
where. Sy Iy ining little sections of the icond -far from any surfaces,
and ing equilibrium conditions prevail, one must invariably find that each and every

section is charge-neutral, i.e., contains no net charge. If this were not the case, electric ficlds
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would exist inside the semiconductor. The electric fields in turn would give rise to carrier
motion and iated current ituation totally i i with the d equilib-
rium conditions. There are, however, charged entities inside all semiconductors. Electrons,
holes, ionized donors (donor atoms that have become positively charged by donating an
electron to the duction band) and negatively-charged ionized can all exist
simultaneously inside any given semiconductor. For the uniformly doped material to be
everywhere charge-neutral clearly requires

charge
cm?

=qp - qn+gNg — gNg =0 (2.23)

or

p~n+Ny - N =0 (2.24)

where, by definition,

Jem3

ly charged) d f

Ng = number of ionized (p
No = number of ionized (negatively charged) acceptors/cm?.

As previously discussed, there is sufficient thermal energy available in a semiconduc-
tor at room temperature to ionize almost all of the shallow-level donor and acceptor sites.
Defining

Np = total number of donors/cm?,
N, = total number of acceptors/cm?,
and setting
NE = Ny
N =N,

one then obtains

assumes total ionization (225)

Pt Ny = Ny=0 of dopant atoms

Equation (2.25) is the standard form of the charge neutrality relationship.

SEMICONDUCTOR FUNDAMENTALS

Equations (2.29) are g 1 1 . In the vast majority of practical compu-
tations it is possible to simplify these equations prior to substituting in numerical values

for Np, Ny, and n;. Special cases of specific interest are considered next.

(1) Intrinsic Semiconductor (N, = 0, Np = 0). With N, = 0 and N, = 0, Egs. (2.29)
simplify to and [p = m). n = p = n, is of course the expected result for the
equilibrium carrier concentrations in an intrinsic semiconductor.

(2) Doped Semiconductor where either N, — N, = Np ® n, or N, — Ny, = N, 2 n;.
This is the special case of greatest practical interest. The unintentional doping levels in
Si are such that the controlled addition of dopants routinely yields N, > N, or Ny >
Np. Moreover, the intrinsic carrier concentration in Si at room temperature is about
10'%/cm3, while the dominant doping concentration (N, or Np) is seldom less than
10'4/cm3. Thus the special case considered here is the usual case encountered in prac-
tice. If N — N, = Ny, > n;, the square root in Eq. (2.292) reduces to Np/2 and

n =N, N > Ny No® 1, (2.30a)
p = n}Ny (nond total ionization) (2.30b)
Similarly
~N (2.31a)
P =T Ny» Ny, Ny >n
n = ntIN, (nondegenerate, total ionization) (2.31b)
As a numerical example, suppose a Si sample maintained at room temp is uni~

formly doped with N, = 10'5/cm? donors. Using Eqgs. (2.30), one rapidly concludes
n=10"/cm? and p = 105/cm?3.

(3) Doped Semiconductor where n, » |Np, — N,|. Systematically increasing the ambi-
ent p causes a ic rise in the intrinsic carrier concentration (see
Fig. 2.20). At sufficiently elcvated temperatures, n; will eventually equal and then ex-
ceed the net doping concentration. If 7, > [N, — N, |, the square roots in Egs. (2.29)
reduce to n; and . In other words, all semicond, become intrinsic at
sufficiently high temperatures where n;» [N < N,|.

(4) Compensated Semiconductor. As is evident from Egs. (2.29), donors and acceptors
tend to negate each other. Indeed, it is possible to produce intrinsic-like material by
making N, — N, = 0. In some materials, such as GaAs, N, may be comparable to Ny,
in the as-grown crystal. When N,, and Ny, are comparable and nonzero, the material is
said to be comp d. If the semicond is comp d, both N, and Ny, must be
retained in all carrier concentration expressions.

21
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2.5.5 Carrier C 1 C Iati

We are finally in a position to calculate the carrier concentrations in a uniformly doped
semiconductor under equilibrium conditions. In the computations to be presented we spe-
cifically make the assumptions of NONDEGENERACY (allowing us to use the np product
relationship) and TOTAL IONIZATION of the dopant atoms. Note that »;, which appears
in the np product expression, has been calculated and plotied and must be considered a
known quantity. Likewise, N, and N, which appear in the charge neutrality relationship,
are typically controlled and determined experimentally and should also be considered
known quantities. The only other symbols used in the two equations are n and p. Thus,
under the cited assumptions of d y and total i of dopant atoms, we
have two equations and two uzknowns from which n and p can be deduced.
Starting with the np product expression, one can write

p=— (2.26)
Eliminating p in Eq. (2.25) using Eq. (2.26) gives

2
B n4 Ny - N =0 @27
n

n? = n(Np = Ny) — n2 =0 (2.28)

Solving the quadratic equation for n then yields

2 I3
wo Mo = Na [(1—_~) N ] 2299
2 2
and
2 w
n2 Ny — Ny Ny — Np

=t = A Dy —A "Dy 4 o2 5

p=- 3 [( > n (2.29b)

Only the plus roots have been retained in Eqs. (2.29) because physically the carrier concen~
trations must be greater than or equal to zero.

CARRIER MODELING

In summary, Egs. (2.29) can always be used to the carrier ions if

the d is nond; and the dopant atoms are totally ionized. In the vast
majority of p d situations, h , it is possible to simplify these equations prior to
performing 1 ions. Eqt (2.29) must be used to compute the carrier

concéntrations only in t.hose rare instances when [N, — N, | ~ ;. The simplified relation-
ships of greatest practical utility are Egs. (2.30) and (2.31).

Exercise 2.5

P: A Si sample is doped with 10 ' boron atoms per cm?.
(a) What are the carrier concentrations in the Si sample at 300 K?
(b) What are the carrier concentrations at 470 K?

S: (a) Boron in Si is an acceptor (see Table 2.2). Thus N, = 10"%/cm?. At 300 K,
n;=1.00 X 10'%/cm? and the given N, is clearly much greater than r;. Moreover,
since the Nj, doping was omitted from the problem statement, we infer N, <€ N,.
With N ® n;,and N, » N, Eqs. (2.31) may be used to calculate the carrier concen-
trations: p = N, = 10"/cm?; n = n?/N, = 10%/cm?.

(b) As deduced from Fig. 2.20, n; = 10'4/cm? at 470 K. Because n; is comparable
1o N,, Egs. (2.29) must be used to calculate at least one of the carrier concentra-
tions. (Once one of the carrier concentrations is known, the second is more readily
computed using the np product expression.) Performing the indicated calculations
gives p = Np/2 + [(N4/2)* + n?]'2 = 1.62 X 10'/cm3; n = n2lp = 6.18 X
103 /cm3,

2.5.6 Determination of E;

Knowledge concerning the exact position of the Fermi level on the energy band diagram is
often of interest. For example, when discussing the intrinsic Fermi level, we indicated that
E; was located somewhere near the middle of the band gap. It would be useful to know the

precise positioning of E; in the band gap. M , we have devel

fonnulas for n and p appmpna(e for nondegencmte semiconductors. Whether a doped
is pends, of course, on the value or position-

ing of Eg.

Before running though the mechanics of finding the Fermi level in selected-cases of
interest, it is useful to make a general observation; namely, Egs. (2.19) or (2.16) [or even
more generally, Egs. (2.14)] provxdc a one-to-one com:spondence between the Fermi en-
ergy and the carrier Thus, having d any one of the three vari-
ables—n, p, or E.—one can always determine the remaining two variables under equilib-
rium conditions.
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(1) Exact positioning of E,. In an intrinsic material

n=p (2.32)

Substituting for » and p in Eq. (2.32) using Egs. (2.16), and sctting £ = E;, yields

Nce”'; — BT = NvetE.-E.)/kT (2.33)
Solving for E;, one obtains o
E.+E, kT (N, i
i = =5 + 5 In{ =~ 2.34 i
E 2 ) In N (2.34)
But
N * 3
== (22 (2.35)
Ne m¥
Consequently,

E +E 3 mt ;
\ B= == ST ln(;?) (236) i

According to Eq. (2.36), E lies precisely at midgap only if m} = my orif T =
0 K. For the more practical case of silicon at room temperature, Table 2.1 gives
m&im? = 0.69, 3/4)KT In(m%/m%) = —0.0073 eV, and E; therefore lies 0.0073 eV
below midgap. Although polenually significant in certain problems. this small devia-
tion from midgap is typically neglected in drawing cnergy band diagrams, etc. .
(2) Doped icond! (nond. dopants lalally zonrzed) The general poemon-
ing of the Fermi level in donor- and dopH d to be
nondegenerate, in equilibrium, and maintained at temperatures where the dopants are "
fully ionized, is readily deduced from Egs. (2.19). Specifically, solving Eqgs. (2.19) for
Ep — E;, one obtains

Eg — E; = kT In(n/n;) = —kT In(p/n;) @3 -
Depending on the si inherent in a particular problem, the appro_prigr/f:ar-'

rier concentration solution [Egs. (2.29), (2.30), (2.31), etc.] is then substituted into 4
Eq. (2.37) to determine the p ing of Ep. For per l-?qs: (?.30a) and 3
(2.31a), n = Nj, in typical donor-doped semiconductors and p = N, in typical accep-
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Exercise 2.6

P: For each of the conditions specified in Exercise 2.5, determine the position of Ei:
compute Eg — E;, and draw a carefully di ioned energy band diagram for the Si
sample. Note that E¢(Si) = 1.08 ¢V and mj/m} = 0.71 at 470 K.

S: (a) [n part (a) of Exercise 2.5, the N, = 10'4/cm? Si sample is mainted at 30(_) K.
Using Eq. (2.36), we conclude E; is located 0.0073 eV below midgap. (The posim:m—
ing of £ in Si at 300 K is also noted in the text following Eq. 2.36). Next applying
Eq. (2.38b), we find

E, — Eg = kT In(N,\/n)
= 0.0259 In(10'4/100)
= 0.239 eV
The energy band diag; d from the deduced p g of E; and Eg is

shown in Fig. E2.6(a).

(b) In part (b) of Exercise 2.5 the Si sample is heated to 470 K. With m}/m} = 0.71
and kT = 0.0405 eV at 470 K, (3/4)kT In(m} /my) = 0. 0104 ¢V and E is dcducad
to be located 0.0104 eV below midgap. Because N, is comparable to #; at 470 K
Eq. (2.37) must be used to compute the positioning of Eg. Specifically, with n;
10'4/cm? and p = 1.62 X 10"/cm3,

E, — E; = kT In(p/n;)
= 0.0405 In(1.62 X 10'4/10*)
= 0.0195 eV

Here Ey is only slightly removed from E; as pictured in Fig. E2.6(b).

E E
E,
""""""""""" E; e ] E,:
Ep .
E, E, ?_
@ )

Figure E2.6
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tor-doped semiconductors maintained at or near room temperature. Substituting into
Eq. (2.37), we therefore conclude

(2.38ay
(2.38b)

Ep — E; = kT In(Ny/n;)
E; — Ep = kT In(N,/n;)

CNy®> Ny, Np»n
SNy B Ny, NaB o

From Egs. (2.38) it is obvious that the Fermi level moves systematically upward in
energy from E; with increasing donor doping and systematically downward in energy from
E, with increasing acceptor doping. The exact Fermi level posmomng in Si at room tem-

P nicely reinforcing the f is displayed in Fig. 2.21. Also note that
for a given semxconductor material and ambient there exist nonde-
donor and ions,doping i bove which the material

becomcs degenerate. In Si at rtoom temp the doping con-
centrations are 'Np = 1.6 X 10'8/cm? and N, = 9.1 X 10'7/cm?3. The large Si doping
values required for degeneracy, we should interject, have led to the common usage of
“highly doped™ (or n*-material/p*-material) and “degenerate” as interchangeable terms.

Finally, the question may arise: What dure should be foll iin ing E;
when one is not sure whether a material is nondegenerate or degenerate? Unless a maxerial
is known to be degenerate, always assume d and E. g the

appropnate nondegenerate relationship. If Eg derived from the nondegenerale formuln lies
in the degenerate zone, one must then, of course, recompute Eg using the more complex
fotmalism valid for degenerate materials.

.
- f
e ===
_ -doped
l1'\ ? &y - D0 kT
£
LA et
£r - Accept, ~doped ~
i 3T .
PR
E, 1 1 Il 1 7---[- ) J
10" 10" 10 10' w e T o i

N, or Ny (em™3)

Figure 221 Fermi level positioning in Si at 300 K as a function of the doping concentration. The
solid Ey lines were established using Eq. (2.38a) for donor-doped material and Eq. (2.38b) for accep-
tor-doped material (kT = 0.0259 eV, and n= 10%cm3).
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2.5.7 Carrier Concentration Temperature Dependence

A number of isolated facts about the carrier temperature d have
already been presented at various points in this chapter. The discussion in Section 2.3 con-
cerned with dopant action, for example, described the increased ionization of dopant sites
and the associated increase in the majority carrier ion when the temp ofa
semiconductor is raised from near T = 0 K toward room temperature. More recent sub-
sections have included a plot of the intrinsic carrier ion versus p
(Fig. 2.20) and a calculation indicating that all semiconductors become intrinsic (n—n,
p—on)a sufﬁmently high In this subsection, which fudes the carrier
lated facts are bined and embellished 1o pro-
vide a broader, more complete description of how the carrier concentrations vary with
temperature.

Figure 2.22(a), a typical majority-carrier plot con-
structed assuming a phosphoms-doped Np = 10'%/em3 Si sample. mcely illustrates the
general features of the -vers ining Fig,
2.22(a), we find that  is fixed at approximately ND overa broad temperature range extend-
ing roughly from 150 K 10 450 K for the given Si sample. This n = Np or “extrinsic
temperature region” the normal ing range for most solid-state devices.
Below 100 K or so, in the “freeze-out temperature region,” 7 drops slgmﬁcantly below
Np and approaches zero as T — 0 K. In the “intrinsic temperature region” at the opposite
end of the temperature scale, » rises above Ny, asymptotically approaching »; with increas-
ing T.

To quali(ativc]y explain the just-described p depen-
dence, it is important to recall that the equilibrium number of carriers within a material is
affected by two separate mechanisms. Electrons donated to the conduction band from do-
nor ators and valence band electrons excited across the band gap into the conduction band
(broken Si-Si bonds) both contribute to the majority-carrier electron concentration in a
donor-doped material. At temperatures T — 0 K the thermal energy available in the system
is insufficient to release the weakly bound fifth electron on donor sites and totally insuffi-
cient to excite electrons across the band gap. Hence n=0atT=0K, as visualized on the
lefi-hand side of Fig. 2.22(b). Slightly i g the material above T= 0K
““defrosts” or frees some of the electrons waikly bound to donor sites. Band-to-band exci-
tation, however, remains extremely unlikely, and therefore the number of observed elec-
trons in the frecze-out temperature region equals the number of ionized donors—n = N§.
Continuing to increase the system temperature eventually frees almost all of the weakly
bound electrons on donor sites, n approaches Nj,, and one enters the extrinsic temperature
region. In progressing through the extrinsic temperature region, more and more electrons
are excited across the band gap, but the number of electrons supplied in this fashion stays
comfortably below Ny,. Ultimately, of course, electrons excited across the band gap equal,
then exceed, and, as pictured on the right-hand side of Fig. 2.22(b), finally swamp the fixed
number of electrons derived from the donors.

As a practical note, it should be pointed out that the wider the band gap, the greater
the energy required to excite clectrons from the valence band into the conduction band, and

4

63

65



SEMICONDUCTOR FUNDAMENTALS

0.5~ /

1
0 100 200
TK
@

n=0 n=Ng n=Np

/{4 L 144 E

soseee olelle ++L-——=r ——k
— Negligible

1) .
0K Low 7 Moderate 7 High T

— Negligible

®)

. denends o . ina d
Figure 2.22 (a) Typical of the majority: ina oped
semiconductor. The plot was d ing a h doped Np, = lOf’I !:m’ Si samgle.
n,/Np versus T (dashed line) has been included for comparison purposes. (b) Qualitative explanation
of the i depend i in part (a).

the higher the temperature at the onset of the intrinsic temperature region. Since the tem-
perature at the onset of the intrinsic temperature region corresponds to !h_e upper end of the
normal operating range for most solid-state devices, GaAs devices can.mh.erenﬂy operate
at a higher maxi p than similarly doped Si devices, which in turn can op-
erate at a higher maximum temperature than similarly doped Ge devices. If we assume, f?r
example, the critical doping concentration is Np, = 10'5/cm?, and the onset of the intrinsic
region is approxi d as the temperature where , = Np,, then from Fig. 2.20
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the perating temp are deduced to be 385 K, 540 K, and > 700 K for
Ge, Si, and GaAs, respectively. Indeed, GaAs and SiC (E;, > 2 ¢V') devices continue to be
under development for use in high temperature environments.

2.6 SUMMARY AND CONCLUDING COMMENTS

Under the general heading of carrier modeling we have described, examined, and charac-
terized the carriers within a semiconductor under “rest” or equilibrium conditions. The
many important topics addressed in this chapter included the introduction of two “visual-
ization” models: the bonding model and the energy band model. The extremely useful
energy band model is actually more than just a model—it is a sophisticated sign language
providing a concise means of communicating on a nonverbal level. Relative to the carriers
themselves, the reader by now has been fully prodded into thinking of el and
holes as classical ball-like “particles,” where the charge on an electron is — g, the charge
on a hole is +g, and the effective masses of the particles are m% and m¥, respectively. The
reader should also know that the carrier numbers in an intrinsic material are equal and
relatively small; the carrier concentrations, however, can be selectively increased by adding
special impurity atoms or dopants to the semiconductor,

In addressing the problem of determining the carrier concentrations in doped semi-
conductors, we developed or derived a number of useful mathematical relationships. The
density of states functions (Eqgs. 2.6), the Fermi function (Eq. 2.7), the symmetrical non-
degenerate relationships for n and p (Eqgs. 2.19), the np product (Eq. 2.22), the charge
neutrality relationship (Eq. 2.25), and the simplified n and p expressions appropriate for a
typical semiconductor maintained at room temperature (Eqgs. 2.30 and 2.31) deserve special
mention. The cited equations and a few others are collected in Table 2.4. With regard to
the use of these relationships, the reader should be cautioned against “no-think plug and
chug.” B p are replete with exceptions, special cases, and
nonideal situations, it is imperative that the formula user be aware of derivational assump-
tions and the validity limits of any and all expressions used in an analysis or computation.
In addition to the quantitative carrier relationships, the reader should also have a qualitative
“feel” for the carrier distributions in the respective energy bands, the temperature depen-
dence of the intrinsic concentration, and the typical di d of the majority
carrier ion in a doped semicond

Finally, some attention should be given to the many technical terms and the key para-
metric values presented in this chapter. The terms extrinsic semiconductor, donor, acceptor,
nondegenerate semiconductor, Fermi level, and so on, will be encountered again and again
in the discussion of semiconductor devices. Likewise, a knowledge of typical numerical
values for key parameters, such as Eg = 112 eV and n, = 10'%/cm? in Si at 300 K, will
be invaluable in subsequent work when performing both “back-of-the-envelope” and

isted putati Key p ic values also serve as yardsticks for gaug-
d it latively small or relatively large.

ing whether newly
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PROBLEMS
CHAPTER 2 PROBLEM INFORMATION TABLE
o, »1, | Complete | Difficulty Suggested Short
T After Level Point Weighting Description
02.1 224 2 [10(5 each part) Eg vs. T comp
2.2 234 1 10 (2 each part) Bonding model appli
23 2.34 (a=d) 1 24 (2 each part) E-band model applications
2.5.7 all
24 234 2 10 (2 each part) Si-doped GaAs
t 25 24.1 2 |5 States/cm? in AE
= 2.6 242 2 8 (a-2, b-3, c-3) Fermi function questions
2.7 2.5.1 2-3 |10 - |Find distribution peak
28 B 2 |5 Population at £,+AE
029 " 2 15 Plot distributions in bands
02.10 " 3 20 (a-3, b-17..discuss-2) |7 variation of distribution
2.11 N 2 |10 Derive Egs. (2.14b), (2.16b)
2.12 " 3 15 (a-3, b-12) Hypoth ] g. = constant
2.13 i 2 10 (a-7,b-3) Compute N, Ny
2.14 253 1 8 (4 each part) n; comparison
®2.15 ” 1 5 Plot n; vs. T for Ge
2.16 25.5 2 12 (a::d-2, e-4) Tricky conc. questions
2.17 " 1-2 |10 (2 each part) ‘Compute n and p
2.18 2.5.6 2 15 (3 each part) Determine E,, Ex — E;, eic.
®2.19 - 2 15 (a-12, b-3) Computer check P2.17/2.18
2.20 " 2 8 Verify nondegenerate limits
02.21 " 2 10 Plot Ex — E;vs. Ny, Np
2.22 M 2-3 |12(a-3,b-3,¢-2,d-4) GaAs iderati
02,23 257 4 25 (a-8, b-10, c-2, d-3, e-2)| Eg variation with T

®2.1 Eg versus T Computation
With i ing temp an of the crystal lattice usually Jeads to a weakening
of the interatomic bonds and an associated decrease in the band gap energy. For many
semiconductors the cited variation of the band gap energy with temperature can be modeled
by the empirical relationship

aT?
Eg(T) = Eg(0) — T+B
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where a and 3 are constants chosen 10 obtain the best fit to experimental data and Eg (0) is
the limiting value of the band gap at 0 K. As far as Si is concerned, a fit accurate to four
places is obtained by employing

Eg(0) = 1170 eV
a = 4.730Xx10"% eV/K
B =636 K
T in Kelvin

(a) Make a plot of Eg versus T for Si spanning the temperature range from 7 = 0 K to
T = 600 K. Specifically note the value of £ at 300 K.

(b) For 7> 300 K, the temperature variation is nearly linear. Noting this fact, some au-
thors have employed
Eg(T) = 1.205 — 2.8X10°4T ... T>300K

How does this simplified relationship compare with the more precise relationship over the
temperature region of mutual validity?

2.2 Using the bonding model for a semiconductor, indicate how one visualizes (a) a miss-
ing atom, (b) an electron, (c) a hole, (d) a donor, (¢) an acceptor.

2.3 Using the energy band model for a semiconductor, indicate how one visualizes (a) an
electron, (b) a hole, (c) donor sites, (d) acceptor sites, (¢) freeze-out of majority carrier
electrons at donor sites as the temperature is lowered toward 0 K, (f) freeze-out of majority
carrier holes at acceptor sites as the temperature is lowered toward 0 K, (g) the cnergy
distribution of carriers in the respective bands, (h) an intrinsic semiconductor, (i) an n-type
semiconductor, (j) a p-type semicond (k) a nondeg icond () a de-
generate semiconductor.

2.4 The bonding model for GaAs is pictured in Fig. P2.4.

(a) Draw the bonding model for GaAs depicting the removal of the shaded Ga and As
atoms in Fig. P2.4. HINT: Ga and As take their bonding electrons with them when they
are removed from the lattice. Also see Fig. 2.4(a) showing the results of removing an
atom from the Si lattice.

(b) Redraw the bonding model for GaAs showing the insertion of Si atoms into the missing
Ga and As atom sites. .

(c) Is the GaAs doped p- or n-type when Si atoms replace Ga atoms? Explain.

(d) Is the GaAs doped p- or n-type when Si atoms replace As atoms? Explain.

(¢) Draw the energy band diagram for GaAs when the GaAs is doped with Si on (i) Ga
sites and (ii) on As sites.

SEMICONDUCTOR FUNDAMENTALS

(@) A ing the semi ot to be ate and employing the Eq. (2.l6a). ex-
pression for n, confirm that the electron distribution in the conduction band normalized
1o the total electron concentration is given by

,gc_(E_)-@ = i_i e—(E-EnT
n Vi (kD

(b) Compute and plot the normalized electron distribution in the conduction bzfnd versus
E — E, for temperatures T = 300 K, 600 K, and 1200 K. Plot the distribution values
along the x-axis (0 < g (E)f(E)in < 20 eV~")and E — E,(0<E - E,<04eV)
along the y-axis on a single set of coordinates. Discuss your results.

2.11 Starting with Eq. (2.8b) and ing a p! di 1 10 that outlined in the

text, present the intermediate steps and arguments leading to Egs. (2.14b) and (2.16b).

2.12 The density of states in the band of a hypothetical semi is
g.(E) = constant = Nc/kT ...E=E,

(a) Assuming Ep < E, — 3kT, skeich the electron distribution in the conduction band of
the hypothetical semiconductor.

(b) Following the procedurc outlined in the text, establish relationships for the electron
ion in the hypothetical semicond logous to Egs. (2.14a) and (2.16a).

2.13 (a) Verify the statement in Subsection 2.5.1 that, at 300 K,
Ney = 2510 X 10"%/cm3)(m*/mg)*?

where one sets m* = m¥ in computing N dnd m* = m} in computing Ny. mo =
9.109 X 10 -3 kg; h = 6.625 X IO_MJO“IESS%C: and g = 1.602 X 10 ~'? coul.

(b) Using the effective mass values recorded in Tahi‘e‘Z/.l, construct a table that lists the
numerical values of N and N, for Si, Ge, and GaAs at 300 K.

2.14 (a) Determine the temperature at which the intrinsic carrier concentration in (i)_ Si
and (i) GaAs are equal to the room temperature (300 K) intrinsic carrier concentration
of Ge.

(b) Semiconductor A has a band gap of 1 eV, while semiconductor B has a band gap
of 2 eV. What is the ratio of the intrinsic carrier concentrations in the two materials
(m/ng) at 300 K. Assume any differences in the carrier effective masses may be
neglected.

; i

24

k7 .
(_D‘,{U”’&@ T=300K, N, =9 X 10'$/cm>, Ny = 10'6/cm?>. e T
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Figure P2.4

2.5 Develop an expression for the total number of available STATES/cm? in the conduc-
tion band between energies £, and E, + ykT, where v is an arbitrary constant.

2.6 (a) Under equilibrium conditions and 7 > 0 K, what is the probability of an electron
state being occupied if it is located at the Fermi level?

(b) If Eg is positioned at E,, determine (numerical answer required) the probability of
finding electrons in states at E, + kT

(c) The probability a state is filled at £, + k7 is equal to the probability a state is empty at
E, + kT. Where is the Fermi level located?

2.7 The carrier distributions or numbers of carriers as a function of energy in the conduc-
tion and valence bands were noted to peak at an energy very close to the band edges. (See
the carrier distribution sketches in Fig. 2.16.) Taking the semicondi to be nondeg

ate, show that the energy at which the carrier distributions peak is E, + kT/2 and
E, ~ KT/2 for the conduction and valence bands, respectively.

2.8 For a nondegenerate semiconductor, the peak in the electron distribution versus energy
inside the conduction band noted in Fig. 2.16 occurs at E, + KT/2. Expressed as a fraction
of the electron population at the peak energy, what is the electron population in a nonde-
generate semiconductor at E = E, + 5kT?

@ 2.9 The Fermi level in a Si sample maintained at T = 300 K is located at £, — Egla.
Compute and plot the electron and hole distributions (numbers/cm3-eV) as a function of
energy in the conduction and valence bands, respectively.

©2.10 Let us investigate how the electron energy distribution in the conduction band varies
as a function of temperature.

CARRIER MODELING

@ 2.15 Confirm that the n, versus T curve for Ge graphed in Fig. 2.20 can be generated

employing the empirical-fit relationship
ni(Ge) = (1.76 X 1016)T32¢-035224T

2.16 Concentration questions with a twist.

- (@) Asilicon wafer is uniformly doped p-type with N, = 10'3/cm3. At T = 0 K, what are
the equilibrium hole and electron concentrations?

() A semiconductor is doped with an impurity concentration N such that N ® », and all
the impurities are jonized. Also, n = Nand p = n2/N. Is the impurity 2 donor or an
acceptor? Explain.

(c) The electron concentration in a piece of Si maintained at 300 K under equilibrinm
conditions is 10/cm?, What is the hole concentration?

(d) For a silicon sample maintained at 7 = 300 K, the Fermi level is located 0.259 eV
above the intrinsic Fermi level. What are the hole and electron concentrations?
(¢) In a nondegenerate germanium sample maintained under equilibrium conditions near

room temperature, it is known that #; = 10'3/cm3, n = 2p, and N, = 0. Determine n
and N,,.

2.17 Determine the equilibrium el and hole
sample of Si under the following conditions:

@) T=300K, N, < Np, Np = 105/cm?.
(b) T=300K, N, = 10'$/em>, Ny, < N,.

ions inside a uni| doped

a4
(d) T=450K, N, =0, Ny = 10" /cm>. y
() T=650K, N, =0, N, = 10'4/cm3,
. 2.18 (atoe) For each of the conditions specified in Problem 2.17, determine the position

of E;, compute Eg ~ E;, and draw a carefully di energy band diagram for the Si
sample. NOTE: E(Si) = 1.08 eV at 450 K and 1.015 eV at 650 K.

©2.19 (2) Assuming a nondegenerate Si sample and total impurity atom ionization, con-
struct a MATLAB program that computes n, p, and Ep — E; given acceptable input
values of T (temperature in Kelvin), Np (cm—3), and N, (cm=3). Incorporate the
program presented in part (a) of Exercise 2.4 1o compute n; at a specified 7 Make use
of the MATLAB input function to enter the input variables from the command
window. .

(b) Use your program to check the relevant answers to Problems 2,17 and 2.18.

7
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2.20 According to the text, the i de donor and doping con-
centrations in Si at room temperature are Np = 1.6 X 10'%/cm? and N, = 9.1 X 10"/
cm?, respectively. Verify the text statement,

©2.21 Construct a computer program to produce a plot of Ex — E; versus N, or Ny, similar
to Fig. 2.21. Use the program to verify the accuracy of the cited figure. (You may find it
convenient to employ the MATLAB logspace function in constructing your program.)

2.22 GuAs considerations.

(a) Make a sketch similar to Fig. 2.14 that is specifically appropriate for GaAs. Be sure'lo
take into account the fact that m* < my in GaAs.

(b) Based on your answer to part (a), would you expect E; in GaAs to lie above or below

midgap? Explain.

(c) Determine the precise position of the intrinsic Fermi level in GaAs at room temperature
(300 K).

(d) Determine the maximum nond: donor and ptor doping ions in
GaAs at room temperature.

2.23 Givenan N, = 10'/cm? doped Si sample:

(a) Present a qualitative argument that leads to the approximate positioning of the Fermi
level in the material as 7— 0 K.

® (b) Construct a MATLAB (computer) program to calculate and plot £ ~ E, in the material
as a function of temperature for 200K = T < 500 K. '

(c) What do you conclude relative to the general behavior of the Fermi level positioning
as a function of temperature?

(d) Run your part (b) program to determine what h: if N, is progressively in-
creased in decade steps from N, = 10"/cm? to Na = 10'8/cm3. Summarize your
observations.

(e) How would your foregoing answers be modified if the Si sample was doped with
donors instead of acceptors?

SEMICONDUCTOR FUNDAMENTALS
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Figure 3.1 Visualization of carrier drift: (a) motion of carrier.s within a biased s.:miconducwr bar;
(b) drifting hole on a microscopic or atomic scale; (c) carrier drift on a macroscopic scale.

observables that refiect the average or overall motion of the cnrri‘ers‘ Averaging over all
electrons or holes at any given time, we find that the resultant motion of each carrier type
can be described in terms of a constant drift velocity, v4. In other words, on a macroscopic

i isuali Fig. 3.1c) as nothing more than all carriers of a gi\{cn
Pl A (sszlo;igty in a)“ parallel or antiparalle] to the applied

type moving along ata

electric field. ) . .
By way of clarification, it is important to point out that the drifting motion of the

i ising i to an applied electric field is actually superimposed upon the
:?:2;?—:::::% :l:e::ls:r :;s:tion of 1:5 carriers. Electrons i_n the condl_lction handlanfl hole;
in the valence band gain and lose energy via collisions w1th the semiconductor at;;.c:ﬁ aunm
are nowhere near stationary even under equilibrium conditions. In fact, under eqn:_ 11_ o
conditions the thermally related carrier velocities average ~1/1000 the speed of l‘gh‘s =
room temperature! As pictured in Fig. 3.2, however, the thermal motion of the car::c i
completely random. Thermal motion therefore averages out to 7ero On a macroscopl 3
does not contribute to current transport, and can be conceptually neglected.

3.1.2 DriftCurrent

Let us next turn to the task of developi g an analytical expr
within a semiconductor as a result of carrier drift. By definition

for the current flowing

Figure 3.2 Thermal motion of a carrier.

25

3 Carrier Action

Carrier modeling under “rest™ or equilibrium conditions, considered in Chapter 2, is jm-
portant becausc jt establishes the proper frame of reference. From a device stan‘d int,
however, the Zero current observed under equilibrivm cunditions is rather uninlere]s)?in
Only when a semiconductor system is perturbed, giving rise to carrier action or a nét carriegr
' r.espons.:. can currents flow within and external to the semiconductor system. Action, car-
tier action, is the general concern of this chapter, )
o Under.nonnal operating conditions the three primary types of carrier action occurring
inside semxco_nduc(ors are drifs, diffusion, and recombination-generation, In this chapter
we first descr}be each primary type of carrier action qQualitatively and then quantitativel
relate the action to the current flowing within the icond . Special hasi )s,
placed on characterizing the “constants of the motion” associated with each type <;f acliol
and wherever appropriate the di ion is ded to subsidiary topics of a relevant n:—‘

to oceur simul!aneously inside any given icond . Math y bining the
lva.ru:;:s l<:amer activities next leads to the culmination of our carrier-action efforts; w: ob.
ain the basic set of starting equations employed i i i I !
in solvi i
; s employ ing device problems of an electrical

nature. Finally, simple p) are i i i
: p to illustrate solut
and 1o introduce key supplemental concepts. - Seon spprosches

3.1 DRIFT
3.1.1 Definition-Visuaiization

D{ifl,_ by defﬁnilion, is charged-particle motion in response to an applied electric field,
Wllh{ﬂ semiconductors the drifting motion of the carriers on a microscopic scale can be
dgscnl3ed as follows: When an_elecm'c field (8) is applied across a semiconductor as visy-
allzed'm Fig. 3.1(a), the resulting force on the carriers tends to accelerate the +g charged
holes in the direction of the electric field and the ~ ¢ charged electrons in theqdim:l?on
opposite to the electri h Because of collisions with ionized impurity atoms and ther.
I atoms, however, the carrier acceleration is i
carriers are safd to be scattered). The net result, pictured in Fi:;]: (eb,;mi{sl::::f ::t(it::
generally afong the direction of the electric field, but in a disjointed ‘fashion involving
) The microscopic driftin::'x:';":m ;f a1singl: carrier isboih‘:/lil:;sui;;slcom lex and qui
tedious 10 analyze in any detail. Fortunagely, measurable quantities mpmacm:g::

CARRIER ACTION
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Figure 3.3 Expanded view of a biased p-type

I (current) = the charge per unit time crossing an arbitrarily chosen plane of observation
oriented normal to the direction of current flow.

Considering the p-type d bar of [ area A shown in Fig. 3.3, and
specifically noting the arbitrarily chosen vy-normal plane lying within the bar, we can
argue:

vyt ... All holes this distance back from the v,-normal plane will cross the
plane in a time ¢. .

vgtA -+. Allholes in this volume will cross the plane in a time .

pvgiA ... Holes crossing the plane in a time ¢.

qpugiA Charge crossing the plane in a time 1.

gpvsA ... Charge crossing the plane per unit time.
The word definition of the last quantity is clearly id 1 to the formal definition of cur-
rent. Thus

Tolaiee = GPvgA hole drift current 3.1

As a practical matter, the | area A appearing in Eq. (3.1) and other cur-
rent formulas is often excess baggage. Current, moreover, is generally thought of as a scalar
quantity, while i reality it is obviously a vector. These deficiencies are overcome by .imm-
ducing a related parameter known as the current density, J. J has the same orientation as
the direction of current flow and is equal in magnitude to the current per unit area (or
J = I/A). By inspection, the current density associated with hole drift is simply

Joiain = 9PV, (3.2)

Since the drift current arises in response to an applied electric field, it is reasonable to
proceed one step further and seek a form of the current relationship that explicitl)f relalf:s
Jpiasia to the applied electric field. To this end, we make reference to tlhe repxesf,nmwe drift
velocity versus electric field data presented in Fig. 3.4. Note that v, is proportional to % at
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Figure 3.4 Measured drift velocity of the carriers in ultrapure silicon maintaine
lur?: as a function of the applied electric ficld. Constructed from the data fits and the data respectively

in Jacoboni et al* and Smith et al.1%

low electric fields, while at high electric ficlds v, and indep
To be more precise,

X3 _{;‘0‘8 v L. 820 33
= BB € - o
R Lo :
()]

where 8 = 1 for holes and 8 = 2 for electrons in silicon, Ho is the constant of proportion-
ality between v, and %6 at low to moderate electric fields, and vy, is the limiting or satura-
tion velocity approached at‘very high electric fields. Obviously, in the high-field limit vy in
Eq. (3.2) is simply replaced by vy, and Jpigsn docs not exhibit an §-field dependence. In
the low-field limit, which is of greatest practical intercst and assumed herein unless speci-
fied otherwise, vy = 1,8 (itp => for holes) and substitution into Eq. (3 2) yields

o

Similarly, for electrons one obtains

e

iy OF iy (EmAV-sec)

o = 300

Ny or Wy ()
12109, ...

1014 = 1015 1016 * 1007 1018
Na 0r Np em™)
()
= 7=
¥ = T i
000 - -
0 2y
GaAs-hols T ”
\55._ E R
100 T N
1044 1018 1016 107 1018
N, o Np (err3)
{b}
Flaure 3.5 Room temperature carrier mobilities as a function of the dopant in (a) Si
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Respectively known as the electron mobility and hole mobility, ., and #p are always taken
to be positive quantities. Note that, although el drift in the d pposite to the
applicd clectric field (v, = ~ % ), the current transported by negatively charged particles
is in turn counter to the direction of drift (I = — qnuy). The net result, as indicated in
Eq. (3.4b), is an electron current in the direction of t.he-applwd electric field.

3.1.3 Mobility

Mobility is ob ly a central p in izing electron and hole transport due
to drift. As further readings WI" reveal, the carrier mobxhucs also play a key role in char-
acterizing the performance of many devices. h is ble th to Ho and
#;, in some detail to enhance our general familiarity with the parameters and to establish a
core of useful information for future reference.

Standard Units: cm?/V-sec.

Samplc Numerical Values: p, = 1360 cm?/V-sec and Hp = 460 cm?/V-sec at 300 K in

= 10"/cm?® and N, = 104/cm? doped Si, Tespectively. In uncompensated high-purity
(ND or N, = 10'%/cm?) GaAs, the room-temperature mobilities are Ha = 8000 cm?/V-sec
and p, = 400 cm?/V-sec. The quoled values are useful for comparison purposes and when
performing order-of- putati Also note that u, > pu, for both Si and
GaAs. In the major icond My IS istently gma(_er than g, for a given doping
and syslem temperature.

Rzlalmnshlp 10 Smtrermg The word mobllr.'y in everyday usage refers to a_general free-
dom of gously, in icond! work the mobmly parameter is 2 mea-
sure of the case of carrier motion in a crystal. I g the impeding collisions
within a crysta) decreases the mobility of the carriers. In other words, the carrier mobility
varies inversely with the amount of scattering. xakmg place within the semiconductor. As
visualized in Fig. 3.1(b), the scattering iech in ly doped
materials of device quality are typically (i) lattice scattering involving collisions wx!h ther-
mally agitated lattice atoms, and (ii) ionized impurity (i.c., donor-site and/or acceptor-site)
scattering. Relative to lattice scattering, it should be emphasized that it is the thermal vibra-
tion, the displacement of lattice atéms from their lattice, positions, tHat leads to carrier
scattering. The internal field associated with the stationary array of atoms in a crystal is
already taken into acccun( in lhe eﬂ'ecnve mass formulauon .

Although itative g the mobility and scattering can become
quite involved, it is readily dthat g = q('r)l 'm*, where (r) is the mean free time
between collisions and m* is the conductivity effective mass. Since increasing the number
of moti peding collisions d the mean free time’ between collisions, we again
conclude p varies |nverscly with the amount of scattering,, However, 4 is also noted to vary
inversely with the carrier effective mass—Tlighter carriers moye more readily. The m? in
GaAs is significantly smaller than the m¥ in Si, thereby’ explaining the higher mobﬂny of
the GaAs electrons.

CARRIER ACTION

Doping Dependence: Figure 3.5 exhibits the observed doping dependence of the electron
and hole mobilities in Si, Ge, and GaAs. All semiconductors exhibit the same general
dependence. At low dopmg ions, below app ly 10'3/cm? in Si, the carrier
mobilities are ially independent of the doping ion. For dopings in excess
of ~10%5/cm?, the mobxhncs ically d with i ing N, or Np.

With the aid of an 3.6 the explanation of the observed doping dependence is rela-
tively straightforward. Invokmg an elecmcal analogy, one can associate a resistance to
motion with each of the g These resi are in series. At suffi-

ciently low dopmg levels, ionized impurity g can be neglected compared to lattice
scattering, or in the analogy, Rrorar = R,_ + R, = R, . When lattice scattering, which is
not a function of N, or Ny, b the i scattering mect it 1)

follows that the carrier mobilities will be likewise independent of N, or Ny For dopmgs
in excess of ~10'%/cm? in Si, ionized impurity scattering and the associated resistance to
motion can no longer be neglected. lncreasmg v.he number of scattering centers by adding
more and more or donors progr the amount of ionized impurity
scattering and systematically decreases the camcr mobilities.

Te e D, d The depend of the electron and hole mobili-
ties m Si wuh dopmg as a parameter is dxsplayed in Fig. 3.7. For dopings of N or N, <
10"/cm?, the data merge into a single curve and there is a near power-law increase in the
carrier mobilities as the temperature is decreased. Roughly, u, « 723201 and
T-220., For progressively higher dopmgs, the carrier mobilities still increase with de»
p butata d g rate. In facl, some Ny, = 10'%/cm?®
expenmenla.l data (not shown) exhibit a d in u, as Tis d d below 200 K.
The general temperature dependence of the carrier mobilities is relatively easy to ex-
plain in the low doping limit. As noted in the doping dependence discussion, lattice scat-
tering is the d scattering hanism (Rygra, = R_) in lightly doped samples.
D ing the system temp an ever-decreasing thermal agitation of the semi-
conductor atoms, which in turn decreases the lattice scattering. The decreased scattering

Ry Ry

Impedance to motion due to
ionized impurity scattering:
~—Increases with N, or Np
~—Increases with decreasing 7.

} Impedance to motion due to
lattice scattering: i
~—No doping dependence.
[ ~—Decreases with decreasing T:

Flgure 3.6 analogy for ingina R, and R, represent the impedance
to motion due to lattice scattering and ionized impurity scattering, respectively.
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Figure 3.7 Temperature dependence of {a) electron and (b) hole mobilities in silicon for dopings
ranging from = [0"4/cm® to 10"¥/cm?, The curves were constructed using the empirical fit relation-
ships and parameters presented in Exercise 3.1. The dashed Ijncpomnofmeumcmpmiw
a slight extension of the fit beyond ihe verificd 200K = T'= 500 K range of validity.
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Value at 300 K Temperature
Parameter Electrons Holes Exponent (n)
Nelem™3) 13 x 107 | 2.35 x 107 24
Hmin (CM?/ V-5€C) 92 54.3 -0.57
o (cm?/V-sec) 1268 406.9 —2.33 electrons
—2.23 holes
a 0.91 0.88 —0.146

P: (a) Construct a log-log plot of u, and p, versus N, or Ny for 10%/ecm® < N, or
Np = 10'/cm? using the quoted fit relauonshxp and the listed Si fit parameters.
Compare your result with Fig. 3.5(a).

(b) Construct log-log plots of s, versus T and p,, versus T for 200K =< T=500K
and Ny, or N, stepped in decade values from 10'4/cm?® to 10'/cm? Compare your
results with Figs. 3.7(a) and 3.7(b), respectively.

S: (a) MATLAB program script.. . .
%Mobility versus Dopant Concentration (Si,300K)

%Fit Parameters

NDref=1.3¢17; NAref=2.35¢17;
punmin=92; upmin=54.3;
un0=1268; up0=406.9;
an=0.91; ap=0.88

%Mobility Calculation
N=logspace(14,19);
pn=pnmin+un0./(1+(N/NDref).Aan);
p=upmin+pup0./(1+(N/NAref).Aap);

%Plotting results

close

loglog(N,.n,N,up); grid;
axis([1.0e14 1.0e19 1.0e! 1.0e4]);
xlabel('NA or ND (cm-3));
ylabel('Mobility (cm2/V-sec)’);
text(1.0e15,1500, Electrons’);
text(1.0e15,500,' Holes");
text(1.0e18,2000,'Si.300K');
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roughly follows a simple power-law dependence. Being inversely proportional to the
amount of lattice scaucnng. the mobility of lightly doped samples is therefore expected to
with d g varying roughly as the temperature to a negative

power.

The more complex dependence of the higher doped samples reflects the added effect
of ionized impurity- scattering. In the electrical analogy, R, can no longer be neglected.
Moreover, whereas lattice scattering (R, ) decreases with decreasing 7T, ionized impurity
scattering (R,) increases with decreasing 7. Ionized impurities become more and more
effective in deflecting the charged carriers as the temperature and hence the speed of the

carriers decreases. Thus ionized impurity scattering becomes a larger and larger percentage
of the overall scattering as the temperature is decreased (Rrom. - R,) Clearly, this ex-
plains the decreased slope ot the mobility versus hibited by the
higher doped samples.

P P

(C) Exercise 3.1

There exist surprisingly accurate “empirical-fit” relationships that are widely em-
ployed to compute the carrier mobilities at a given doping and temperature. F:gnres

3. 5 nnd 3 7 were constructed using such relati “, The form of a comp

p is typically established on an | basis by nolmg lhegeneral func-
tional dependencies predicted th lly and observed exp
in the relationship are then adjusted until an match is obtai to the best
available experimental data.

The majority carrier mobility versus doping at room temperature is popularly
computed from

Ho
= bt
B= Hn ¥ T (NIN G

where u is the carrier mobility (s, or &,), N is the doping concentration (N, or Np),
and all other quantities are fit parameters. To model the temperature dependence, one

additionally employs
T K
4= 4 3%)

A in the above equation represents iy » ko, Nper» OF @ A is the 300 K value of the
parameter, T is temperature in Kelvin, and % is the temperature exponent. The fit
parameters appropriate for Si are listed in the following table:

CARRIER ACTION

The results obtained by running the preceding program should be numerically
identical to Fig. 3.5(a).

(b) Part (b) is left for the reader to complete.

3.1.4 Resistlvity

Resistivity is an important material parameter that is closely related to carrier drift. Quali-
tatively, resistivity is a measure of a material’s inherent resistance to current flow—a “nor-
malized” resistance that does not depend on the physical dimensions of the material. Quan-
mauvcly, resnsuvuy (p) is defined as the proportionality constant between the electric field

acrossah material and the total particle current per unit area flow-

ing in the material; that is,

8 =p] (3.53)

1
J=0%=-% 3.5b;
0% (3.5b)

where o = 1/p is the material conductivity. In a homogeneous material, J = J;, and, as
established with the aid of Egs. (3.4),
Jain = Intin + Jplann = qlptan + 1, p)% (3.:6)

Tt therefore follows that

1
o r— 3.7
P Qe + o0 67

Ina donor-doped d in the extrinsic tempera-
ture region where Ny > n;, n = Ny, and p = n?/N}, < n. This result was established in
Subsection 2.5.5. Thus, for typical dopings and mobilities, u,n + #op = Ny in an
n-type i Similar arg; yield p n + HoP = iy N, in a p-type semicon-
ductor. C ly, under normally d in Si samples maintained at
or near room temperature, Eq. (3.7) simplifies to

n-type semiconductor (3.82)
.
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Ny or Np(em™3)
(@)

Figure 3.8 Resistivity versus impurity concentration at 300 K in (a) Si and (b.) glher semiconduc-
tors. [(b) From Sze), © 1981 by John Wiley & Sons, Inc. Reprinted with permission.}

and

1

p=—

. .. p-type semiconductor (3.8b)
quNa

When bined with mobility doping data, Eqgs. (3.8) provide a one-l(?—ong corre-
d b the resistivity, a directly ble quantity, and the doping inside a
semiconductor. In conjunction with plots of p versus doping (see Fig. 3.8), the measured
resistivity is in fact routinely used to determine N, or Ny, ¥
The measured resistivity required in determining the doping can be obtained in a num-
ber of different ways. A 1 i ward h would be to form the semi-
conductor into a bar, apply a bias V across contacts attached to the ends of the bar as in

SEMICONDUCTOR FUNDAMENTALS

Semiconductor
sample

generator

Figure 3.9 istivil i (a) S ic drawing of the probe nn'u_lgemcnl.
placement, and biasing in the four-point probe (b) Sch of a i eddy-
current apparatus showing the RF coils and sonic components. [(b) From Schroder®), © 1990 by
John Wiley & Sons, Inc. Reprinted with permission.]
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o——k
N

G!llllli

2 (ohm-cm)

1015 1018 107 1018
N or Np[cm™3)

Figure 3.8 (b)

Fig. 3.1(a), measure the current / flowing in the circuit, and then deduce p from the mea-
sured resistance. [R(resistance) = V// = pl/A, where  is the bar length and A is the cross-
sectional area.) Unfortunately, the straightforward pproach is deceptively difficult, is de-
structive (wastes semiconductor material), and is not readily adaptable to the wafers used
in device processing.

A measurement method finding widespread usage in practice is the four-point probe
technique. In the standard four-point probe technique, four collinear, evenly spaced probes,
as shown in Fig. 3.9(a), are brought into contact with the surface of the semiconductor. A
known current / is passed through the outer two probes, and the potential V thereby devel-
oped is measured across the inner two probes. The semiconductor resistivity is then com-
puted from

p =2ns %/I" (9

where s is the probe-to-probe spacing and I"is a well-documented “correction” factor. The
correction factor typically depends on the thickness of the sample and on whether the bot-
tom of the semi is touching an i or a metal. C: ial i are

CARRIER ACTION

ilable that ly ipute the appropriate correction factor based on the sample
thickness entered by the Unlike the icond: bar the four-
point probe technique is obviously easy to impl causes only slight surface damage

in the vicinity of the probe contacts, and is ideally suited for working with wafers. The
surface damage, aithough slight, does exclude the technique from being used on wafers
intended for producing high-yield devices and ICs.

A second technique worthy of note utilizes a noncontacting eddy-current approach.
The schematic of a commercial eddy-current apparatus is pictured in Fig. 3.9(b). There are
fringing fields near a ferrite core excited with an RF coil. If a conducting material such as
a semiconductor wafer is placed near the ferrite core, the fringing fields cause localized
(eddy) currents to low in the conducting material. The cusrent flow in turn absorbs some
of the RF power. The sheet resistivity of the ing material is deduced by i
the power consumption in a calibrated system. The ull d and
built into the commercial apparatus are for the in-situ deter of the wafer thick
The change in phase of ultrasound bounced off the top and bottom wafer surfaces permits
the instrument to compute the i spacing pied by the wafer. The sheet resistivity
multiplied by the wafer thickness yields the wafer resistivity.

3.1.5 Band Bending

In previous encounters with the energy band diagram, we have consistently drawn E, and
E, to be energies independent of the position coordinate x. When an electric field (% ts
inside a material, the band energies become a function of position. The resulting variation
of £ and E, with position on the energy band diagram, exemplified by Fig. 3.10(a), is
popularly referred to as “band bending.”

- Seekifigtoe the precise relationship b the clectric field within a semi-
conductor and the induced band bending, let us carefully re-examine the energy band dia-
gram. The diagram itself, as emphasized in Fig. 3.10(a), is a plot of the allowed electron

gies within the semicond asafl of position, where E increasing upward is
understood to be the fotal energy of the electrons. Furthermore, we know from previous
discussions that if an energy of precisely Eg is added to break an atom-atom bond, the
created electron and hole energies would be E_and E,, respectively, and the created carriers
would be effectively i Absorbing an energy in excess of £, on the other hand,
would in all probability give rise to an clectron energy greater than £, and a hole energy
less than E, , with both carriers moving around rapidly within the lattice. We are led, there-
fore, to interpret E — E, to be the kinetic energy (K.E.) of the electrons and £, — Eto be
the kinetic energy of the holes [see Fig. 3.10(b)]. Moreover, since the total energy equals
the sum of the kinetic energy and the potential energy (P. E.), E, minus the cnergy reference
level (E,,) must equal the electron potential energy, as illustrated in Fig. 3.10(c). (Potential
energy, it should be noted, is arbitrary to within a it, and the position-ind: d
reference energy, E,., may be chosen to be any convenient value.)

The potential energy is the key in relating the electric field within a semiconductor to
positional variations in the energy bands. Speci y, ing normal operational con-
ditions, where magnetic field, temperature gradient, and stress-induced cffects are negli-
gible, only the force associated with an existing electric field can give rise to changes in the
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Flgure 3.10 Relationship between band bending and the elec.lmnlﬁtiC .vnrinvbles inside a semicon-
ductor: (a) sample energy band diagram cxhibiting band bending; (b) ld&ﬂuﬁCIllO.ll of the carrier
kinetic energies; (c) specification of the electron potential energy; (f’) elecr:msunc potential and
(e) electric field versus position dependence deduced from and associated with the part (a) energy

band diagram.
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relationship, merely sketch the “upside down” of £ (or E, or E;) versus x; to deffm:\il:e
the general € versus x dependence, simply note the slope of E (or E, or E;)as a function

of position.

Exercise 3.2

P: Consider the following energy band diagram. Take the semiconductor éeprfsegmf
to be Si maintained at 300 K with E; — Ep = Eg/4 at x = =L and u:,- ’d :’ﬁ.
Eg/4 at x = 0. Note the choice of E as the energy reference level and the identi
cation of carriers at various points on the diagram.

E (electrons)

(=]
E (holes) ~——+

(a) Sketch the electrostatic potential (V) inside the semiconductor as a function of x.

(b) Sketch the electric field (%) inside the semiconductor as a function of x.
d on the di

(c) Ascertain the K.E. and P.E. of the el and holes pi
(d) Determine the resistivity of the x > L portion of the semiconductor.
S: (a) The V versus x relationship must have the same functional form as the *‘upside

down” of E_ (or E; or E,). If the arbitrary voltage nefu'enc? point is wkey:‘ to be V=
OQatx=L, :hen one concludes the V versus x dependence is as sketched here:

v

-L 0 L
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potential energy of the carriers. Elementary physics, in fact, tells us that the potential en-
ergy of a — ¢ charged particle under such conditions is simply related to the electrostatic
potential V at a given point by

PE = —gV (3.10)
Having previously concluded that
PE. =E, - E, @1
we can state
1
V= -2 - Eyp (3.12)
L q9
By definition, moreover,
€= -~-vv 3.13)
or, in one dimension,
dv
€ =—-— 3.14
i (3.14)
Consequently,
_ L 1dE, 18,
%—qu‘—qu b (3.15)

The latter forms of Eq. (3.15) follow from the fact that E., E,, and E, differ by only an
additive constant.

The preceding formulation provides a means of readily deducing the general form of
the el ic variables i with the “band bending” in Fig. 3.10(2) and other
energy band diagrams. Making use of Eq. (3. 12), or simply inverting E,(x) in Fig. 3.10(a),
one obtains the V versus x dependence presented in Fig. 3.10(d). [Please note that the

| ic p ial, like the p ial energy, is arbitrary to within a constant—the
Fig. 3.10(d) plot can be lated upward or d ong the voltage axis without
modifying the physical situation inside the %nally, ding the slope of
E_ versus position, as dictated by Eq. (3.15), produces the 8 versus x plot shown in
Fig. 3.10(¢).

In summary, the reader should be aware of the fact that the energy band diagram
contains information relating to the electrostatic potential and electric field within the semi-
conductor. Moreover, the general form of the V and 8 dependencies within the semi-
conductor can be obtained almost by inspection. To deduce the form of the V versus x

CARRIER ACTION

(b) The electric field, 8. is proportional to the slope of the bands:

€

() For the electrons, K.E, = E - E,andPE. = E - Ey=<E - £. Since the
total energy of the holes increases downward on the diagram, K.E, = E, - Eand
PE.=E - F, = Ep — E, for the holes. The cnergy ditferences are of course
evaluated at the same x. The deduced K.E. and PE. values are summarized in the

following table:
Carrier KE. (ev) | PE (eV) ,

Electron 1 1} 0.28

(@) Inthe x > L region, E — Ex=Egl4 =028 ey and

Ny = p = peEi-gonr = 1006028100259 = 4 g6 5 10M/em3

From Fig. 3.5(a) one deduces My = 459 cm?/V-sec, and therefore,

1 1
P e —
9# Ny (16 X 10-)(450)2.96 x 1014

Alternatively makin
P =25 ohm-cm.

g use of the Fig. 3,8(a) S resistivity plot, one similarly concludes

"
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3.2 DIFFUSION
3.2.1 Definition—Visuaiization

Diffusion is a process whereby particles tend to spread out or redistribute as a result of their

* fandom thermal motion, migrating on a macroscopic scale from regions of high particle

concentration into regions of low particle concentration. If allowed to progress unabated,
the diffusion process operates so as to produce a uniform distribution of particles. The
diffusing entity, it should be noted, need not be charged; thermal motion, not interparticle
repulsion, is the enabling action behind the diffusion process.

To cite an everyday example of diffusion, suppose an open bottle of perfume is placed
in one corner of a room. Even in the absence of air cusrents, random thermal motion wili
spread the perfume molecules throughout the room in a relatively short period of time, with
intermolecular collisions helping to uniformly redistribute the perfume to every nook and
cranny within the room.

Seeking to obtain a more dclmled unders(andmg of the diffusjon process, let us next
conceptually “monitor” the process on & mlcroscoplc scale emplcymg asimple hypothen-
cal system. The system we propose to/monitor is a di | box g four
compartments and 1024 mobile particles (see Fig. 3.11). The particles within the box obey
certain smngcm rules. Specifically, thermal motion causes all particles in a given compart-
ment to “jump” into an adjacent compartment every 7 seconds. In keeping with the random
nature of the motion, each and every particie has an equal probability of jumping to the left
and to the right. Hitting an “external wall™ while attempting to jump to the left or right
reflects the particle back to its pre-jump position. Finally, at time ¢ = 0 it is assumed that
all of the particles are confined in the lefi-most compartment.

Figure 3.11 records the evolution of our 1024 particle system as a function of time. At
time 1 = 7, 512 of the 1024 particles originally in compartment 1 jump to the right and
come to rest in compartment 2. The remaining 512 particles jump to the left and are re-
flected back into the left-most compartment. The end result is 512 particles each in com-
partments 1 and 2 after 7 seconds. At time ¢ = 27, 256 of the particles in compartment 2
jump into compartment 3 and the remainder jump back into compartment 1. In the mean-
time, 256 of the particies from compartment 1 jump into compartment 2 and 256 undergo
a reflection at the left-hand wall. The net result after 27 seconds is 512 particles in com-
partment 1 and 256 particles each in compartments 2 and 3. The state of the system after
37 and 67 seconds, also shown in Fig. 3.11, can be deduced in a similar manner. By ¢ = 67,
the particles, once confined to the left t p have become almost uniformly
distributed throughout the box, and it is unnecessary to consider later states. Indeed, the
fundamental nature of the diffusion process is clearly self-evident from an ination of
the existing states.

In semiconductors the diffusion process on a microscopic scale is similar to that oc-
curring in the hypothetical system execpl, of course, the random motion of the diffusing
particles is three-di ional and not “ lized.” On a pic scale the
net effect of diffusion is precisely the same wnlhm both the hypothetical system and semi-
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(C) Exercise 3.3

The “DiffDemo” MATLAB file listed below was wrmen to help the user vxsuahze lhe
diffusion process. The progr a ps ion of a

particle system s:muar to that dcscnbr,d in the text. The y={(] statement in the
program controls the initial condition, N specifies the maximum number of moni-
tored “jumps,” and the number in the pause statements controls the time between

jumps.

%Simulation of Diffusion (DiffDemo)

%0ne-dimensional system, right and left jumps equally probable
Plnitialization

close

x=[0.51.5253.54.5];

y=[1.0660000); %NOTE: initial position can be changed
[xp,yp)=bar(x,y),

plot(xp.yp); text (0.5,1.1¢6,'t = 0');

axis([0,5,0,1.2e6]);

pause (0.5)

N=15; 9%NOTE: increase N for extended run
%Coxi)putalions and Plotting

forii=0:N,

%Diffusion step calculation
bin(1)=round(y(1)/2 + y(2)/2);
bin(2)=round(y(1)/2 + y(3)/2);
bin(3)=round(y(2)/2 + y(4)/2);
bin(4)=round(y(3)/2 + y(5)/2);
bin(5)=round(y(4)/2 + y(5)/2);
y=bin;
%Plotting the result
[xp.yp)=bar(x.y);
axis(axis);
plot(xp.yp); text(0.5,1.1€6,{'t = ";num?2str(ii)});
axis([0,5.0,1.2¢61);
pause (0.5)

end

P: (a) Enter the program into ynur compumr or locate the copy supplied on disk. Run
the program. (The d-period on a N or break on an IBM-
compatible computer can be used to p ly terminate the program.)

(b) Rerun the program after changing the initial conditions so that all of the carriers
are in the middle box at 1 = 0.

30
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Figure3.11 Diffusionona ic scale in a hyp system. The num-
bers over the arrows indicate the number of particles in a given compartment; observation times are
listed to the extreme right.

conductors; there is an overall migration of particles from regions of high pamcle con-
centration (o Tégions of low particle concentration. . Within semiconductors the mobile par-

ticles—the electrons and holes—are charged, and diffusion-related carrier transport
therefore gives rise (o particle currents as pictured in Fig. 3.12.

—-—

P it I taire =
Diffuse <]
-—0Q O

© 6 0

[ONICICIKC)

x x

Figure 3.12 Visualization of electron and hole diffusion on a macroscopic scale.
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(c) Experiment with initially placing particles in more than one box and changing the
number in the pause statements. You might also try increasing the number of par-
ticle boxes.
S: Sample output is reproduced in Fig. E3.3.
X105
R e -
t=0 t=15

10 - 10 B

8| 4 8| E

6 e 6f -

4} - 4l B

' L
o0 1 2 3 4 5 00 1 2 3 4 5
Figure E3.3

3.2.2 Hot-Point Probe Measurement

Before establishing the current associated with diffusion, let us digress somewhat and
briefly consider the hot-point probe measurement. The hot-point probe measurement is a
common techrique for Ep’ldly determining whemer a semiconductor i is n- or p-type. From
a practical standpoint, k ige of the semicond type is ] in device p
ing and must be known even before determining the doping concentration from resistivity
measurements (refer back to Fig. 3.8). The hot-point probe “typing” experiment is consid-
ered here because it simultaneously provides an informative example of the diffusion
process.

Examining Fig. 3.13(a), we find the only equipment required for performing the hot-
point probe measurement is a hot-point probe, a cold-point probe, and a center-zero mil-
liammeter. The hot-point probe is sometimes a refugee from a wood burning set or simply
a soldering iron; the cold-point probe typically assumes the form of an electrical probe like
that used with hand-held multimeters. No special requirements are imposed on the center-
zero milliammeter connected between the probes. The measurement procedure itself is also
extremely simple: After allowing the hot probe to heat up, one brings the two probes into
contact with the semiconductor sample, and the ammeter deflects to the right or left,
thereby indicating the semiconductor type. Observe that the spacing between the probes is
set nrbn:anly and can be reduced to enhance the ammeter deftection.

A simplified explanation of how the hot-point probe works is
in Fig. 3.13(b). In the vicinity of the probe contact the heated probe creates an increased
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Figure 3.13 The hot-point probe (a) required

of how the measurement works.

number of higher-energy carriers. These energetic carriers will be predominantly holes in
the case of a p-type material and electrons in an n-type material. With more energetic
carriers near the heated probe than elsewhere, diffusion acts so as to spread the higher-
energy carriers throughout the semiconductor wafer. The net effect is a deficit of holes or a
net negative charge in the vicinity of the hot-point probe for a p-type material, and a posi-
tive charge buildup near the heated probe within an n-type material. Accordingly, the
center-zero meter deflects in a different direction for p- and n-type materials.

3.2.3 Diffusion and Totai Currents
Diffusion Currents

In defining the diffusion process and in citing diffusion examples, we have sought to em-
phasize the direct correlation between diffusion and a spatial variation in particle numbers.
For diffusion to occur, more of the diffusing particles must exist at one point than at other
points or, in mathematical terms, there must be a nonzero concentration gradient (Vp # 0
for holes, Vn 20 for el ). Logically, , the greater gradient,
the larger the expected flux of particles. Quantitative analysis of the diffusion process in-
deed confirms the foregoing and leads to what is known as Fick's law:

F = —-DVy (3.16)

where & is the flux or particles/cm?-sec ing a plane perpendicular to the particle fiow,
7 is the particle concentration, and D is the diffusion coefficient, a positive proportionality
factor. The diffusion current density due to electrons and holes is obtained by simply mul-
tiplying the carrier flux by the carrier charge:

Joigie = —qRVp (3.172)

Jnigir = gDNn (3.17)
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the energy band diagram characterizing the sample will have the form sketched in
Fig. 3.14(b). In Chapter 2 the Fermi level in uniformly doped n-type semiconductors was
found to move closer and closer to E, when the donor doping was systematically increased
(see Fig. 2.21). Consistent with this fact, E_ was drawn closer to E in going from x = 0to
x = L on the Fig. 3.14(b) diagram. Ci of the diag however, could not have
been completed without making use of a critical new piece of information. Specifically,

under equilibrium conditions, dEg/dx = dEg/dy = dEg/dz = 0; i.e., the Fermi level inside
a material or a group of materials in intimate contact is invariant as a function of position.

The constancy of the Fermi level means that Eg is to appear as a horizontal line on equilib-
rium energy band diagrams.
7'[‘he position independence of the Fermi energy is established by examining the trans-

/

Np

of L

+— > X
0 L
(b)
Figure 3.14 i doped icond (a) assumed doping variation with position;

{b) corresponding equilibrium energy band diagram.
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The constants of proportionality, D, and Dy, have units of cm?/sec and are referred to as
the hole and electron diffusion coefficients, respectively.

Upon examining Egs. (3.17), note that the current directions deduced from the equa-
tions are consistent with the Fig. 3.12 visualization of the pic diffusion currents.
For the positive concentration gradient shown in Fig. 3.12 (dp/dx > 0 and dn/dx > 0 for
the pi d one-di i ), both holes and electrons will diffuse in the —x

't Jpigine Will therefore be or directed in the — x direction, while Jygy;y will
be oriented in the +.x direction.

&

Total Currents

The total or net carrier currents in a semiconductor arise as the combined result of drift and
diffusion. Summing the respective n and p segments of Eqs. (3.4) and Egs. (3.17), one
obtains

Jo = Jowin + o = qrpp% ~ qDpVp (3.183)
3 drift $ diffusion
I = Inaan + Iniir = 9,18 + gD Vn (3.18b)
The total particle current flowing in a isin turn puted from
(3.19)

The double boxes emphasize the importance of the total-current relationships; they are used
directly or indirectly in the vast majority of device analyses.

3.2.4 Relating Diffusion Coefficients/Mobiiities

The diffusion coefficients, the constants of the motion associated with diffusion, are obvi-
ously central parameters in characterizing carrier transport due to diffusion. Given the im-
portance of the diffusion coefficients, one might anticipate an extended examination of

relevant properties paralleling the mobility p ion in Sub 3.1.3. F y,
an ded ination is unn y because the D’s and the s are all interrelated. It
is only 'y to establish the ing formula known as the Einstein relationship.

Yationehi

In deriving the Einstein we dera iformly doped
tor maintained under equilibrium conditions. Special facts related to the nonuniform dop-
ing and the equilibrium state are invoked in the derivation. These facts, important in them-
selves, are reviewed prior to presenting the derivation proper.

Constancy of the Fermi Level

Consider a nondegenerate, nonuniformly doped n-type semiconductor sample, a sample
where the doping concentration varies as a function of position. A concrete example of
what we have in mind is shown in Fig. 3.14(a). A ing equilibrium prevail,
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fer of carriers between allowed states with the same energy but at adjacent positions in an
energy band. It is concluded the probability of filling the states at a given energy, f(E), must
be the same everywhere in the sample under equilibrium conditions. If this were not the
case, carriers would preferentially transfer between states and thereby give rise to a net
current. The existence of a net current is inconsistent with the specified equilibrium con-
ditions. Referring to the Eq. (2.7) expression for S(E), we find that tHe constancy of the
Fermi function in turn requires the Fermi leve] to'be independent of pos&on.

Current Flow Under Equilibrium Conditions

Under equilibrium conditions the total current is of course identically zero. Because elec-
tron and hole activity is totally decoupled under equilibrium conditions, the electron and
hole current densities, Jy, and J,,, must also independently vanish. Setting Jy=Jp=0in
Eg. (3.18), however, leads to the conclusion that the drift and diffusion currents associated
with a given carrier are merely required to be of equal magnitude and opposite polarity. In
fact, the drift and diffusion components will vanish under equilibrium conditions only if
=0andVn=Vp=0. :

To provide a ill ion of n hing equilibrium current components,
let us return to an ination of the ly doped semiconds sample charac-
terized by Fig. 3.14. The dopant variation pictured in Fig. 3.14(a) clearly gives rise 1o a
significant electron concentration gradient. An electron diffusion current flowing in the +x
direction must exist inside the sample. The band bending shown in the band diagram of
Fig. 3.14(b), moreover, implies the existence of a “built-in” electric field oriented in the
—x direction. This gives rise to a drift current also in the — x direction. Note that the drift
and diffusion components are of opposite polarity. Since equilibrium conditions are as-
sumed to prevail, the components must also be of equal magnitude. In point of fact, the
electric field arises inside the i to cc the diffusive tendencies of the
carriers caused by the nonuniform doping. The major point here is that, even under equilib-
rium condition, nonuniform doping will giverise to carrier concentration gradients, a built-
in efectric field, and non-zero current components.

Einstein Relationship

Having laid the proper foundation, we can now proceed to derive the connecting formula
between the D's and the u’s known as the Einstein relationship. To simplify the develop-
ment, we work in only one dimension. The sample under analysis is taken to be a nonde-

iformly doped di intained under equilibrium conditions.
Citing the fact that the net carrier currents must be identically zero under equilibrium con-
ditions, and focusing on the electrons, we can state

dr
Inigie + Inigir = quan% + qDN;" =0 (3.20)
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However,
¢ = L9 (321)
q dx
(same as 3.15)
and

n = nelEr= BT 3.22)

Moreover, with dEg/dx = 0 (due to the positional invariance of the Fermi level under
equilibrium conditions),

dn_ _ ﬁ,w.,-mr% «-dug 623)

dx kT kT

Substituting dn/dx from Eq. (3.23) into Eq. (3.20), and rearranging the result slightly, one
obtains

@), — (@) 5Dy = 0 (3.24)

Since € 0 (a consequence of the nonuniform doping), it follows from Eq. (3.24) that

L LIy Einstein relationship for electrons (3.252)
Moy q .
A similar argument for holes yields ‘
Dy AT Einstein relationship for holes (3.25b)
Mg q

Although it was established while assuming equilibrium conditions, we can present
more elaborate arguments that show the Einstein relationship to be valid even under non-
equilibrium conditions. The nondegenerate restriction, however, still apphcs. slightly
modified forms of Egs. (3.25 result when the is 10 d mate-
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(c) Since n = n,exp[(Eg ~ E,)/kT)and p = n;exp[(E. — E¢)/kT), we conclude

(d) There is an electron diffusion current at both x = — L/2 and x = + L/2. From the
answer to the preceding question we note that dn/dx # 0 at the cited points. With
dnldx > 0, Jyygrat x = — L/2 flows in the +x direction. Conversely, dn/dx < 0 at
x = Li2 and Jygq; at this point flows in the — x direction,

(e) There is an electron drift current at both x = — L/2 and x = + L/2. Since both n
and € are non-zero at x = * L/2, it follows that Jyjin = g,n8 # 0. The drift
component of the current always has the same direction as the electric field; Jyyqn is
in the — x direction at x = — L/2 and in the +.x direction at x = +L/2. The drift
component of the current must of course cancel the diffusion component of the cur-
rent so that Jy = Jyiq + Jnigir = 0 under cquilibrium condmons The dircction-

related answers to parts (d) and (e), d next, arc with this
requirement:
x= =L x=+LI2
Inlgin - hnd
Inigrit “ 4

(f) In working part (d) of Exercise 3.2, we concluded the x > L region of the semi-
conductor (Si, 300 K) had a doping of N, = 5 X 10*/cm? and a corresponding
hole mobility of ., = 459 cm?/V-sec. Thus, employing the Einstein relationship,

= (kT/q),, = (0.0259)(459) = [T1.9 cm?/sec].
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rials, We should emphasize again that the preliminary results, such as the positional invari-
ance of the equilibrium Fermi level and the situation inside a nonuniformly doped semi-

conductor under equilibrium conditions, are i inth lves. Relative to numerical
values, note that k7/q is a voltage, and at room lcmpemturc (300 K) is equal to 0.0259V.t
Hence, for an N, = 10'%/cm3 Si sample maintained at room Dy = (kT/q)ps,

= (0.0259)(1358 cm?/V-sec) = 35.2 cm?/sec. Finally, the Emst::m relationship is one of
the easiest equations to remember because it thymes internally—D over u equals 4T over
q. The thyme holds even if the equation is inverted—y over D equals g over k7.

Exercise 3.4

P: In this ise we the ination of the semicond
sented by the energy band diagram presented in Exercise 3.2.

sample repre-

(a) The semiconductor is in equilibrium. How does one deduce this fact from the
given energy band diagram?

(b) What is the electron current density (Jy) and hole current density (Spatx=
*L/2?

(c) Roughly sketch n and p versus x inside the sample.

(d) Is there an electron diffusion current at x = * L/2? If there is a diffusion current
ata given point, indicate the direction of current flow.

(e) Noting the solution for the electric field presented in Exercise 3.2, is there an
electron drift current at x = = L/27 If there is a drift current at a given point, indicate
the direction of current flow.

(f) What is the hole diffusion coefficient (D;) in the x > L region of the semi-
conductor?

§: (a) The semiconductor is concluded to be in equilibrium because the Fermi level
is invariant as a function of position.

) and atboth x = —L/2 and x = +L/2. The net electron and

hole currents are always identically zero everywhere under equilibrium conditions.

1 At room temperature T = 0.0259 ¢V = (1.6 X 10~ '9)(0.0259) joule. Thus kT/g = (1.6 X 10~)0.0259)/
(1.6 X 109 joule/coul = 0.0259 V.
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3.3 RECOMBINATION-GENERATION
3.3.1 Definition—Visuaiization

When a semiconductor is perturbed from the equilibrium state, an excess or deficit in the
camer concemmuons relanve to their equilibrium values is invariably created inside the

t ion (R-G) is nature’s order-restoring mechanism,
the means whereby the camer excess or deficit inside the semvconduclor is stabilized (if
the perturbation is maintained) or eliminated (if the p b is d). Since non-
equilibrium conditions prevail during device operati inati ion more
often than not plays a major role in shaping the characteristics exhibited by a device. For-
mally, recombination and generation can be defined as follows:

Recombination—a process whereby electrons and holes (carriers) are annihilated or
destroyed.

G i process whereby el and holes are created.

Unlike drift and diffusion, the terms recombination and generation do not refer to a single
process. Rather, they are collective names for a group of similar processes; carriers can be
created and destroyed within a semiconductor in a number of ways. The most common
R-G processes are visualized in Fig. 3.15. The i al p are described and
discussed next. g

Band-to-Band Recombination

Band-to-band r bination is ptually the si of all ination p

As pictured in Fig. 3.15(a), it merely i the direct annihilation of a conduction band
electron and a valence band hole. An electron and hole moving in the semiconductor lattice
stray into the same spatial vicinity and zap!—the el and hole annihilate each other.
The excess energy released during the process typically goes into the production of a pho-
ton (light).

R-G Center Recombination

The process pictured in Fig. 3.15(b) involves a “third party,” or intermediary, and takes
place only at special locations within the d known as R—G centers. Physically,
R-G centers arc lattice defects or special impurity atoms such as gold in Si. Lattice defects
and the special atoms in the form of unintentional impuritics arc present even in semicon-
ductors of the highest available purity. The R—-G center concentration, however, is normally
very low comp to the ptor and donor ions in device-quality materials.
The most important property of the R-G centers is the i duction of allowed el i
levels near the center of the band gap. These levels are identified by the £y energy label in
Fig. 3.15(b). The near midgap positioning of the levels is all-important because it distin-
guishes R-G centers from donors and acceptors. The midgap levels introduced by select
R-G center impurities in Si are summarized in Fig. 3.16.
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(2) Band-to-band recombination
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(d) Band-to-band generation
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(b) R—G center recombination (e) R-G cente; i
T generation
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v
(c) Auger inati
ger recombination (f) Carrier generation via impact ionization
Figure 3.15 Energy band visualizati of i and

As noted in Fig, 3 15(b), recombination
 Fig. 3. 3 at an R—G center is a twi
one type ql‘ carrier, say an electron, strays into the vicinity of an R—Go
the potential well associated with the center, loses energy,
h;)leucomes tllalh)ng, is attracted to the trapped electron,
electron within the center, Alternatively, as also shown inFi
n vely, in Fig. 3.15(b), one can thi

electron as losg.ng energy a second time and annihilating the hole in the valence ba:l; (KihGe
center recombination, also called indirect recombination, typi : '

(heat) during the process or, equi s prod. kL :cal.]y teleases thermal energy

-step process. First,
center, is caught by
and is trapped. Subsequently, a
loses energy, and annihilates the
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tion provides a case in point. Because the number of carrier-carrier collisions increases
with i d carrier ion, the fi of Auger bi likewise in-
creases with carrier ion. Auger must be idered, for 1
in treating highly doped regions of a device structure, but it is usually negligible otherwise.
Similarly, significant impact ionization occurs only in the high -field regions of a device.
In a somewhat different vein, photog ion at room temg a significant
process only when the semiconductor is exposed to external illumination. What then is the
R-G process pair deserving of special attention, the process pair that typically dominates
in the low ¢ -field regions of a nond ly doped semicondi intained at room
temperature? From the information provided, the choice is obviously between thermal
band-to-band R-G and recombination-generation via R-G centers.

From the energy band explanation alone one might speculate that band-to-band

inati would domi under the cited “standard” conditions. How-
ever, visualization of R~G processes using the energy band diagram can be misleading.
The E~x plot examines only changes in energy, whereas crystal momentum in addition to
energy must be conserved in any R-G process. Momentum conservation requirements, as
it wrns out, play an important role in setting the process rate.

As first noted in Subsection 2.2.3, the momentum of an electron in an energy band,
like the electron energy, can assume only certain q d values. M lated as-
pectsof R-G p are iently di d with the aid of plots where the allowed
electron energies in the conduction and valence bands are plotted versus the allowed mo-
mentum. These are referred to as E-k plots, where k is a parameter proportional to the
clcct;g\:gw(al_ momentum. The £-K plots associated with semiconductors fall into two
“géieral categories. In the first, sketched in Fig. 3.17(a), both the minimum conduction band
energy and maximum valence band energy occur at k = 0. In the second, pictured in
Fig. 3.17(b), the conduction band mini is displaced to a k # 0. Semicond exhib-
iting the former type of plot are referred to as direct semiconductors, and semicond
exhibiting the latter type of plot, as indirect semiconductors. GaAs is a notable member of
the direct semiconductor family; Ge and Si are both indirect semiconductors.

q

{2) Direct semiconductor (b) Indirect semiconductor

Figure 3.17 General forms of £-k plots for direct and indirect semiconductors.
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Ey

Au Cu Mn Cr Fe

Flgure 3.16 Ncar-midgap energy levels introduced by some common impurities in Si. When an
impurivy introduces multiple levels, one of the levels tends to domi in a given
sample.

Auger Recombination

In the Auger (pronounced Oh-jay) process pictured in Fig. 3.15(c), band-to-band recombi-
nation occurs simultaneously with the collision between two like carriers. The energy re-
leased by the recombination is transferred during the collision to the surviving carrier. This
highly energetic carrier subsequently “thermalizes” —loses energy in small steps through
heat-producing collisions with the semiconductor lattice. The “staircase” in Fig. 3.15(c)
isi loss of energy.

p the step

Generation Processes

Any of the foregoil ination p can be dto carriers. Band-
to-band generation, where an electron is excited directly from the valence band into the
conduction band, is pictured in Fig. 3.15(d). Note that either thermal energy or light can
provide the energy required for the band-to-band transition. If thermal energy is absorbed,
the process is alternatively referred to as direct thermal g ion; i lly introduced
light is absorbed, the process is called photogeneration. The thermally assisted generation
of carriers with R-G centers acting as intermediaries is envisioned in Fig. 3.15(¢). Finally,
impact ionization, the inverse of Auger recombination, is visualized in Fig. 3.15(f). In this
process an electron-hole pair is produced as a result of energy released when a highly
energetic carrier collides with the crystal lattice. The generation of carriers through impact
ionization routinely occurs in the high € -field regions of devices. We will have more to say
about this process when treating breakdown in pn junctions.

3.3.2 Momentum Considerations

All of the various g p occur at all times in all semicon-
ductors—even under equilibrium conditions. The critical issue is not whether the processes
are occurring, but rather, the rates at which the various processes are occurring. Typically,
one need be concerned only with the dominant process, the process proceeding at the fastest
rate. A number of the processes are important only under special conditions or are highly
improbable, occurring at a much slower rate than competing p! Auger i
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Phonon(s)

A\ Photon

-~
W

(a) Direct semiconductor (b) Indirect semiconductor

Figure 3.18 E—k plot visualizations of in direct and indirect

To make use of the E-k plots in visualizing an R-G process, one needs to know the
nature of transitions i with the absorption or of photons (light) and lat-
tice vibration quanta called phonons. Photons, being massless entities, carry very little
momentum, and a photon-assisted transition is essentially vertical on the E-k plot. Con-
versely, the thermal energy d with lattice vibrati ph is very small (in
the 10-50 meV range), whereas the phonon momentum is comparatively large. Thus on
an E-k plot a phonon-assisted transition is essentially horizontal. It is also important to
point out that, as pictured in Fig. 3.18, electrons and holes normally only occupy states
very close to the £, mini and E, i pectively. This is of course consistent
with our earlier discussion of the distribution of carriers in the bands.

Let us now specifically re-examine the band-to-band recombination process. In a direct
semiconductor where the k-values of electrons and holes are all bunched near k = 0, little
change in is required for the ion process to proceed. The conserva-
tion of both energy and momentum is readily met simply by the emission of a photon (see
Fig. 3.18a). In an indirect semiconductor, on the other hand, there is a large change in

d with the bi process. The of a photon will con-
serve energy but cannot si ly conserve Thus for band-to-band re-
combination to proceed in an indirect semiconductor, the emission of a photon must be

ied by the emission or ab of a phonon (see Fig. 3.18b).

The rather involved nature of the band-to-band process in indirect semiconductors
understandably leads to a vastly diminished recombination rate. Band-to-band recombina-
tion is in fact totally negligible compared to R-G center recombination in Si and other
indirect semiconductors. Band-to-band recombination does proceed at a much faster rate
in direct semiconductors and is the process producing the light observed from LEDs and
junction lasers. Even in direct materials, however, the R-G center mechanism is often the
dominant process. Given the universal importance of the R—G center process, and the fact
that most devices are made from Si, which is an indirect material, the quantitative consid-
erations in the next subsection are devoted primarily to the R-G center mechanism. Other
processes are considered as the need arises.
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3.3.3 R-G Statistics

R-G statistics is the technical name given to the mathematical characterization of recom-
binati i “Mathematical ization” in the case of recombi-
nation-generation dc:es not mean the development of a current-density relationship. An
R-G event occurs at localized positions in the crystal, at a given x-value, and therefore !he
R-G action does not lead per se to charge transport. Rather, recombination—generation

acts to change the carrier ions, thereby indirectly affecting the current ﬂo.w. Itis
the time rate of change in the carricr concentrations (3n/ds, dp/at) that must be specified to
achieve the desired ical ch ization. B its ization is rela\iv;ly
simple and its invol in device operation quite we begin by dering

photogeneration. The major portion of the subsection is of course devoted to recomb?na-
tion-generation via R-G centers, alternatively referred to as indirect thermal recombina-
tion~generation,

Photogeneration
Light striking the surface of a semiconductor as pictured in Fig. 3.19 will be p:u'lial!y
flected and partially itted into the material. Assume the light to be monochromatic

with wavelength A and frequency ». If the photon energy (hv) is greater than the band 82p
energy, then the light will be absorbed and electron-hole pairs will be created as the light
passes through the semiconductor. The decrease in intensity as monochromatic light passes

through a material is given by
1= leo* (3.26)

where [ is the light intensity just inside the material at x = 0* and « is the ab'sorplian
coefficient. Note from Fig. 3.20 that a is material dep and a strong of A
Since there is a one-t cor d b the absorption of photons and the

creation of electron-hole pairs, trhe carrier creation rate should likewise exhibit an
exp(— ax) dependence. Moreover, referring to Fig. 3.15(d), the photogeneration process
always acts so as to create an equal number of electrons and holes. We therefore conclude

oL Gen [cF1))
at sight or ight
where, for the situation analyzed,
G (xA) = G e~ (3.28)
G, is the simplified symbol for the ph ion rate (a number/cm®-sec), while G, is

the photogeneration rate at x = 0. The | g designation means “due to light” and is nec-
essary because, as we have seen, n and p can be affected by a number of processes. )
In working probl involving the illumination of a sample or device, we will
often invoke one of two simplifying ptions: (i) The illumination is d to be
uniform everywhere inside the sample and (ii) the light is assumed to be absorbed in an
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infinitesimally thin layer near the semiconductor surface. Seeking to identify when the

d conditions are approached in practice, we note first that 1/, which has the dimen-
sions of a length, represents the average depth of penetration of the light into a material. At
wavelengths where v = Ej, the absorption coefficient is very small and 1/a is very large,
about 1 cm in Si. This makes exp(~ax) = 1 for all practical depths. To a very good
approximation, G, = constant and the light is being uniformly absorbed. On the other
hand, if A = 0.4 um, an (i) = 10° cm~" is deduced from Fig. 3.20. At this wavelength
the light penetration depth is only a few th d and the ption of surface
absorption is closely approximated.

indirect Thermal R bination-Generation

Although the general case development of R-G center statistics is beyond the scope of this
text, it is possible to present arguments leading to the special-case expression employed in
many practical problems. Let us begin by carefully defining the various carrier and center
concentrations involved in the analysis.

N4, Po ... carier concentrations in the material under analysis when equilib-
rium conditions prevail.

np ...  carrier concentrations in the material under arbitrary conditions.

An=n-—n,... d in the carrier ions from their equilibrium values.

Ap=p'— p, An and Ap can be both positive and negative, where a positive devia-

tion corresponds to a carrier excess and a negative deviation corre-
sponds to a carrier deficit.

Nr ... number of R-G centers/cm?,

In the special-case develop perturbation of the carrier ations from their

equilibrium values must correspond to low-leve! injection. This requirement is just an al-
ternative way of saying the perturbation must be relatively small. To be more precise,

low-level injection implies
Ap < n,, n=n, in an n-type material

An < Por P = py, ina p-type material

Consider a specific example of Np, = 10'¥/cm? doped Si at room temperature subject to a
perturbation where Ap = An = 10%/cm?. For the given material, ny = Np = 10%/cm?® and
Po = n}/Np = 10%cm?. Consequently, n = ny + An = ngand Ap = 10%cm® < ny=10'%/

cm?. The situation is clearly one of low-level ion. Observe, h , that Ap
> p,. Although the majority carrier ion remains ially ung d under
low-level injection, the minority carrier ion can, and routinely does, i by

many orders of magnitude.

Perturbation

'0%%%%
E‘
EF
*0000000

£
o v
Po/o Nop<<n,

Figure 3.21 Sitation inside an n-type semiconductor after a perturbation causing the low-leve!
injection of excess holes.

) We are now ready to analyze the specific situation envisioned in Fig. 3.21. A pertur-
bation has caused a Ap <€ ng excess of holes in an n-type semicondi sample. A
the system is in the midst of relaxing back to the equilibrium state from the pictured pe:
turbed state via the R-G center interaction, what factors would you expect to have the
greatest effect on dp/a1|,, the rate of hole ination? Well, to eliminate a hole, the
ho]e‘ must make the transition from the valence band to an electron-filled R-G center.
Logically, the greater the number of filled R-G centers, the greater the probability of 2 hole
a.nnihilaling transition and the faster the rate of recombination. Under equilibrium condi-
tmns,_ essentially all of the R~G centers are filled with electrons because the equilibrium
Fermi level is comfortably above Ey. With Ap < ng, electrons always vastly outnumber
holes and rapidly fill R-G levels that become vacant. This keeps the number of filled R~G
centers .during the relaxation process =~ Nz. Thus, we expect 3plot|y to be approximately
propt.n:uonal to Ny. Moreover, it also seems logical that the number of hole-annihilating
transitions should increase almost linearly with the number of holes. All other factors being
equal, the more holes available for annihilation, the greater the number of holes removed
from the valence band per second. Consequently, we also expect 8p/dt], to be approxi-
n_lately propo_n.ional to p. Considering additional factors leads to no additional dependen-
cies. Hence, ducing a positive proportionality , Cp» and realizing 3p/at], is
g because p is dq ing, we Tud

|
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Figure 3.18 Semicond light propagation, and coordil icntation in the ph
analysis. The semiconductor is assumed to be sufficiendy thick (L 3 1/a) so that bottom surface
reflections may be neglected.
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Figure 3.20 The absorpti ient as a function of length in Si and other select semicon-
ductors. (From Schroder!®l, © 1990 by John Wiley & Sons, Inc. Reprinted with permission.)
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If the hole generation process is analyzed in a similar manner, aplat|g is deduced to
depend only on the number of empty R-G centers. This number, which is small for the
ituation under cc is held approximatel: at its equilibrium value over
the range of perturbations where hole generation is significant. This means that 9p/dt|o
can be replaced by 3p/df|g.cquiribrium- Moreover, the recombination and generation rates
must precisely balance under equilibrium conditions,! or ap/ar], = P13t g cquitiriom =
— 8pI31| equiibrium- Thus, making use of Eq. (3.29), we obtain

4

a’ (3.30)

= ¢, Nipo
c

Finally, the net rate of change in the hole concentration due to the R-G center inter-
action is given by

/4 _| L
3t |tnermat 37 N % s = =~¢N:(p = py) 3.31)
R-G
or
op 2 . ;
a1 L = —¢,N;Ap  for holes in an n-type material (3.32a)
R-G
An analogous set of arguments yields
on . .
e = —c,NyAn for electrons in a p-type material (3.32b)

R-G

¢, like c, is a positive proportionality constant. ¢, and €, are referred to as the electron and
hole capture coefficients, respectively.

Although I functional as is, it is d p Eqgs. (3.32) into a
slightly more pact and ingful form. An of the left-hand sides of
Eqgs. (3.32) reveals the dimensional units are those of a concentration divided by time. Since
Ap and An on the right-hand sides of the same ions are also the con-
stants ¢, Ny and ¢, N must have units of 1/time. It is theref toi the
time constants

irable to manipul

* Under itions each process and its inverse must self-balance independent of any
other process that may be occurring inside the material. This is known as the Principle of Detailed Balance.
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It is left as an exercise to show that the general-case relationship reduces to Egs. (3.34)
under the d special diti

3.3.4 Minority Carrier Lifetimes
General information

The time constants 7, and 7,, which were introduced without comment in writing down
Egs. (3.34), are obviously the “constants of the action” iated with inati
generation. Seeking to provide insight relative to the standard interpretation and naming of
the 7’s, let us consider once again the sif din Fig. 3.21. E the change
in the hole concentration with time, it goes almost without saying that the excess holes do
not all disappear at the same time. Rather, the hole excess present at ¢ = 0 is systematically
eliminated, with some of the holes existing for only a short period and others “living™ for
comparatively long periods of time. If thermal recombination—generation is the sole pro-
cess acting to relax the semiconductor, the average excess hole lifetime, (¢}, can be com-
puted in a relatively straightforward manner. Without going into details, the computation
yields {f) = 7, (or 7,). Physically, therefore, 7, and 7, have come to be interpreted as the
average time an excess minority carrier will live in a sea of majority carriers. For identi-
fication purposes, 7, and 7, are simply referred to as the mirority carrier lifetimes.

Like the u’s and the D's, the 7's are important material parameters invariably required
in the modeling of devices. Unlike the u's and the D's, there are few plots indicating the
7-values to be employed in a given device structure. In fact, subsidiary experimental mea-

(see the following subsection) must be performed to determine the minority
carrier lifetime in a given semiconductor sample. The reason for the lack of catalogued
information can be traced to the extreme variability of the 7,, and 7, parameters, Referring
to Egs. (3.33), we see that the carrier lifetimes depend on the often poorly controlied R-G
center concentration (Ny), not on the carefully controlled doping parameters (¥, and Ny, ).
Moreover, the physical nature of the dominant R-G center concentration changes even
within a given sample during device fabrication. A fabrication procedure called gettering
can reduce the R-G center concentration to a very low level and give rise to a TolTp) ~
1 msec in Si. The intentional introduction of gold into Si, on the other hand, can control-
lably increase the R—G center concentration and give rise to a Tu(7,) ~ 1 nsec. Minority
carrier lifetimes in completed Si devices tend to lie about midway between the cited
extremes.

A Lifetime Measurement

The carrier lifetimes are measured using a variety of different methods. The majority of
measurements employ a device structure of some sort and deduce 7,, and/or 7, by matching
the theoretical and experimentally observed device ch istics. The tobe
described employs a bar-like piece of d with chmic at its two ends.
In a commercial implementation this structure is called a photoconductor, a type of photo-
detector. A situation very similar to that envisioned in Fig. 3.21 is created inside the semi-
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(3.332)
(3.33b)
which, when substituted into Eqs. (3.32), yield
72 A
-5 e = —T:- for holes in an n-lype material (3.34a)
R-G
an An )
31 |iabermar — —Tn' for electrons in a p-type material (3.34b)
R-G

Equfitions (3.34) are the desired end result, the special-case characterization of R-G
cemo?-r (mdir?tft thermal) recombination—generation. Although steady state or slowly
varying d are implicitly d in the devel of Egs. (3.34), the relation-
ships can be applied with little error to most transient problems of interest. It should be
restated that a Ap < 0 is possible and will give rise t0 a 9p/ot]; e n — > 0. A positive
ap/axli,w - Simply indicates that a carrier deficit exists inside the semiconductor and
generation is occurring at a more rapid rate than recombination. 3p/; thermal
0431, ipermai -+ it must be remembered, characterize the net effect ofpﬂzl !hermalk;:coa::
bination and thermal generation processes,

_As ¢.|uly emphasized, the Eq. (3.34) relationships apply only to minority carriers and
to situations meeting the low-level injection requirement. The more general steady state
result!”), valid for arbitrary injection levels and both carrier types in a nondegenerate semi-

4

is noted for and future refe to be
L/ o = ) -
3t [bemat 3¢ e (0 + m) + T (p + py) (3.35)
where

ny = n,elsr-E;)ur (3.36a)
Py = melfim BT (3.36b)
CARRIER ACTION

A d [\

Scope

Figure 3.22 of the ph ivity decay
d during the The per is in the form of a light pulse that

gives rise 1o a carrier excess inside the semiconductor and a detectable change in conduc-
tivity. Once the light is removed the excess carriers are eliminated via recombination and
the conductivity decays back to its value in the dark. The carrier lifetime is determined by
monitoring the conductivity decay.

The experiment is schematically illustrated in Fig. 3.22. Ry is the sample resistance,
Ry a load resistor, V, the applied d.c. voltage, and v, the measured load or output voltage.
Obviously, Rg and therefore v, are functions of time, with v, reflecting the changes in
conductivity inside the semiconductor sample.

‘We are specifically i d in how v,_changes with time after the light is turned off.
vy is related to the conductivity, which in turn is related to the excess carrier concentrations.
Given an n-type sample and ing uniform photog ion throughout the semi
ductor, we will verify later in the chapter (Section 3.5) that the decay of the excess minority
carrier hole concentration (Ap) is described by

Ap(1) = Apge™"n 3.37)

Apy is the excess hole concentration at ¢ = 0 when the light is turned off. Next considering
the conductivity, we note

o= 1p = qu,n + HoP) (3.38a)
= qlea(ng + An) + po(py + Ap)] (3.38b)
= quaNp + qlu, + p,)Ap (3.39)

Tdark Ac(t)

In establishing Eq. (3.39), we made use of the fact that ny = Nj, > p, in an #-type semi-
conductor. Also An was assumed equal t0 Ap. oy, is the unp bed ductivi

sample y
in the dark and Ao (r) @ Ap the time decaying p of the conductivity.
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The last step is to relate v, and Ag. Inspecting Fig. 3.2, one concludes

RL
v, = iR = Vyo—t— (3.40)
1. L ARL + Rs
but
pl_ ! i ( T )
Re=E="—= =R 3.41
STAT GA (04 + ADA T Y\oy, + Ao G4h

where is the length, A the cross-sectional area, and Rgy = l/oy,4 A the dark resistance of
the sample, respectively. Substituting Eq. (3.41) into Eq. (3.40) and rearranging yields
VA

L+ Rsy/ Ry
. 1+ Ao/,

u = (3.42)

or, if Ry is matched to Ry, and the light intensity restricted so Ag/o g, <€ | (equivalent to
specifying low-level injection conditions), we obtain

v = 5(1 + ﬂ) =V, + vpern (3.43)
2 gk,
I
dec.  decay transient
An exponential decay is predicted with 7, being the decay constant.

An actual impl ion of the is shown in Fig. 3.23." The required V,,
is supplied by the Tektronix PS5004 power supply (just about any power supply would
do), while the Tektronix 11401 Digitizing Oscilloscope is used to capture the photocon-
ductive decay. The bar-shaped Si test structures are housed in a special measurements box
along with the R = Ry, load resistor. The box permits convenient handling of the samples
and facilitates switching between samples. The light pulses required in the measurement
are derived from the General Radio 1531-AB Strobx The GR Stroboscope puts out
high-intensity light flashes of ~ 1 usec duration spaced at controllable time intervals rang-
ing from 2.5 msec to 0.5 sec. Fairly uniform ph ion can be achieved in 2 sample

* This being the first text reference, it is perhaps i the General statement that
measurement particulars, included at various points in the text, are derived from experiments performed in an

EE laboratory by the author. A somewhat cxpanded discussion of background theory,
the system, and can be found in R. F. Pierret, Semiconductor Measure-
ments Laboratory Operations Manual, Supplement A, in the Modular Series on Solid State Devices, Addison-
Wesley Publishing Co., Reading MA, © 1991,
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Figure 3.24 Phowconductivity transient response. The time-varying oompmmofuljn millivolis
s plotted on the y-axis versos time in milliseconds on the z-axis. () is a lincar and (b} is & semilog

plot.

extracting the minority carrier lifetime. Specifically, from the slope of lhe stmig?ll-line
region in the latter plot, the minority carrier lifetime in the probed sample is readily de-
duced to be 7, = 150 usec.

3.4 EQUATIONS OF STATE

In the first three sections of this chapter we ¢
types of carrier action taking place inside semiconductors. Within actual sennconduflors
all the various types of carrier action occur at the same time, and the state of any semicon-
ductor can be determined only by taking into account the combined effect of the individual
types of carrier action. “Putting it all together,” so to speak, leads to the basic set of starting
equations employed in solving device problems, herein referred to.as the equations of state.
The first portion of this section is devoted to developing the equations of state; the l.ancr
portion includes a summary of common simplifications, a listing of special-case sotutions,
and problem-solving examples.

d and ly modeled the primary
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GPIB 10
Computer

9000
{1 LU nRien

Stroboscope

Figure3.23 Ph ive decay system.

by first passing the stroboscope light through a small-diameter Si wafer. The Si wafer acts
as a filter allowing only bandgap radiation to reach the sample under test. Although
the 11401 Oscilloscope is capable of in situ data analysis, a computer is connected to the
oscilloscope to add data manipulation and display flexibility.

An ple of the ph ductive decay as displayed on the computer screen is re-
produced in Fig. 3.24. The transient component of v in millivolts is plotted on the y-axis
versus time in milliseconds on the x-axis. The part (a) linear-scale plot nicely exhibits the
generally expected dependence. The part (b) semilog plot verifies the simple exponential
nature of the decay (at least for times 0.1 msec < ¢ < 0.6 msec) and is more useful for

CARRIER ACTION

3.4.1 Continuity Equations

Each and every type of carrier action—whether it be drift, diffusion, indirect or direct
thermal recombination, indirect or direct generation, or some other type of carrier action—
gives rise to a change in the carrier concentrations with time. The combined effect of all
types of carrier action can therefore be taken into account by equating the overall change
in the carrier concentrations per unit time (3n/d: or ap/ar) to the sum of the 3n/at’s or
3p/ar’s due to the individual processes; that is,

dn _ an an dn + an (3.442)
rvi oy v N | thermal 3, (other .44,
|y H|ge  Of|Ro Bt | Gigm. ey
ap _ap ap ap ~ap
=== B B P —— (3.44b)
Ay H|ge Higg 3t | Qigm. iy

The overall effect of the individual p is in essence, by invoking the

requirement of conservation of carriers. Electrons and holes cannot mysteriously appear
and disappear at a given point, but must be transported to or created at the given point via
some type of ongoing carrier action. There must be a spatial and time continuity in the
carrier concentrations. For this reason, Eqgs. (3.44) are known as the continuity equations.

The continuity equations can be written in a somewhat more compact form by noting

;] a 1{dJ, 3J, Sz 1
= b —(—N& + ey —!l) =-V.J,  (345)
Mlyin Mgy G\ X ay 0z q
9, 9 1{3J, a aJ;
b4 4 ~—(—”* + oy —"') =-lv.n e
L P 9\ ax dy 3z q
Equations (3.45), which can be d by a straightforward i ipul
tion, merely state that there will be a change in the carrier concentrations within a given
small region of the semicond! if an imbal exists b the total carrier currents

into and out of the region. Utilizing Eqgs. (3.45), we obtain *

on 1 an an
==V J = + = .
Frind Jx o ::ml a7 | other (3.46a)
ap 1 ap ap
3= 2V I a2 e (3.46b)
ot q ar R-G at processes

The (3.46) inuity equations are pletely general and directly or indirectly con-

stitute the starting point in most device analyses. In the

P
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equations are often employed directly. The appropriate relationships for an/?rlm,,f,u, R-G*
3P/t permnt R [Which may or may not be the special-case relationships given by
Eqgs. (3.34)}, along with the ion ch due to “other p " are sut d
into Eqs. (3.46), and numerical solutions are sought for n(x, y, z ¢) and p(x, y, z #). In
problems where a closed-form type of solution is desired, the continuity equations are
typically utilized only in an indirect fashion. The actual starting point in such analyscs isa

Wt chpd o b

simplified version of the conti quations to be in the next

3.4.2 Minority Carrier Diffusion Equations

The “workhorse™ minority carrier diffusion equations are derived from the continuity
equations by invoking the following set of simplifying assumptions:

(1) The particular system under analysis is one-dimensional; i.c., all variables are at most
a function of just one dinate (say the x- i

(2) The analysis is limited or restricted to minority carriers.

(3) € == 0 in the semiconductor or regions of the semiconductor subject to analysis.

are not a fu of position. In other

(4) The equilibrium minority carrier
words, ng # ny(x), po # Po(x).

(5) Low-level injection conditions prevail.

(6) Indirect thermal bii thermal R-G mechanism.

(7) There are no “‘other processes," except possibly photogeneration, taking place within
the system.

ation is the d

Working on the continuity equation for el we note that
lo g 1% (3.47)
q q9x

if the system is one-dimensional. Moreover,

an

P (3.48)

an
Iy = quun@ + gDy oo = aDy

when % = 0 and one is concerned only with minority carricrs {simplifications (2) and (3)].
By way of explanation, the drift comp can be neglected in the current density expres-
sion because B is small by assumption and minority carrier concentrations are also small,
making the n8 product extremely small. (Note that the same argument cannot be applied
to majority carriers.) Since by assumption ng # ny(x), and by definition n = ny + An, we
can also write

SEMICONDUCTOR FUNDAMENTALS

Table 3.1 _Common Diffusion Equation Simp
Simplification Effect
Steady state aAnE 50 (3Ap,, 5 0)
at at
No concentration gradient or no &Any PAp
diffusion current Dy = 0 D a 0

No drift current or € = 0 No further simplification. (% = 0 is assumed

in the derivation.)

No thermal R-G Any 50 (% 5 0)
7, T,
o ?
No light G, -0

3.4.3 Simpiifications and Solutions

In the course of performing device analyses, the conditions of a problem often permit ad-
ditional simplifications that d Ily reduce the ity of the minority carrier diffu-
ston equations. Common simplifications and their effect on the minority carrier diffusion
equations are summarized in Table 3.1. E: ly utilized solutions to simplified forms
of the minority carrier diffusion ions are collected for future refe in Table 3.2.

3.4.4 Probiem Solving

Although we have presented all necessary information, it may not be completely obvious
how one works with the diffusion equations to obtain the carrier concentration solutions.
Device analyses of course provide les of “probl 1 and a pumber of
device analyses are presented later in the text. Nevertheless, it is worthwhile to examine a
few well-defined simple problems to illustrate problem-solving procedures. The chosen

sample problems also provide a basis for the two suppl 1 p duced in the
next section. !

Sample Problem No. 1

P: A uniformly donor-doped silicon wafer maintained at room is sudd

P y
illuminated with light at time 7 = 0. Assuming Ny, = 10'%/cm?, 7, = 10~6sec, and a light-
induced creation of 10'7 electrons and holes per cm?-sec throughout the semiconductor,
determine Ap, (1) for t > 0.

S: Step I—Review precisely what information is given or implied in the statement of the
problem.

CARRIER ACTION

dn _dng , An _ 9An
LD, T
ax  ax ax ax (49

Combining Eqgs. (3.47) through (3.49) yields

1 #PAn
qV "I Dy (3.50)
Turning to the remaining terms in the inuity equation for el the d

of binati via R~G centers, combined with the low-level
injection and minority carrier restrictions, allows us to replace the thermal R-G term with
the Eq. (3.34) special-case expression.

an An
3 | eemat = - (3.51)
R-G n
In addition, applying simplification (7) yields
an
Tl = G, (3.52)
processes

where it is understood that G = 0 if the semiconductor is not subject to illumination.
Finally, the equilibrium elect is never a function of time, ny # ny(r), and
we can therefore write

dn _3ng , 3An _ 9An
—= 24— = —

a o ar at G53)
Substituting Eqs. (3.50) through (3.53) into the (3.46a) continuity equation, and simulta-
neously recording the analogous result for holes, one obtains

"AT"'E = Dﬂi:;"z A%y, (3.542)
Ta Minority carrier
dAp, ?Ap,  Ap, diffusion equations
pa < I - =04
a P ax 7 O (3.540)

Subscripts are added to the carrier concentrations in Egs. (3.54) to remind the user that the
equations are valid only for minority carriers, applying to electrons in p-type materials and
to holes in n-type materials.
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Table 3.2 Common Special-Case Diffusion Equation Solutions.

>
Sokution no. 1
TVEN:  Steady state, no light.
SIMPLIFIED
DIFF. EQN: 0= DN%;E — A,
7,

n

SOLUTION: Any(x) = Ae=*ixn + Besily
where Ly = VD,r,

and A, B are solution constants.

Solution no. 2
GIVEN: No concentration gradient, no light.
SIMPLIFIED
DIFF Egn:  YA% _ _ An,
dr T,
SOLUTION:  An,(i) = An,(0)e='n
. Solution no. 3
" GIVEN: Steady state, no concentration gradient.
SIMPLIFIED A
DIFF. EQN: 0=-="ry G
Tn
SOLUTION: An, =G, 7,
Solution no. 4

GIVEN:  Steady state, no R-G, no light.

SIMPLIFIED
DIFF. EQN: 0= DNfd‘:—z"e or 0= %‘T"e

SOLUTION:  Any(x)=A + Bx

. The semiconductor is silicon, T = 300 K, the donor doping is the same everywhere
with Ny = 10'S/cm’, and G, = 101/cm?-sec at all points inside the semiconducor. Also,
the statement of the problem implies equilibrium conditions exist for 7 < 0.

Step 2—Characterize the system under equilibrium conditions.

In Si at room temperature 5; = 10'%/cm?. Since No 2 n;, ny = Ny, = 10'S/cm?® and
Po = Ny = 10/cm?. With the doping being uniform, the equilibrium ng and p, values
are the same everywhere throughout the semiconductor,
Step 3— Analyze the problem qualitatively.

Prior to ¢ = 0, equilibrium conditions prevail and Ap, = 0. Starting at 1 = 0 the light
creates added electrons and holes and Ap, will begin to increase. The growing excess
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carrier numbers, however, in turn lead to an increased indirect thermal recombination rate
which is prop 1 to Ap,. Consequently, as Ap, grows as a result of photogeneration,
more and more of the excess holes are eliminated per second by recombination through
R-G centers. Eventually, a point is reached where the carriers annihilated per second by
indirect thermal recombination balance the carriers created per second by the light, and a
steady state condition is attained. .
Summarizing, we expect Ap, (1) to start from zero at 7 = 0, to build up at a decreasing
rate, and to ultimately become constant. Since the light generation and thermal recom-
bination rates must balance under steady state conditions, we can even state G, =
Ap,,(l—)uo)/fP or Ap, (15®) = Apjiia = G.7y if low-level injection prevails.

Step 4—Perform a quantitative analysis.

The minority carrier diffusion equation is the starting point for most first-order quan-
titative anal After ining the p for obvious i that would invalid:
the use of the diffusion equation, the appropriate minority carrier diffusion equation is
written down, the equation is simplified, and a solution is sought subject to boundary con-
ditions stated or implied in the problem.

For the problem under id a cursory insp reveals that all simplifying
assumptions involved in deriving the diffusion equations are readily satisfied. Specifically,
only the minority carrier concentration is of interest; the equilibrium carrier concentrations
are not a function of position, indirect thermal R-G is dominant in Si, and there are no
“other p " except for photog ion. B the photog ion is uniform
throughout the semiconductor, the perturbed carrier concentrations are also position-
independent and the electric field € must clearly be zero in the perturbed system. l-?ina!ly,
2 APy = Gp7, = 10"em® < ny = 10'3/cm? is i with low-level
prevailing at all times.

With no obstacles to utilizing the diffusion equation, the desired quantitative solution
can now be abtained by solving

2
By _ p,Fhey _ Ay (3.55)
a ax? T
subject to the boundary condition
B7y(Dlimo = 0 356

Since Ap,, is not a function of position, the diffusion equation becomes an ordinary differ-
ential equation and simplifies to

dBpy |, Ay _ G, (3.57)
dt Tp
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Gu(n
GLU'
n - !
v @
Apn(t) : '
®)

Figure 3.26 (a) Approximate model for the light output from the stroboscope in the photoconduc-
tivity decay measurement. (b) Skeich of the combined light-on/light-off solution for the excess
minority-carrier concentration. -

first portion of the Fig. 3.25 transient before the light is turned off and the semiconductor
is allowed to decay back to equilibrium.

We are also interested in verifying the correctness of the light-off Ap(t) expression
used in the photoconductivity decay analysis. Derivation of this expression closely parallels
the light-on sample problem solution, Exceptions are Ap, at the beginning of the light-off
transient equals Ap, at the end of the light-on transient and G, is set equal to zero in
Eqgs. (3.55) and (3.57). The solution to Eq. (3.57) with G,_ = 0 is the same as Solution No. 2
in Table 3.2; i.e.,

Ap, (1) = Ap,(0)e~""m 361)

where 1 = 0 has been reset to correspond to the beginning of the light-off transient. Equa-
tion (3.37) in the measurement analysis and Eg. (3.61) are of course identical. For com-
pleteness, the combined light-on and light-off Ap, () solution is sketched in Fig. 3.26(b).

Sampie Probiem No. 2

P: As pictured in Fig. 3.27(a), the x = 0 end of a uniformly doped semi-infinite bar of
silicon with N, = 10'S/cm? is illuminated so as to create Ap,, = 10'%/cm? excess holes at
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The general solution of Eq. (3.57) is
Ap, (1) = Gy7, + Ae~'% (3.58)
Applying the boundary condition yields
A= -G, (3.59)
and
Ap, (1) = Gr(l — e=m) <& solution (3.60)
Step 5—Examine the solution.
Failing to examine the mathematical solution to a problem is like growing

and then failing to eat the produce. Relative to the Eq. (3.60) result, G, 7, has the dimen-
sions of a concentration (number/cm®) and the solution is at least di ionally correct.
A plot of the Eq. (3.60) result is shown in Fig. 3.25. Note that, in agreement with qualitative
predictions, Ap, (¢) starts from zero at £ = 0 and eventually saturates at Gyryafterafewr,.

Epilogue—We would be remiss if we did not point out the connection between the hypo-
thetical p Jjust compl and the ph ive decay described
in Subsection 3.3.4. Light output from the stroboscope used in the can be
modeled to first order by the pulse train pictured in Fig. 3.26(a). The Eq. (3.60) solution
therefore approximately describes the carrier build-up during a light pulse. It should be
noted, however, that the stroboscope light pulses have a duration of ton = 1 usec compared
to 2 minority carrier lifetime of 7, = 150 psec. With foa/Ty <€ 1, One sees only the very

G,

Apy(1)

1
of 12 3 & s 6
i,

Figure 3.25 Solution to Sample Problem No. 1. Photogeneration-induced increase in the excess
hole concentration as a function of time.
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Si bar Apy(s)
s
0 L) 1 ox
of 72 3 4 s 6 L
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Figure 3.27 (a) Pictorial definition of Sample Problem No. 2. (b) Solution to Sample Problem
No. 2 showing the excess hole concentration inside the Si bar as a function of position.

x = 0. The wavelength of the illumination s such that no light penetrates into the interior
(x > 0) of the bar. Determine Ap, (x).

8: The semiconductor is again silicon uniformly doped with an Np = 10'5/cm?. Steady
state conditions are inferred from the statement of the problem, since we are asked for
Ap,(x) and not Ap, (x, 1). Moreover, at x = 0, Ap,(0) = Ap,o = 10'%cm?, and Ap,—0
as x — o The latter boundary condition follows from the semi-infinite nature of the bar.

The perturbation in Ap, due to the nonpenetrating li'ght can't possibly extend out to x = o,

The nonpenetrating nature of the light allows us to set G,_= Ofor x > 0. Finally, note that
the problem statement fails to mention the temperatiire of operation. When this happens, it
is reasonable to assume an intended 7 = 300 K.

If the light were removed, the silicon bar in Sample Problem 2 maintained at 300 K
would revert to an equilibrium condition identical to that described in Sample Problem 1.
Under equilibrium conditions, then, ny = 10'3/cm?, p, = 105/cm?, and the carrier concen-
trations are uniform throughout the semiconductor bar.

Qualitatively it is a simple matter to predict the d effect of the 3
light on the silicon bar. The light first creates excess carriers right at x = 0. With more
carriers at one point than elsewhere in the bar, the diffusion process next comes into play
and the carrier excess spreads into the semiconductor proper. At the same time, however,
the appearance of an excess hole concentration inside the bar enhances the thermal recom-
binaiion rate. Thus, as the diffusing holes move into the bar their numbers are reduced by
recombination. In addition, since the minority carrier holes live for only a limited period,
atime 7, on the average, fewer and fewer excess holes will survive as the depth of penetra-
tion into the bar becomes larger and larger. Under steady state conditions it is therefore
reasonable to expect an excess distribution of holes near x = 0, with Ap, (x) monotonically
decreasing from Ap,gat x = 0to Ap, = 0 as x = co.
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P lution, we observe that the system under
ideration s di jonal, the analysis is restricted to the minority carrier holes, the
equilibrivm carrier ions are position-independent, indirect thermal R-G domi-
nates, there are no *‘other processes” for x > 0, and low-level injection conditions clearly
prevail (Ap,y = Apyo = 10'0%/cm® <€ ng = 10'5/cm?). The only question that might be
raised concerning the use of the diffusion equation as the starting point for the quantitative
analysis is whether % = 0. With the light on, a nonuniform distribution of holes and asso-
ciated distribution of positive charge will appear near the x = 0 surface. The excess hole
pile- up, however, is very small (Ap,,.,, = n;) and the associated electric field is therefore
pected to be pondil ,small Mork , in probl of this type it is found that
the majority carriers, negatively charged el in the given problem, redistribute in such
a way as to partly cancel the minority carner charge. Thus experience indicates the € = 0
assumption to be reasonable, and use of the minority carrier diffusion equation to be
Jjustified.
Under steady state conditions with G
reduces to the form

In ion for ining &

= 0 for x > 0 the hole diffusion equation

D0 - 20 for x>0 36

-=hh
T,

which is to be solved subject to the boundary conditions
Apgimor = APrieo = BPpo (3.63)
and
AP = 0 (3.64)

Equation (3.62) should be recognized as one of the simplified diffusion equations cited in
Table 3.2, with the general solution

Ap,(x) = Ae~* + Bevle (3.65)
where
Ly = VD, (3.66)

Because exp(x/L) — ® as x — o, the onty way that the Eq. (3.64) boundary condition
can be satisfied is for B to be ldcnucally zero. With B = 0, application of the Eq. (3. 63)
boundary condition yields

A= Apy (3.67)

SEMICONDUCTOR FUNDAMENTALS

Seeking an idea as to the size of diffusion lengths, let us assume T = 300 K, the
semiconductor is Ny, = 10'>/cm? doped Si, and 7, = 1075 sec. In this sample

Ly = VD, = VlTTq,7, = [0.0259)(458)(10-6)]"2
=344 X 1073 cm

Although the cc;mputed value is fairly it should be und d that diﬁusipn
lengths can vary over several orders of magnitude because of wide variations in the carrier

lifetimes.

3.5.2 Quasi-Fermi Leveis

Quasi-Fermi levels are energy levels used to specify the carrier concentrations inside a
semiconductor under nonequilibrium conditions.

To und d the need for introd. quasi-Fermi levels, let us first refer to Sample
ProblemNo. 1 In this- proble, ethbnum conditions prevailed prior to ¢ = 0, with 7, =
Np = 0"/cm’x and p, = 10%cm’. [The energy band diagram describing the equilibrium
Situation is shown in Figs 3. 28(a) A simple inspection of the energy band diagram and the
Fermi level positioning also conveys the equilibrium carrier concentrations, since

ny = ,,iz(Eﬁ-El)lkT (3.712)

Ppo = nmelfim EWIAT (3.71b)
The point we wish to emphasize is that under equilibrium conditions there is a one-to-one
correspondence between the Fermi level and the carrier concentrations. Knowledge of £

completely specifies ng and p, and vice versa.
Let us turn next to the nonequilibrium (steady state) situation inside the Problem 1
semiconductor at times ¢ > 7. For times £ > 7,,, Ap, = G.7, = 10i/cm?, p = po + Ap
= 10""/cm?, and n = ny = 10'%/cm?. Although n remains essentxally unperturbed, p has

E, £,
E; Fy
___________ E,
————————————— E = rl'
E, £,
@ ®) .

Figure 3.28 Sample use of quasi-Fermi levels. Energy band description of the situation inside.lhe
semiconductor of Sample Problem No. 1 under (a) equilibrium conditions and (b) nonequilibrium
conditions (t > r,).

|
|
1
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Ap,(x) = Apge~te <& solution (3.68)

The Eg. (3.68) result is plotted in Fig. 3.27(b). In agreement with qualitative argu-
ments, the nonpenetrating light merely gives rise to a monotonically decreasing Ap, (x)
starting from Ap, at x = 0 and decreasing to Ap, = 0 as x — ®. Note that the precise
functional form of the falloff in the excess carrier concentration is exponential with a char-
acteristic decay length equal to L. Y

3.5 SUPPLEMENTAL CONCEPTS
3.5.1 Diffuslon Lengths

The situation just encountered in Sample Problem No. 2—the creation (or appearance) of
an excess of minority carriers along a given plane in a semiconductor, the subsequent dif-
fusion of the excess from the point of injection, and the exponential falloff in the excess
carrier concentration characterized by a decay length (Lp)—occurs often enough in

ds lyses that the ct istic length has been given a special name.
Specifically,
— associated with the minority carrier
L=VDm  holesin an n-type mxltI:-i:lty (3.692)
and
I \/m associated with the minority carrier (3.60b)

electrons in a p-type material

are referred to as minority carrier diffusion lengths.

Physically, Lp and Ly, represent the average distance minority carriers can diffuse into
a sea of majority carriers before being d. This interp ion is clearly i
with Sample Problem No. 2, where the average position of the excess minority carriers
inside the semiconductor bar is

@ = [ xap, s / [onwa=1, @70

For memory purposes, minority carrier diffusion into a sea of majority carriers might be
likened to a small group of animals attempting to cross a piranha-infested stretch of the
Amazon River. In the analogy, L, and Ly, correspond to the average distance the animals
advance into the river before being eaten.

CARRIER ACTION

increased by many orders of magnitude; and it is clear that the Fig. 3.28(a) diagram no
longer describes the state of the system. In fact, the Fermi lcvel is defined only for asystem

under equilibrium ns and cannot be used to dedu ier

4 _sls%r_n,m_amnmmhhnmmm
e convenience of being able to deduce the carrier concentrations by inspection from

the energy band diagram is extended to nonequilibrium conditions through the use of quasi-
Fermi levels. This is accomplished by introducing two energies, F (the quasi-Fermi level
for electrons) and Fy, (the quasi-Fermi level for holes), which are by definition related to
the nonequilibrium carrier concentrations in the same way E; is related to the equxhbnum

cam:r concentrations. To be specnﬁc. under nonequilibrium conditions and g the
n = ndR-EWT o Fy = E + kT m(%) (3.720)
and
p = nmel~FNT  or  Fom E — T ln(i) (3.72b)

Note that Fyy and F;, are conceptual constructs, with the values of FN and F;, being totally
determined from a prior k ledge of n and p. b , the quasi-Fermi level definiti
have been carefully chosen so that when a perturbed system relaxes back toward equilib-
rium, Fy = Eg, Fp = Eg, and Egs. (3.72) - Egs. (3.71).

To provide a straightforward application of the quasi-Fermi level formalism, let us
again consider the 1 > 7, state of the semiconductor in Sample Problem No. 1. First, since
n=n,, Fy = Eg. Next, substitution of p = 10''/cm? (n; = 10'°/cm?3 and kT = 0.0259 eV)
into Eq. (3.72b) yields Fp = E, — 0.06 eV. By eliminating E,. from the encrgy band dia-
gram and drawing lines at the appropriate energies to represent Fy, and Fp, one obtains the
diagram displayed in F’g 3.28(b). Figure 3.28(b) clearly conveys to any observer that the
system under analysis is in a nonequilibrium state. When referenced to part (a), part (b) of
Flg 3.28 further indicates at a glance that low-level injection is taking place inside the

d creating a ion of minority carrier holes in excess of n,. A second
example use of the quasi-Fermi level formalism, a use based on Sample Pmblcm No. 2 and
involving position dependent quasi-Fermi levels, is presented in Exercise 3.5 at the end of
the section.

As a final point, it should be menlloned that the quasn-Fermn level formalism can be

used to recast some of the carri tion hips in a more pact form. For ex-
ample, the standard form of the equation for the total hole current reads
Jo = qu,p8 — qD;Vp (3.73)

(same as 3.18a)
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Differentiating both sides of Eq. (3.72b) with respect to position, one obtains

L]

v (:—T) A&~ FOBT(VE, — VFp) (3.740)

(Z—f})w . (:—T)VF,, (3.74b)

The identity $ = VE/q (the threc-dimensional version of Eq. 3.15) is employed in
progressing from Eq. (3.74a) to Eq. (3.74b). Next, eliminating Vp in Eq. (3.73) using
Eq. (3.74b) gives

n

D D
3= ,,(,tp —%)p‘l + (%’)pVFP 379

From the Einstein relationship, however, gDp/kT = 1, We therefore conclude

Jo = ppVFp (3.76a)
Similarly,

Jy = pnVFy (3.76b)
) Since _J,, o« VFyp and Jyy « VFy in Egs. (3.76), one is led to a very interesting general
interpretation of energy band diagrams containing quasi-Fermi levels. Namely, a quasi-

Fermi level that varies with position (dFp/dx # 0 or dFy/dx # 0) indicates at a glance that
current is Rowing inside the semiconductor.

Exercise 3.5

P: In Sample Problem No. 2, nonp ing illumination of a icond:
bar was found to cause a steady state, cxcess-hole concentration of Ap,(x) =
Ap,, exp(—x/Ly). Given the prevailing low-level injection conditions, and noting

that p = py + Ap, we can therefore state

n=n,

L

P = py t+ Apge e

for the illuminated sample.

(a) Making use of Egs. (3.72), establish reiationships for Fy and Fp in the illumi-
nated bar.

(b) Show that Fy is a linear function of x at points where Ap,,(x) » p,.

SEMICONDUCTOR FUNDAMENTALS

(e) App can imes be deceiving; Jy 0 near x = 0! One might conclude
from the part (c) resut that dFy/dx = 0 and therefore Jy = 0. Under steady state
conditions, however, one must have J(total current) = Jy + Jp = constant at all
points in the bar. Since no current leaves the bar at x = 0, J moreover must vanish at
x = 0. Thus Jy(x) = — Jp(x) and we know Jp # 0 near x = 0. The apparent discrep-
ancy here stems from the fact that Jy is proportional to both n and V Fy. Because the
majority carrier electron concentration is much larger than the minority carrier hole
concentration, dFy,,/dx must be correspondingly smaller than dFy/dx. The slope in
F simply cannot be detected by inspecting the energy band diagram.

3.6 SUMMARY AND CONCLUDING COMMENTS

Most of the chapter was devoted to examining the three primary types of carrier action
occurring inside of semiconductors: drift, diffusion, and recombination—generation. In
each case the carrier action was first defined and visvalized. Drift is charged particle motion
in response to an applied electric field. Diffusion is migration from regions of high particle
concentration to regions of Jow particle concentration due to the random thermal motion
of the carriers. ination and g ion are respectively the annihilation and creation
of carriers. Next the quantitative effect of each type of carrier action was analyzed. Drift
and diffusion give rise to particle currents (Eqs. 3.4 and 3.17 ~3.19); recombination—
generation acts to change the carrier concentrations as a function of time (Egs. 3.34). As-
sociated with the quantitative analysis of each carrier action there arises a “constant of the
motion,” an important material-based parameter that specifies the magnitude of the carrier
action in a given semiconductor sample. The carrier mobilities, the diffusion coefficients,
and the minority carrier lifetimes are the material parameters associated with drift, diffu-
sion, and bination-g i pectively. In the major semiconductors the carrier
mobilities are very well characterized as a function of doping and temperature. Select mo-
bility data are graphed in Figs. (3.5) and (3.7); an empirical fit relationship for the carrier
mobilities in Si is p d in Exercise 3.1, The diffusion coefficients in nondegenerate
semiconductors are computed from the carrier mobilities using the Einstein relationship
(Egs. 3.25). Conversely, an experimental measurement is normally performed to determine

the carrier lifetimes in a given di sample.
Although introduced and ined individually, the various types of carrier action
occur si ly inside semicond b icall ining the overall effect

of the various carrier activities leads to the continuity equations (Eqs. 3.46). The continuity
equations in turn simplify to the minority carrier diffusion equations (Eqgs. 3.54) under
conditions encountered in many practical problems. Additional simplifications and their
effect on the minority carrier diffusion equations are noted in Table 3.1; extensively utilized
solutions to simplified forms of the equations are collected in Table 3.2. The continuity or
minority carrier diffusion equations combined with the other relationships established in
the chapter allow one to model the state of a semiconductor subject to an external pertur-

bation. The more imp: working relationships are organized and repeated in Table 3.3.
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(c) Usin'g the results of parts (a) and (b), sketch the energy band diagrams describing
the semiconductor bar of Sample Problem No. 2 under equilibrium and illuminated
steady state conditions. (Assume % = 0 in the illuminated bar.)

(d) Is there a hole current in the illuminated bar under steady state conditions?
Explain.

(e) Is there an electron current in the illuminated bar under steady state conditions?
Explain. )

S:(a) Sinc.e n = ny, it follows from Eq. (3.72a) that Fy = E,. Likewise, substituting
the preceding p-expression into Eq. (3.72b), we conclude

Fp = E; — kT In(p/n;) = E; — kT In(po/n; + (Ap,o/n;)e=*tr)

(b) If Ap,(x) > py. then (Apo/n;) exp(— x/Lp) & po/n; and

Fp = E; — kT In[(Apye/n;)e=*/1r]
or
Fp = E, — kT In(Ap,o/n,) + KT(x/L)

(c) Wezk.now from Sample Problem No. 2 that Ap , = 10'%/cm?, n; = 10'%/cm?, and
Po = n?/Np = 105/cm?, Thus
(i) Near x = 0, Ap, (x) > py and F is a linear function of x.
(ii) At x = 0, Ap,, = n; and we deduce from the part (b) result that F, = E;.
(iiii) For large x, Fp eventually approaches Fyy = Eg.
(iv) Fy — E;= Ep — E, = kT In(Np/n;) = 0.30 eV.
Utilizing the preceding i ion, one Tudk

bs £,
- Ep
O E
.
.
. E’
I
0
Equilibrium Steady state illuminated

(d) Assuming p # 0, it follows from Eq. (3.76a) that there will be a hole current
whenever dFy/dx # 0. There is obviously a hole current in the illuminated bar near

x=0.
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Table 3.3 _Carrier Action Equati y.
Equations of State

a1 an an A %A A

By . + 2 d 9an, _ p 2% _ An

a q DT + e at Dy ax? T,E * 6
ap 1 ap 3 94, A, A,

o _lv.3,+2 + 8P _ p 92P: _ BPy

a g T R T ar| e a - PP T, + G

Current and R-G Relationships

In = Tnigin + T = g, n8 + qDyVn an An
Dait  § diffusion b ol
Jo = Jpain + Jptar = qﬂpP‘ - gDyVp ap __&
I=ht v
Key Parametric Relationships
Dy _ kT 1
_ = LR T =
Ly = VDy1, Hon q "GNy
L, = VD1, Dy _ kT 1
== 7 =
Hooq PN
Resistivity and Electrostatic Relationships
p= Ce et i
- . P n-type semiconductor
qan + pop) 1
p= m . .. p-type semiconductor

¢ = 1dE. _ VdE, _ 1dE

1
gdx gdx gqdx V=_;(E‘_E"‘)

Quasi-Fermi Level Relationships

n
Fy = E + kT ln(;) In = panVFy

i,

= E, — kT 1n(f) Jo = m,pVF,
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A number of topics related 1o carrier action were also addressed in the chapter, includ-
ing resistivity and resistivity the hot-point probe measurement, constancy
of the equilibrium Fermi level, nonuniform doping and the associated built-in electric field,
E-k diagrams, measurement of the minority carrier lifetimes, and diffusion lengths. More-
over, although not identified as such, the energy band diagram was subject to further de-
velopment. Specifically, it was pointed out that the existence of an electric field inside the
semiconductor causes band bending or a variation of the energy bands with position. By
snmply inspecting an energy band dlagmm it is possible to ascertain the general functional

d of the el p 1 and electric field present in the material. In the
di ion of binati another level was added near midgap. This level,
arising from R-G centers, plays a dominant role in the thermal communication between

the energy bands. Lastly, quasi-Fermi levels were introduced to describe nonequilibrium

conditions.
PROBLEMS
CHAPTER 3 PROBLEM INFORMATION TABLE
probien | UR™ | PEvel” || poin Weighing Descripton
3.1 3.3.1 1 16 (2 each part) Energy band visuali:
32 3;4 (@-d) 1-2 16 (2 each part) Short answer
3.4 (e-h)
®33 3.1.3 3 25 2 vs. Tplots
®34 » 3 18 (b-15, c-3) o, vS. T student data
3.5 3.14 a-1,b-3 | 12(a-6, b-6) Intrinsic/maximum p
3.6 " 2 15 (3 each part) Resistivity questions
®37 " 2 15 p vs. Np, Np plot
e338 " 3-4 20 (10 each part) Np (x) variation in resistor
®39 " 3 18 (a-12, b-6) p vs. T plots
3.10 " 4 20 (5 each part) Temp sensor
3.11 3.1.5 2 5 Compute thermal speed
sz | 33360 ned | OREInGC™ | interpret E-band diagrams
3.13 324 3 15 (a-10, b-3,c-2) | Built-in electric field
®3.14 " 2 15 (a-3, b-10,¢-2) | D vs. N, Np computation
3.15 333 3 10 Eq. (3.35) = Egs. (3.34)
3.16 342 L 6 (2 cach part) Simple Diff. Eq. questions
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(e) The electron mobility in a silicon sample is determined to be 1300 cm?/V-sec at room
‘What is the elect ion coefficient?

(f) What is the algebraic statement of low-level injection?

(g) Light is used to create excess carriers in silicon. These excess carriers will pre-
dominantly recombine via (choose one: band-to-band, R-G center, or photo) re-
combination.

(h) Prior to processing, a silicon sample contains ND IO"lcm’ donors and Ny = 10!/
cm? R-G centers. After p g (say in the f: of a device), the sample
contains Np, = 10'/cm? donors and Np= 10'°Icm3 R-G centers. Did processing in-
crease or decrease the minority carrier lifetime? Explain.

@ 3.3 Complete part (b) of Exercise 3.1.

®3.4 (a) (Optional) Read the Experiment No. 7 Introduction and Measurement System
description in R. F. Pierret, Semiconductor Measurement Laboratory Operations
Manual, Supplement A, in the Modular Series on Solid State Devices, Addison-Wesley
Publishing Co., Reading, MA, © 1991.

(b) The measurement described in the part (a) reference is used to determine the mobility
in an N, < 10'/cm? Si sample as a function of temperature from roughly room tem-
perature to T = 150 K. Representative u,, versus T (K) data derived by undergraduate
students is in the following table. A ing u, « T-* for In(u,) = con-
stant — b In(T)] can be fitted to the data, use the MATLAB polyfit function or an
equivalent least squares fit' to determine the best fit value.of the power factor b. Draw
the fit line and note the b-fit value on a log-log plot of the data.

(c) Compare your part (b) result with Fig. 3.7(a). Is it significant that the experimental data
was derived from a lowly doped sample? Is the experimentally derived b-value consis-
tent with the b-value noted on the text plot? Are the measured mobility values of the
proper magnitude?

1 Given N data points, (x,, ¥,) with i = 1 to N, the straight line y = a + bx, which is the “best fit” to the data,
will have a y-axis intercept and slope respectively equal to
_IyIe - TxIxy
Nig - (Ex)

NIxny - %x3y

wob= NIz - Ex)2

All summations are from i = 1 to { = N. The “best fit" cnterion leading to the expressions for a and b is that
the square of the difference between the data points and the fitted linc is minimized; hence the name “least
squares fit.”
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3.17 344 1 6 Diff. Eq., no R-G region
3.18 ‘! 2 12 (auc-2, d-6) Diff. Eq., mysterious ray
3.19 . 2 3 Diff. Eq., G, = G, /2
3.20 " 2-3 10 Diff. Eq., light + edge R
3.21 " 3 15 (a::d-2, e-7) Diff. Eq., double-ended
3.22 " 3-4 15 (a::c-2, d-9) Diff. Eq., half-illuminated
3.23 " 2 8 (a-2,b-4,¢-2) CdS Ph d
3.24 3.5.2 2 12 (a-2, b4, c::e-2) | Quasi-Fermi levels
3.25 N 3-4 15 Quasi-Fermi levels

©3.26 " 3-4 15 (a-13, b-2) Plot quasi-Fermi levels

3.1 Using the energy band diagram, indicate how one visualizes
(a) The existence of an electric field inside a semiconductor.

(b) An electron withaK.E. = 0.

(¢) Ahole witha K.E. = E/4.

(d) Photogeneration.

(e) Direct thermal generation,

(f) Band-to-band recombination.

(g) Recombination via R-G centers.

(h) Generation via R-G centers.

3.2 Short Answer
]

(a) An average hole drift velocity of 10 cm/sec results when 2 V is applied across a
1-cm-long semiconductor bar. What is the hole mobility inside the bar?

(b) Name the two dominant carrier scaitering i in d ly doped

semiconductors of device quality.

(c) For a given semiconductor the carrier mobilities in intrinsic material are (choose one:
higher than, lower than, the same as) those in heavily doped material. Briefly explain
why the mobilities in intrinsic material are (chosen answer) those in heavily doped
material,

(d) Two GaAs wafers, one n-type and one p-type, are uniformly doped such that
Np(wafer 1) = N, (wafer 2) » n;. Which wafer will exhibit the larger resistivity?
Explain.

‘CARRIER ACTION
T(K) #,(cm?/V-sec)
290 1501
280 1646
270 1805
260 1985
250 2185
240 2415
230 2675
220 2978
210 3306
200 3743
190 4209
180 4619
170 5216
160 5910
150 6757

3.5 Intrinsic and Maximum Resistivity
(a) Determine the resistivity of intrinsic Ge, Si, and GaAs at 300 K.
(b) Determine the maximum possible resistivity of Ge, Si, and GaAs at 300 K.

3.6 More Resistivity Questions

(a) A silicon sample maintained at room temperature is uniformly doped with N, = 1016/
cm? donors. Calculate the resistivity of the sample using Eq. (3.82). Compare your
calculated resuit with the p deduced from Fig. 3.8(2). '

(b) The silicon sample of part (a) is “‘compensated” by adding N, = 10“/cm’ acceptors
Calculate the resistivity of the d sample. ( caution in ch g the
mobility values to be employed in this part of the problem.)

(¢) Compute the resistivity of intrinsic (N, = 0, N, = 0) silicon at room temperature.
How does your result here compare with that for part (b)?
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(d) A 500-ohm resistor is to be made from a bar-shaped picce of n-type Si. The bar has a
cross-sectional area of 10~2 cm? and a current-carrying length of 1 cm. Determine the
doping required.

(e} A lightly doped (N, < 10'/cm?) Si sample is heated up from room temperature to
100°C. Ny, » n; at both room temperature and 100°C. Is the resistivity of the sample
expected 10 increase or decrease? Explain.

© 3.7 Making use of the mobility fit relationships and p quoted in Exercise 3.1,
construct a plot of the silicon resistivity versus impurity concentration at T = 300 K. In-
clude curves for both - and p-type silicon over the range 10'%/cm® s N, or N < 102/
cm?®. Compare your result with Fig. 3.8(a).

3.8 R in ICs are i thin layers near the surface of a wafer.
However, formation of the layer by diffusion or ion implantation (discussed in Chapter 4)
is likely to give rise to a doping concentration that varies with depth into the layer. Let us
ine how the resi: is d when the doping varies with depth.
(a) Given a bar-shaped layer of width W, length L, and depth d, and assuming an arbitrary
Np(x) variation with the depth x from the wafer surface, show that the resistance of the
layer is to be computed from

R= L 1
Y N
v [qfo PRETABEN

® (b) Taking Np(x) = Npgexp(—ax) + Npg, compute and plot R versus Ny, for 10%/em®
= Npo < 10'8/cm? when L = W, Npp = 10™/cm?, d = 5 um, and 1/a = | um.

# 3.9 (a) Modify your x versus T program from Problem 3.3 to compute and construct semi-
log plots of p (log scale) versus T for 200 K < T = 500 K and N, or N, stepped in
decade values from 10'/cm? to 10'8/cm?. [NOTE: The lower doping curves are in
error at the higher temperatures if Egs. (3.8) are used to compute p. Can you explain
why? Assuming Egs. (3.8) were used in the computation, how must the p versus T
program be modified to correct the error?)

(b) Compare your n-type plot with Fig. 7 in Li and Thurber, Solid-State Electronics, 20,
609 (1977). Compare your p-type plot with Fig. 7 in Li, Solid-State Electronics, 21,
1109 (1978). Comment on the comparisons.

3.10 Your boss asks you to construct a lemperature sensor for measuring the ambient out-

side temperature in W. Lafayette IN (~30°C = T = 40°C). You decide to base operation

of the temperature sensor on the change in resistance associated with a bar-shaped piece

of Si.

(a) Restricting yourself to dopings and ble device di ions, and
also requiring the resistance to be readily measured with a hand-held multimeter (say
1 Q < R = 1000 £2), indicate the doping and dimensions of your sensor.
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(b) Derive an expression for the sensitivity (4R/dT in Q/°C) of your sensor over the oper-
ating temperature range. Relative to sensitivity, s it preferable to use low or high dop-
ing_s? Explain.

(c) What are the upper and lower temperature limits of operation of your sensor (approxi-
mately)? Explain.

@ (d) Plot R versus T of your sensor over the range of

3.11 Thermal energy alone was noted to contribute to ly high carrier vel
inside of a i dering a nond: d intained at room
temperature, compute the thermal velocity of electrons having a kinetic energy correspond-
ing to the peak of the electron distribution in the conduction band. Set m* = mq in perform-
ing your (This pi the prior working of either Problem 2.7
or Problem 2.8.)

3.12 Interpretation of Energy Band Diagrams

Six different silicon samples d at 300 K are ch d by the energy band
diagrams in Fig. P3.12. Answer the questions that follow after choosing a specific diagram
for analysis. Possibly repeat using other energy band diagrams. (Excessive repetitions have
been known to lead to the onset of insanity.)

(a) Do equilibrium conditions prevail? How do you know?

(b) Sketch the electrostatic potential (V) inside the semiconductor as a function of x, i
(c) Sketch the electric field () inside the semiconductor as a function of x.

"~ (d) The carrier pictured on the diagram moves back and forth between x = O and x = L
without changing its total energy. Sketch the K.E. and PE. of the carrier as a function
of position inside the semiconductor. Let £y be the energy reference level-—

(¢) Roughly sketch n and p versus x. R !

@ On the same set of coordinates, make a rough sketch of the electron dﬁh—cm

sity (Jyiarin) and the electron diffusion-current density {Iniaigr) inside the Si sample as
2 function of position. Be sure to graph the proper pofarity of the current densities at
all points and clearly identify your two current components. Also briefly explain how
you arrived at your sketch.

3.13 The nonuniform doping in the central region of bipolar Jjunction transistors (BJTs)
creates a built-in field that assists minority carriers across the region and increases the
maximum operating speed of the device. Suppose the BJT is a Si device maintained under
equilibrium conditions at room temperature with a central region of length L. Moreover,
the nonuniform acceptor doping is such that

px) = Ny(x) = n;ela=x L. 0=x=sL

where @ = 1.8 um, b = 0.1 um, and L = 0.8 um.
() Draw the energy band diagram for the 0 < x =< L region specifically showing E,, Eg,
E;, and E, on your diagram. Explain how you arrived at your diagram.

CARRIER ACTION

(b) Make a sketch of the € -field inside the region as a function of position, and compute
the value of @ at x = L/2.

(c) Is the built-in electric field such as to aid the motion of minority carrier electrons in
going from x = 0 tox = L? Explain.

3.14 (a) Based on information found in theitext proper, roughly sketch the expected varia-
tion of Dy and Dy, versus doping appropriate for 10%/cm® =< N, or N < 10%/cm?
doped Si maintained at T = 300 K. Explain how you arrived at the form of your sketch.

 (b) Making use of the fit relationships and g quoted in Exercise 3.1, a
plot of Dy and Dj, versus N, or Ny, for 10/em? < N, or Np = 10'8/cm? doped Si
maintained at T = 300 K.

(¢) Why was the upper doping limit taken to be 10'%/cm? in the part (b) computation?

3.15 Taking Ey = E so that n, = p, = p;, setting An = Ap, and assuming 7, is compa-
rable to 7,, show that the general-case R-G relationship of Eq. (3.35) reduces to the
special-case relationships of Egs. (3.34) when one has low-level ‘injection in a specific
material type.

3.16 9An, /ot = Dy&*An, lox? ~—A4ny /7, + Gy is known as the minority carrier diffusion

equation for electrons.

(@) Why is it called a diffusion equation?

(b) Why is it referred to as a minority carrier equation?

() The equation is valid only under low-level injection conditions, Why?

3.17 Show that, under steady state conditions
Ap,(x) = Apyo(1 = x/L) L.0=sx=L

is the special-case solution of the minority carrier diffusion equation that will result if

(1) one all p are negligible within an n-type
semiconductor of length L, and (2) one employs the boundary conditions Ap,(0) = Ap,y
and Ap, (L) = 0. (Neglecti g binati ion is an 11 imation

when L is much less than a minority carrier diffusion length. A Ap(x) solutior: ;f the above
type is frequently din ical problerms.}

3.18 The earth is hit by 2 mysterious ray that momentarily wipes out all minority carriers.
Majority carriers are unaffected. Initially in equilibrium and not affected by room light, a
uniformly doped silicon wafer sitting on your desk is struck by the ray at time ¢ = 0. The
wafer doping is N, = 10'6/cm?, 7, = 10~6 sec, and T = 300 K.

(a) Whatis Anats=0+?(r = 0*isan imperceptible fraction of a second after f = 0.)
(b) Does ion or bination d at+ = 0*? Explain.

(¢) Do low-level injection conditions exist inside the wafer at ¢ = 0*? Explain.

(d) Starting from the appropriate differential equation, derive An,(¢) for £ > 0.
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3.19 Asilicon wafer (N, = 10'*/cm3, 7, = [ psec, T = room temperature) is.ﬁrst illum:-
nated for a time ¢ » 7, with light which generates G, = 106 elecuon-hol; pairs per cm?-
sec uniformly throughout the volume of the silicon. At time ¢ = 0 the light intensity is

reduced, making G = Gy /2 for ¢ 2 0. Determine An, (1) for £ = 0.

3.20 A semi-infinite p-type bar (see Fig. P3.20) is illuminated with light whic!\ generates
G,_electron-hole pairs per cm®-sec uniformly thmugh?ul the volume of the semlconmfcmn
Simultaneously, carriers are extracted at x = 0 making An,=0atx=0. éssummg a
steady state condition has been established and Any(x) < p, for all x, determine Ang(x).

Light

Figure P3.20

i - i imultaneously

321 The two ends of a uniformly doped n-type Si bar of length L are simul
illuminated so as to create y Ny, excess holes at both x = 0 and x = L (see Flg: P3.2|),.The
length and i ity of the ill are such that no light penetrates into the inte-
rior (0 < x < L) of the bar and y = 10, Also, steady state conditions prevail, T = 300 K,

and Np, > n,.

Apy(0) = Apy(L) = yNp '—\
A Stn-type <
[ molighto<x<z) [l
+— t x
0 L
Figure P3.21
(a) Based on i g, sketch the d general form of the Ap,(x)
solution.
(b) Do low-level injection conditions prevail inside the illuminated bar? Explain.
(c) Write down the differential equati implest form possible) you must solve to deter-

mine Ap, (x) inside the bar.
(d) Write down the general form of the Ap, (x) solution and the boundary condition(s)
appropriate for this particular problem.

SEMICONDUCTOR FUNDAMENTALS

3.24 The equilibrium and steady state conditions before and after illumination of a semi-

haracf i inFi T=300K
terized by the energy band diagrams shown in Fig. P3.24._ K,
:?lfulc(()?;/::; 'S =T345 cr{l’/ V-sec, and Hy = 458 cm?/V-sec. From the information

provided, determine

(a) npand p,, the equilibrium carrier concentrations.
(b) nand p under steady state conditions.

(c) Np.

Z(d) Do we have “low-level injection™ when the semiconductor is illuminated? Explain.

(e) What is the resistivity of the semiconductor before and after illumination?

E E
03ev} Er A 0.318ev
T & R £ 0.3ev
r Fp
: E, E,
(a) Before (b) After
Figure P3.24

i i i ith Np, = 10'S/cm? donors
3.25 A portion (0 =< x =< L) of a Si sample, uniformly doped with Ny, ;
and i d z(it room temp is subject to a steady state perturbation such that

n=Np L..0sx=sL
p = nm(l = xIL) + n?INy

i iti =0i = x =< Lregion. Given 8 =~ 0,
Since n = N, it is reasonable to assume € = 0 in l}le0<._\:< : )
sketch the en:rgy band diagram for the perturbed region specifically including E,, E;, E,,
Fy, and Fp on your diagram.

ite a MATLAB puter) program that lly plots Fy and Fy, versus x
o S.mf:(s:)m‘::xperimental situation first considered in Synple Problem No._ 2 :md_fur:’h_e:
analyzed in Exercise 3.5. Assume a Si sample mamtfnned at 300 Kwith7, =1 A
sec. In writing the program, take Ny, and Ap,, to be input van.abl'es. Scale. the x-axis
in Lp units with (x/Lp)p,, = In[100Ap4/p,). Scale the y-axis in k'T units pk.)l‘lmg
(Fy = E,)/kTand(Fp — E}KT. Set y;, = —5 and y,,,, = 45. Identify the positions
of E, and E_ on your plot.
(b} Run your program with Ny, = 10'%/cm® and A.p,m = lp“‘lcm’. Compare the resuitant
plot with the con ing diagram sketched in 35. .
(c) R ing the j requires Ap,y <€ Np, try running your
program using different values of Ny and Ap,,.

d low-level ini
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CARRIER ACTION

(e) Establish an expression for the hole current (Jp ) flowing in the illuminated barat x =0,
[Your answer may be left in terms of the arbitrary constant(s) appearing in the general
form of the Ap, (x) solution.)

3.22 As pictured in Fig. P3.22, the x > 0 portion of an infinite semiconductor is illumi-
nated with light. The light generates G = 10'S electron-hole pairs/cm’-sec uniformly
throughout the x > 0 region of the bar, Gy = 0 for x < 0, steady state conditions prevail,
the semiconductor is silicon, the entire bar is uniformly doped with Ny, = 10'3/cm3, T, =

O smsess
S [ %

+——x
o

Figure P3.22

(a) What is the hole concentration at x = —? Explain,
(b) What is the hole concentration atx = +? Explain.
(¢} Do low-level injection conditions prevail? Explain.
(d) Determine Ap, (x) for all x.
NOTE: (1) Separate Ap,(x) expressions apply for x > 0 and x < 0.
(2) Both Ap, and dAp,/dx must be continous at x=0.

323 CdS is the most widely used material for constructing commercial photoconductors
operating in the visible portion of the p . The CdS ph d has 2 high sen-
sitivity and its spectral response closely matches that of the human eye. A model VT333
CdS Photoconductor is pictured in Fig. P3.23.

Figure P3.23

() Speculate why the conducting film has a snake-like pattern.

(b) The VT333 resistor pattern is approximately 0.3 mm wide and 3 cm long. Estimating
the deposited CdS film to be 5 um thick, Np, = 1083/cm? > n;, and g, = 100 cm2/
V-sec, compute the dark resistance of the device.

(c) The VT333 exhibited a 250 O when il d with a pe light.
Can the usual relationships be used to determine the G, required to produce the cited
resistance? Explain,

4 Basics of Device
Fabrication

This chapter provides a very brief overview of silicon device fabrication. The fabrication
overview the final prep y step before the consideration and analysis of
specific devices. The goal is to develop a general feel for the physical nature of device
structures. Moreover, the way a device is made affects key device parameters, which in turn
affect the simplifications, and so forth possible in the device analysis. Even
in purely theoretical endeavors, some familiarity with fabrication processes and procedures
is obviously necessary.

In what follows we first examine common “building block” processes. The processes
are used in combination and are routinely repeated several times in producing a modern
device or IC. Subsequently we describe the sequencing of processes to produce a pn junc-
tion diode, the first device to be analyzed in Part II of the text. To better illustrate IC
fabrication, the chapter concludes with a subsection on the making of a CPU (central
processing unit). For additional information the reader is referred to one of the excellent
device-fabrication books cited in the Part I reading list.

Finally, it should be noted that this is the first “read only” chapter. As explained in the
General Introduction, chapters with the read-only designation are primarily intended to
convey qualitative information of general interest, They contain a small number of equa-
tions, no exercises, and few, if any, end-of-chapter problems. Also, there is no reference to
the contents of read-only chapters in the test-like Review Problem Sets that are included at
the end of the three text segments. If the material in this chapter were being transmitted
verbally, you would be advised to put down your note-taking pencils and to just sit back
and listen.

4.1 FABRICATION PROCESSES
4.1.1 Oxidation

The existence of a readily produced high-quality oxide helped establish the dominance of
Si in the production of commercial devices, S$i0, functions as both an insulator in a number
of device structures and as a barrier to diffusion (see Subsection 4.1.2) during device fab-
rication. Silicon is highly reactive and a thin native oxide layer is rapidly produced by
simply exposing virgin Si to the at room $i0, layers of control-
lable thick are p during device fabrication by reacting Si with either oxygen
825 or water vapor at an elevated temperature. In either case the oxidizing species diffuses
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properties. Wet oxidation, on the other hand, proceeds at a faster rate and is therefore pre-
ferred in forming the thicker barrier oxides,
A ph ph of a production-lj idation/diffy

A ): ine ion furnace is shown in Fig.4.1.A
simplified sketch of the furnace and input system is presented in Fig. 4.2 along with a short
pictorial description of the oxidation process. Stand. idati of 800°C to
1200°C are produced in 'lhc furnace by resistance heating. The coil-like heating elements
are commonly arranged in three separately controlled zones. The outer Z0nes operate at a

onto a slotted quartz boat and pushed into the center of the furnace. During dry oxidation
the oxygen gas is simply fed into the back of the tube. Wet oxidation is performed by
bub!;lmg a carrier gas (Ar or N, ) through water in a heated flask or burning O, and H, at
the input to the tube. The latter approach is called pyrogenic wer oxidation. Tl:e requiiud
time in the furnace depends on the furnace p , the desired oxidation thickness

. and the Si surface orientation, (Other factors can enter under certain conditions.) Repmscn:
Falive dry and wet oxidation growth curves are graphed in Fig. 4.3. It should be noted that
in a commercial system the wafer loading, insertion into the furnace, ramping of the fur-
nace temperature, and gas control are all automated.

Si wafers l_ Quartz tube

M Insertion rod

Resistance-heated furnace

Flgure 4.1 Production-line (Intel Fab-9 fabrication facility} bank of furnaces of the type used for
oxidation and diffusion. The ends of three horizontal furnace tubes are clearly visible in the center-
right of the photograph. An operator in standard cleanroom garb is seated next to the furnace controls.
(Photograph courtesy of Intel Corporation.)

(@)

through the existing oxide and reacts at the Si-8iQ, interface to form more SiO,. The

relevant overall reactions are !
Si + 0, = Si0, (4.12) i Oz0rH;0 m

~0.01-1.0um SiO.

800°C-1200°C Hm Si0;

Si + 2H,0 - Si0, + 2H, (4.1b)
Growth of Si0, using O, and water vapor are referred 1o as dry and wer uxidqtion. respec- ()
tively. Dry oxidation is used to form the most critical insplafor regnons_mat}evx_ce s_lruclure, lF_lgl-lrfe 4.2 _(a) e i h icill ion of an oxidation system, (6) Short pictorial descrip-
such as the gate oxide ina MOSFET. primarily because it yields superior Si-SiO, interface 10n of the oxidation process,
f 2o
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Figure 4.3 Continued.

(@

idati 30, thickness formed on (a) (100) and (b)
Figure 4.3 Dry and wet oxidation growth curves. The SiO, n nd
It} lgl) silicon surfaces as a function of time. (From Jaeger'®l, © 1988 by Addison-Wesley Publishing

Co., Inc. inted by permission of the Diffusion is commonly performed in an open tube system identical in construction to
that used for oxidation. Diffusion temp are also similar, ranging from roughly
4.1.2 Diffusion 900°C to 1200°C. The only major difference is the introduction of a dopant source in place

of the oxidizing ambient. The specific ple of phosph diffusion employing a liquid

. P T P il wi thod for introducing
Solid state diffusion is a historically important and still widely used me source s schematically illustrated in Fig. 4.5. The pictured N, carrier gas is passed through

N . i si is sketched in Fig. 4.4. The . "
dop?nl a:lonls ‘:t.(;,s:::‘go::;:: : :.5::'?41:&,:::,:;: ::c: :lei; sliquid, OF gaseous source a bubbler containing phosphorus oxychloride (POCly) that is a liquid at room temperature.
semiconductor y S " ¥

A : The N, picks up vapors from the liquid source and carries them into the furnace tube. The
. ired i ity. A reaction at the wafer surface establishes a supply of 2 P drmitted i :

containing the des:;:u:;Pa‘:ir;z:ent xr:the e crystal. At clevated temp small percentage of oxygen isly into the furnace reacts with the POCI,
dopant atomls m]mldiﬁuse into regions of the semiconductor not protected by the oxide, to deposit P,O; on the snfrfaoe of the Si \r@fﬁ. a:d Siin tun: reacts with P, 0, hbemml
gn'eﬁalq::‘s ;::; ylace of course hecause the concentration of impurity atoms is greater phosphorus atoms !h.al dxﬁ‘q; into the silicon. - desir surfaceu poL

iffusi " l:l than inside the crystal. The surface doping concentrations produced by tend to form at the higher diffusion emp the foregoing is oftcn. with a
ouf.snde e crys! ) 10?1 fcm®), and thus the surface region takes on the n- or second step where the dopant source is cut off, the furnace temperature increased, and the
this method are very hfgh (uP.:rl Iy d‘gsix; atoms. It should be noted that diffusion also already-introduced impurities driven deeper into the semiconductor at a more rapid rate,
p-type Ch"af:“' aﬁsogggcd;lvge“ ; alrelali\ily slo»;' rate for the common dopants. This Wh=n4a_ two-step process is us.cd, the portion with the source present is called the pre-
takes placcs %to the :’ . :c,[ the underlying Si for only a limited period of time. For a given deposition, d.1e latter portion with the source removed, the dn've-m. o
means the SiO, can pr i he oxide thickness, the diffusion temperaturc, and the Neglecting second-order effects, the Impurity concentration versus position inside the
dopant the masking time depends on the oxi 4 i tor after the predeposition and drive-in steps can be computed from
background doping.
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Diffused
n-dopant

n-type dopant impurity

LLEELE

I R

T=900°C-1200°C

Original

/ p-dopant

Concentration

x

p-Si

Figure 4.4 The basic diffusion process.

.

Si wafers ’

—

)

0; N

diffusion using a liquid source.

of phosph

Figure 4.5 Sch

N,(x4)) = Neerfe(xf2V/Dit;) ... after predep  (4.22)

2 - GRVBa? ive-in  (4.2b)
i) = (VIR gl
The subscripts 1 and 2 refer to the predeposition and drive-in, respectively, x is meldislar{ce
d as d from the d surface, N(x, r} the impurity

into the
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High-voltage
terminal

Resolving  Acceleration y-scan  x-scan
aperture tube plates  plates

Wafer
Beam  (target)
mask

Analyzer
magnet

lon source
Figure 4.7 Simplifi h ic of an ion i system. (From Runyan and Bean!%),
© 1990 by Addison-Wesley Publi Co., Inc. Reprinted by ission of the publi )

semiconductor by creating jons of the impurity, accelerating the ions to high energies rang-
ing from 5 keV to 1 MeV, and then literally shooting the ions into the semiconductor. As
one might suspect, the i ions displ icond; atoms along their path into
the crystal. Moreover, the ions themselves do not necessarily come to rest on Jattice sites.
A follow-up anncal (heating of the semiconductor), an integral part of the overall process,
is therefore necessary to remove the crystal damage and “activate™ implanted dopants.

A simplified sch ic of an ion i ion system and ph ofa
cial implantation end-station are presented in Figs. 4.7 and 4.8, respectively. lons of the
desired impurity are produced in the ion source shown at the extreme left in Fig. 4.7.
The ions are next accelerated into the mass analyzer where d ions, also produced
in the ion source, are removed. The resulting ion beam is then accelerated to the preset
operating potential, focused, and finally scanned over the surface of the wafer. Scanning is

plished el ically, b; h Ily moving the wafer, or by a combination of

the two methods. An electrical contact to the wafer allows a flow of electrons to neutralize
the implanted ions. A very precise determination of the total number of implanted ions/
cm?, called the dose and given the symbol ¢, is obtained by integrating the target current
over the time of the implant.

The ation profile p d by ion i has the general form of a
Gaussian distribution function and is mathematically described by

A 1

N(x) = e ~(1Dl(x= R bR 4.3)

-
V27 (AR,)

45

Fhosphorus concentration (cm™)

* (um)

Figure 4.6 Computed phosphorus diffusion profiles. (N = 102/em?, B, = 2.58 % 10~ cm®/
sec, 1, = 600 sec, D, = 2.49 % 10712 cmbfeec, 1, = 1800 sec.)

concentration at a depth x after a given time I, N, the concentration at x = 0 during the
predeposition, D the diffusion coefficient for the given impurity and furnace temperature,
and 1 the time duration of the diffusion step. The complementary error function, erfc, is a
function cited in most mathematical handbooks, The results of a sample computation cor-

P I t0 a phos predeposition at 1000°C for 10 minutes followed by a drive-in
a1 1200°C for 30 minutes are presented in Fig. 4.6,

4.1.3 lon Implantation

Ion implantation affords an alternative means of introducing dopants and other atoms into
the near-surface region of a semiconductor. With the need for shallower junctions, lower-
temperature processing, and more precise control, jon implantation has become a work-
horse manufacturing process. In ion implantation an impurity is introduced into the

BASICS OF DEVICE FABRICATION

Figure 4.8 Ph iphs of an ion implantati d
The top photograph shows the two ports associated with the
the loading of wafers onto the wafer carousel, and ion implantation is taking place in the closed right
port. The bottom photograph is 2 close-up of the wafer carousel and the robot arms that automaticaily
load and unload the carousel. (Photographs courtesy of Inte] Corporation.)

ion at the Intel Fab-9 fabrication facility.
station. The left port is open and awaiting
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iliar wi istics, Ry is the mean and AR, is the standard deviation of the
:;L?;?,sl;?imlm w“[}:]i:: joni i ion i R:and ARll are call_cd the projected
range and straggle, respectively. These parameters vary with the implant ion and the s:b
strate material and are roughly proportional to the ion energy. Sample c_ompuwd distribu-
tions for phosphorus implantation into Si at various energies are shoiwn.m Fig. 49 .
Like diffusion, portions of a Si wafer can be {rmsked during ion lmplanmtloq. in
films of SiO,, Si;N,, and, less frequently, photoresist and Al have been used for this pur-

Phosphorus concentration (o)

e
i

10?

10'2
0

a constant dose of 10'4/em?.

Figure 4.9 Computed i profiles
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Figure 4.10 Production-liné lithog-
raphy station consisting of an SSI lSp
coat and develop system (center-left in
upper photograph) and a Nikon stepper
{center-right in the upper photograph).
The top of the SSI 150 system is shown
more clearly in the lower photograph.
The SSI 150 automatically performs the
coat, prebake, develop, and harden op-
erations described in the text. The inter-
vening pattern exposure is performed in
the Nikon stepper. Without human inter-
vention, the wafer moves along the input
track of the SSI 150, enters the Nikon
stepper, exits the Nikon stepper. and
moves back along one of the two output
tracks of the SSI 150. (Photographs
courtesy of [ntel Corp.)
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pose. Basically the implanted ions are stopped in the masking material before reaching the
underlying silicon.

Ion implantation offers a number of advantages over diffusion. It is intrinsically a low-
temperature process, with the implantation itself usually being performed at room tempera-
ture. The follow-up anneal is often some other high-temperature step in the IC fabrication,
such as a subsequent oxidation, If a anneal is d, it can be perf at
temperatures as low as 600°C under optimum conditions. In any event, undesirable spread-
ing of a profile is minimized using ion impl. ion. Ion implantation also
affords very precise control of the impurity concentration, and virtually any atom can be
implanted into any given sub: Ani ing recent develog is the impl i
of high doses of oxygen into silicon, producing a Si0, layer below the surface of the wafer
and thereby leading to silicon on insulator (SOI) structures. Finally, note from Fig. 4.9 that
implantation typically yields very shallow concentration profiles. Implants have thus come
to replace the predeposition step in diffusions and are ideally suited for a number of modern
device structures requiring extemely shallow junctions,

4.1.4 Lithography

In discussing diffusion and ion implantation, we talked about Si0, or some other masking
material covering portions of a wafer. Selective removal of a thin film at prescribed regions
across the surface of a wafer, the patterning of insulators and metals required in forming
ICs, is achieved through a process called lith phy. Ph of a production-lin
lithography station are duced in Fig. 4.10.

Major steps in the lithograp ly process are depicted in Fig. 4.11 using the patterning of
an §i0, film as an example. The top surface of the SiO,-covered wafer is first coated with
an ultraviolet-light sensitive material called Photoresist, which is supplied as a liquid. A
few drops of the liquid are placed on the wafer, and the wafer is spun at high speeds to
produce a thin uniform coating. After spinning, a short “prebake™ at relatively low tem-
peratures (80°C-100°C) is performed to drive solvent out of the resist and to improve
surface adhesion. The hard h is similar to a photographic emulsion.

‘The next step is to expose the resist through a “mask” using UV-light as illustrated in
Fig. 4.11(b). The mask here is a carefully prepared glass or quartz photoplate containing a
copy of the pattern to be transferred to the S$iO, film. Darkened regions in the emulsion on
the mask block the UV-light. Regions of the photoresist exposed to the light undergo a
chemical reaction which varies with the type of resist being employed. In negative resists
the areas where the light strikes become polymerized and more difficult to remove. ‘When
Placed in a developer the polymerized regions remain, while the unexposed regions dis-
solve and wash away. The net result after development is pictured on the right-hand side of
Fig. 4.11(c). Positive resists contain large ofa itizer that d y slows
down the dissolution rate of the resist in an alkaline developer. This sensitizer breaks down
when exposed to light leading to the preferential removal of the exposed regions as shown
on the left-hand side of Fig. 4.11(c). As an informational aside, negative resist was widely
used in early IC processing. Positive resist is now the main type in use because it affords
better small-geometry control.

BASICS OF DEVICE FABRICATION

(2. N Mask

Figure 4.11 Major steps in the itk process: (a) Application of resist: (b) resist expcsn:c
through a mask; (c) after development; (d) after oxide ctching and resist removal. (l:‘mm Jaeger®®l,
© 1988 by Addison-Wesley P Co., Inc, Reprinted by of the )
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The final set of steps involves transferring the pattern to the SiO, film. Immediately
lowing exp and devel the ph ist is given a hard bake, heating for 20 to
30 minutes at 120°C~180°C, to further increase adhesion to the wafer and to improve
resistance to the subsequent etch. An acid etch, buffered HF in the case of $iQ,, is then
used to dissolve unprotected regions of the underlying film. Lastly, the photoresist, having
completed its job, is stripped away. This is plished by using a chemical solution that
swells and lifts the resist or by oxidizing (burning) the resist in an oxygen plasma system
cailed an asher.

The limits of the UV-based lithography process just described are being pushed by the
ever shrinking dimensions of modern devices. UV sources with shorter wavelengths and
special p ing techniques have expanded the small di ion limit. 1
lithographic systems employing x-rays are being developed and are likely to come on-line
in the near future.

£

4.1.5 Thin-Fiim Deposition

To connect device structures to the “outside world™ requires the deposition and patierning
of a metal layer. In fact, complex ICs have three and sometimes four electrically isolated
metallization layers. Electrical isolation of the metal layers in turn requires the deposition
of intervening dielectric layers. Thin films are also deposited to prevent the interdiffusion
of materials and to protect the device or circuit from contarnination. In-use methods for
depositing the required films are reviewed next.

Evaporation

Evaporation is one of the older and more straightforward methods of thin-film deposition.
As envisioned in Fig. 4.12, the material to be evaporated is placed in or on a resistance-
heated source holder inside a vacuum To evap Al, for a short piece
of Al wire would be placed on a tungsten filament or boat. The substrate on which the film
is to be dep d is also p d inside the chamber facing the source. The chamber is
then evacuated, power supplied to the holder, and the source vaporized. Because of the
reduced pressure, the source material travels unimpeded to the substrate and deposits as a
thin film.

Generally speaking, hot-filament evaporation is subject to mod: ly high levels of
ination. Electron-b poration, a variation of the process where the source
o e

is heated by an electron beam, elimi but

x-rays. Consequently, evaporation is seldom used in the production-line fabrication of
modern ICs, although it is still extensively used in making simple devices where the cited
problems are of minimal concern,

Sputtering

Sputtering, like evaporation, is performed in a vacunm chamber. The source material and
the substrate (wafer) are placed on opposing parallel plates connected to 2 high-voltage
power supply as pictured in Fig. 4.13. During a deposition the chamber is first d

SEMICONDUCTOR FUNDAMENTALS

of air and then a low-pressure amount of sputtering gas, typically Ar, is admitted into the
chamber. Applying an interelectrode voltage ionizes the Ar gas and creates a plasma be-
tween the plates. Since the plate covered with source material is maintained at a negative
potential relative to the substrate, Ar* ions are accelerated toward and into the source cov-
ered plate. The impacting Ar* ions in turn cause source atoms or molecules to be ejected
from this plate. Being neutral, the ejected atoms or molecules readily travel to the substratc
where they deposit to form the desired thin film. A d.c. power supply can be used when
depositing metals, and an RF supply is necessary when depositing insulating films. When
sputtering compounds it is sometimes necessary to introduce a gas of one of the compo-
nents to assure the formation of a ichi ic film. Providing I p
low-contamination films with an acceptable throughput, sputtering has become the chief
commercial method of depositing Al and other metals.

Chemical Vapor Deposition (CVD)

In chemical vapor deposition the thin film is formed from one or more gas phase compo-
nents. Either a compound decomposes to form the film or a reaction between gas compo-
nents takes place to form the film. Invariably the CVD reactions are surface catalyzed,
preferentially taking place on the surface of wafers inserted into the gas stream. In-use
CVD processes fall into one of three general g They are pheric p
(APCVD or simply CVD), low-pressurc (LPCVD), and plasma-enhanced (PECVD) pro-
cesses. A pheric p depositions can be performed in relatively simple systems.
Low-pressure often offers le kinetics with improved uni ity and less gas con-
sumption. In plasma CVD the electrons in the plasma impart energy to the reaction gascs,
thereby enhancing the reactions and permitting very low deposition temperatures.

CVD reactors come in a variety of shapes and i an pl fi
tion employed in AP/LPCVD depositions is pictured in Fig. 4.14. CVD processing is rou-
tinely used to produce the masking and intermetallic dielectric films required in the for-
mation of complex ICs. Polycrystalline Si, which functions as a pseudo-metal when heavily
doped, is also deposi ploying ic and low-p CVD. APCVD, LPCVD,
and PECVD are all typically used at some point in an IC process flow.

4.1.6 Epitaxy

Epitaxy is a special type of thin-layer dey Whereas dep
p ding subsection yield either or polycrystalline films, epitaxy produces a
crystalline layer that is an extension of the underlying semiconductor lattice. The word
epitaxy is in fact derived from two Greck words meaning “upon-arranged.” Commonly
formed from the vapor-phase d p of silicon hloride (SiCl,) or a silane
compound (SiH,, SiH,Cl,, SiHC,) in a reactor very similar to those employed in CVD,
additional Si literally grows following the lattice pattern of the pre-existing crystal. The
doping of the epi-layer, intentionally distinct from that of the substrate, is controlled by
introducing a dopant ining gas such as phosphine (PH,), diborane (B, Hy), or arsine

described in the
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Evaporating
" material

vacuum pump

Figure 4.12 Hot-filament evaporation,

Vacuum

chamber _1

{— Cathode shield

I~ Cathode

Anode (source material)

High voltage To

vacuum pump

Figure 4.13 Schematic of a d.c. sputtering system. The source material covers the cathode while
the wafer is mounted on the system anode. (From Jaeger(®), © 1988 by Addison-Wesley Publishing
Co., Inc. Reprinted by of the publisher.)
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Infrared
sensors
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Figure 4.14 Cutaway view of a radiantly heated barrel-1; i

b C 12 -Lype reactor employed in both CVD pro-
cesses and Si epm?xy. Wafers positioned vertically on the central susceptor are heated by the l!i’gh!
from't}'xle surlhmu:::ng Quariz lamps. Process gases enter at the top, flow across the wafers, and exit
coaxially at the bottom. (From Deacon!'%, © 1984 by Lake Publishing. All rights Repril
by permission of the publisher.) ® e mset Reeriand

(AsH,_) during the deposition. Standard whole-wafer epitaxy must of course be completed
early in the process flow, prior to the growth or deposition of any permanent surface films.
WF should also note that starting Si wafers are sometimes purchased from the wafer su, .
plier with the desired epi-layer already in place. "

4.2 DEVICE FABRICATION EXAMPLES

The purpose of this section is to illustrate how the individual fabrication processes are
combmed'and sequenced to produce solid state devices. Two examples are presented: The
first describes the fabrication of a simple pn junction diode. The second outlines the making

of a complex IC. Both i i B i
maajor ing steps and & mini o 1n nature, including only

P ing details.
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4.2.1 pnJunction Diode Fabrication

Figure 4.15 graphically summarizes the major processing steps in the formation of a
pn junction diode. The starting point is a flat, damage-free, single-crystal Si wafer. It
is d that a preclean has all parti organic films, and adsorbed
metal 10ns from the semiconductor surfaces. For this particular illustration we further as-
sume the wafer is p-type, having been uniformly doped with boron during the formation
of the crystal.

The initial steps in the process flow are in preparation for a subsequent phosphorus
diffusion. First a thermal oxide is grown that will serve as a diffusion barrier. The oxide
thickness must be comfortably greater than the projected masking thickness. Step 2 is a
lithography process performed to open “diffusion” holes in the oxide that will eventually
become the positions of the pn junction diodes. Specifically note that the Step 2 illustration
in Fig. 4.15 assumes the usc of a positive photoresist.

After a proper clean-up the wafer is next inserted into a phosphorus predeposition
furnace and subsequently into a phosphorus drive furnace. The net resuit, as pictured in
Step 3 in Fig. 4.15, is the formation of n*-p junctions in surface regions not protected by
the oxide. (The + in n* indicates a very hlgh dopmg ) By way of clarification, some oxy-
gen is required during the phosph p as noted in lhe diffusion discussion.
Also, the drive may be performed in an idizi to minimize out-diffusion.
Thus, to reopen the oxide holes, a subsidiary lithography step, not shown in the simplified
process flow of Fig. 4.15, is usually necessary after diffusion.

The final steps facilitate connecting the device to the “outside world.” Sputtering or
possibly evaporation of Al yields a thin metal film over the entire surface of the wafer as
pictured in Step 4 of Fig. 4.15. A lithography process, Step 5 in Fig. 4.15, is then performed
to remove excess metal external to the area of the diffused junction. Normally a low-
temperature (<500°C) anneal would.also be performed to promote a low-resistance contact
between the metal and Si.

* With the completion of the metallization contact, the diodes become functional across
the wafer. To produce ial diodes, a d-edged saw would be used to cut the
wafer into pieces containing a single device. (A wafer piece containing a single device or
IC is called a die.) A large area metal contact is then made to the back of the die, a lead
attached to the top surface contact, and the device encapsulated in protective plastic or
hermetically sealed in a metallic package.

4.2.2 Computer CPU Process Flow

In this subsection we examine a fabrication process flow that has been used by Intel Cor-
poration to produce computer CPUs and other ICs. The process flow description and asso-
ciated figures are a direct excerpt, reprinted with permission, from Components Quality
and Reliability 1991/1992, Intel Corporation, © 1990. No changes have been made to the
excerpted material except for a renumbering of the figures and a modification of the figure

ions. Figure 4.16, reproduced from the cited reference, displays a simplified block dia-
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Figure 4.16 Simplified block diagram of the single poly, single metal, CHMOS process flow.

gram of the overall process flow. Figure 4.17, whxch is correlated with the text description
of the p shows of the IC structure at various
stages of construction.

Although most of the terms employed in the process description will be familiar to the
reader, a few need to be clarified. For one, the fabrication sequence is referred to as a single
poly, single metal, CHMOS process flow. “Poly” is short for polycrystalline Si. CHMOS
stands for Complementary High-density Metal-Oxide-Semiconductor—a type of fabrica-
tion technology used to produce MOS transistors. “Single poly, single metal™ indicates
that one level of heavily doped polycrystalline Si and one level of metal are used to contact
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@) Lithography #1
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:lgure 4.15  Graphical summary of the major processing steps in the formation of a pn junction
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and interconnect the MOS devices, Text references are also made to “wet” and “dry”
etches. Wet etching is the familiar dissolution of a material, such as SiO,, in a liquid chemi-
cal bath. Dry etching is the removal of 2 material using a plasma-enhanced gas-phase
reaction.

Finally, the fi g process flow iption is i d to be “looked over,” not
digested. At this point in the development, the reader i is not eqmpped and not expected to
understand the intricacies of either the processing or the IC structure.

1. Starting Silicon Material and Well Definition [Fig. 4.17(a)) To start CHMOS dc-
vice production 150 mm (6"), high-resistivity, (100} ori ion, single crystal, p-type
(Boron doped) silicon wafers are used. P-type silicon is required to create n-channel
transistors. To create p-channe] transistors, necessary for CHMOS devices n-type (ar-
senic or phosphorous doped) silicon regions (n-wells) are implanted. The wafer is
masked, then implanted to create p-type and n-type silicon regions on the same wafer.
The n-well provides the background doping for the p-channel transistors while the p-
type, start material (protected from the implant by the unexposed photoresist) serves
as the background doping for n-channel transistors. A high temperature drive cycle
completes the formation of the well by thermal dopant transition.

[

Field Threshold Implant and Field Oxidation [Fig. 4.17(b)). Nitride (Si;N,)is de-
posited, masked, then etched. The etched nitride regions define the location of the field
threshold ion plant [Fig. 4.17(b)] and the locations where oxide Si0, is permitted to
grow during field oxidation [Fig. 4.17(c)]. Areas where nitride remains mask (prevent)
oxide growth. These regions are where transistors will be built. The thick (approxi-
mately 6000 A) field oxide isolates adjacent transistors in order to prevent electrical
interactions. After field oxidation, the nitride mask is removed.

w

Gate Oxidation [Fig. 4. 17(d)] A thin thermal oxide is grown across the wafer. The
portions of this oxide i after g will provide the required
gate oxide for the MOS transistors. Device performance is closely related to the growth
of a dense, high-quality gate oxide.

>

Transistor Threshold Ion Implant [Fig. 4.17(d)). The boron implant adjusts the
threshold voltage (V1) of p-channel and n-channel devices to the desired level. Thick
field oxide prevents the boron from penetrating into the isolation regions.

w

. Polysilicon-to-Diffusion Contacts [Fig. 4.17(e)). Openings are defined in the thin
gate oxide region where contact between poly conductors and diffused regions in the
silicon sub (buried ) is req
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Figure 4.17 Cross-sections through the CHMOS structure at select points in the process flow.
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6. Polycide Deposition, Impurity Doping, Palternmg and Oxidation [Fig. 4.17({)). A
polycrystalline silicon layer, about 1500 A thick, is deposited over the entirc wafer by
CVD techniques. The polyslhcon is subsequenlly dopcd with phosphorous via gas-
source diffusion techniques for ity. The ph is diffused through the
poly and into the substrate, minimizing the resxslance of the buried contact. About
1500 A of silicide is conformally daposued on the doped po]ysxlxcon Silicide is used
in small geometry transistors to i d perfor ds. The polycide stack
is defined by plasma dry etch techniques with msnst acting as the mask [Fig. 4.17(g)[.
The polycide stack is oxidized to protect the transistor gates.

~

Source and Drain Implant and Poly Re-Ox [Fig. 4.17(h)]. The remaining polycide
stack, thin oxide over the poly, field oxide and resist provide a mask for p-channel and
n-channel source-drain implants which occurs at this point. (This technique is com-
monly known as a “self-aligned source/drain” process, since the source and drain are
aligned directly to the gate, which defines their location relative to the channel arca.)
All remaining poly oxide is then removed and the poly re-ox step performed. The re-
ox step is a high-temp thermal oxi step which drives the source-drain
implant into the silicon, provides 2 high-integrity dielectric on the polysilicon (essen-
tial in a double poly process) and grows an oxide on the exposed source-drain regions

10 prevent dopant out-diffusion during Juent phosphosilicate glass deposition and
processing.
8. Doped Glass Deposition [Fig. 4. 17(i)]. A doped (boron, phosphorous or both) silicate

glass layer, 5000 A to 10,000 A thick, is deposited via low-temperature CVD tech-
niques to provide electrical isolation between the subseq metal cond lines and
the underlying polycide gates and active device structures. The glass is then prepared
for subsequent masking steps.

-]

. Contact Mask and Etch [Fig. 4.17(j)). Windows in the resist are exposed and opened
to definc the location of metal-to-polycide and metal-to-silicon contact holes. Depend-
ing on the process, contact holes are wet, dry, or wet and dry etched. In a wet/dry
combination, the wet etch gives a shallow stope near the top of the contact. This im-
proves metal step coverage. The remaining doped silicon glass is then removed by an
isotropic dry ctch which leaves the contact sidewalls vertical.

10. Metal Deposition and Definition [Fig. 4.17(k)). Melal conductor layer is sputter-
deposited into the wafer and defined. The metal electrically the 0
the outside world. The voltage applied by these metal lines turns the transistors “‘on”
and “off.”

11. Passivation [Fig. 4.17())). Plasma enhanced CVD techniques are used to deposit a
dual film passivation layer over the entire wafer surface. The dual layer consist of an
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Figure 4.17 Continued.
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oxynitride underneath a plasma oxide. The cxymtnde provides long-term field reli-
ability, by being d dto be a and barrier. The latter is
particularly critical if the dice are to be assembled in plastic packages, plastic itself
being a poor moisture barrier. The plasma oxide layer provides handling protection for
the wafer and individual devices.

Most of the remaining production-line and testing steps cited in the Fig. 4 16 hlock
diagram are in p ion for IC die separation and packagi Th=
of a sample CPU die, along with an identifi of its fi 1 units, are displayed in
Fig. 4.18. The pictured Pentium™ Processor die, fabricated following an upgraded version
of thF described processing, is approximately 1.5 cm square and contains 3.1 million
transistors.

Pipelined ~
Floating
‘Point

Flgure 4.18 The Intel Pentium™ Processor and its
unit identification courtesy of Intel Corporation.)

units, (Ph h and functional

7
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4.3 SUMMARY
The overview of silicon device fabrication hopefully provided insight into the construction
and physical na(me of devnce slmcmms First, common componen( womsﬁ were exam-
ined, includi ioni graphy,
chemical vapor deposition, and epitaxy. The fabrication of a simple pn junction diode and
amoderately complex IC process flow were then considered to illustrate how the individual
P are ined and seq d in prod actual structures.

[ra———
176 SEMICONDUCTOR FUNDAMENTALS

(5) W. R. Runyan and K. E. Bean, d Integrated Circuit ing Tech-
nology, Addison-Wesley, Reading, MA, © 1990.

(6) B.G. Streetman, Solid State Electronic Devices, 4th edition, Prentice Hall, Englewood
Cliffs, NJ, © 1995.

(7) S. M. Sze (editor), VSL/ Technology. 2nd edition, McGraw Hill, New York, © 1988.
Is and Devices, John Wiley &

o A

(8) M. S. Tyagi, duction to
Sons, New York, © 1991.

Other Recent Texts

(1) A. Bar-Lev, Semiconductors and Electronic Devices, 3td edition, Prentice Hall, Inc.,
New York, © 1993.

(2) D.H. Navon, Semiconductor Microdevices and Materials, Holt, Rinehart and Winston,
New York, © 1986.

(3) D.L. Pulfrey and N. G. Tarr, Introduction to Microelectronic Devices, Prentice Hall,
Englewood Cliffs, NJ, © 1989.

(4) C. T. Sah, Fundamentals of Solid-State Electronics, World Scientific, Singapore,
© 1991.

(5) 1. Singh, Semiconductor Devices, an Introduction, McGraw-Hill, New York, © 1994.
(6) S.M. Sze, Semiconductor Devices, Physics and Technology, John Wiley & Sons, New
York, © 1985.

(7) E.S. Yang, Microelectronic Devices, McGraw Hill, New York, © 1988.

(8) M. Zambuto, Semiconductor Devices, McGraw Hill, New York, © 1989.

(d Reader-added texts)

50

R1 Partl
SUPPLEMENT AND REVIEW

ALTERNATIVE / SUPPLEMENTAL READING LIST

Recommended Readings

Author(s) (A=A I’fy g; Supp.) Level g;:;:::
For Semiconductor Physics
Ferendeci A/S Advanced Undergraduate/ 1-6
Introductory Graduate
Neamen Undergraduate 1-6
Pierret S Introductory Graduate 1-6
Strectman Undergraduate -4
Tyagi A/S Advanced Undergraduate/ 1-5
Introductory Graduate
For Device Fabrication
Jaeger S Undergraduate All
Runyan and Bean S Professional All
Sze (editor) S Professional All
(1) A.M.Fe deci, Physical Foundations of Solid State and Electron Devices, McGraw-

Hill, New York, © 1991.

(2) R. C. Jaeger, Introduction to Microelectronic Fabrication, Vol. V in the Modular Se-
ries on Solid State Devices edited by G. W. Neudeck and R. F. Pierret, Addison-Wesley,
Reading, MA, © 1988.

(3) D. A. Neamen, Semiconductor Physics and Devices, Basic Principles, Irwin, Home-
wood, IL, © 1992.

(4) R. E Pierret, Ad d Semicond: Fund, Is, Vol. VI in the Modular Series
on Solid State Devices edited by G. W. Neudeck and R. F. Pierret, Addison-Wesley, Read-

P VN L

‘SUPPLEMENT AND REVIEW

FIGURE SOURCES / CITED REFERENCES

(1) W. Shockley, Electrons and Holes in Semicond: Litton i Publi:
Inc., © 1950.

(2) S. M. Sze, Physics of Semiconductor Devices, 2nd edition, John Wiley & Sons, New
York, © 1981.

(3) W. Zuhlehner and D. Huber, “Czochralski Grown Silicon,” Crystals 8, Springer-
Verlag, Berlin, © 1982.

(4) C. Jacoboni, C. Canali, G. Ottaviani, and A. A. Quaranta, “‘A Review of Some Charge
Transport Properties of Silicon,” Solid-State Electronics, 20, 77 (1977).

(5) P. M. Smith, 1. Frey, and P. Chatterjee, “High-Field Transport of Holes in Silicon,”
Applied Physics Letters, 39, 332 (Aug. 1981).

(6) D. K. Schroder, Semiconductor Material and Device Characterization, John Wiley &
Sons, New York, © 1990.

(7) R. F. Pierret, Ad d Semicond, d Is, Yol. VI in the Modular Series
on Solid State Devices edited by G. W. Neudeck and R. F. Pierret, Addison-Wesley, Read-
ing, MA, © 1987.

(8) R. C. Jacger, Introduction to Microelectronic Fabrication, Vol. V in the Modular Se-
ries on Solid State Devices edited by G. W. Neudeck and R. F. Pierret, Addison-Wesley,
Reading, MA, © 1988.

(9) W. R. Runyan and K. E. Bean, Semiconductor Integrated Circuit Processing Tech-
nology, Addison-Wesley, Reading, MA, © 1990.

(10) T. Deacon, “Silicon Epitaxy: An Overview,” Microelectronic Manufacturing and
Testing, September 1984.

({ Reader-added references)



178

180

SEMICONDUCTOR FUNDAMENTALS

REVIEW LIST OF TERMS

Defining the following terms using your own words provides a rapid review of the Part I
material.

(1) amorphous (41) conductivity

(2) polycrystalline (42) band bending

(3) crystalline (43) diffusion

(4) lattice (44) diffusion coefficient

(5) unit cell (45) recombination

(6) ingot (46) generation

(7) carrier (47) band-to-band R-G

(8) electron (48) R-G centers

(9) hole (49) E-k plots
(10) conduction band (50) direct semict}nductqr
(11) valence band (51) indirect semx?onductor
(12) band gap (52) photogeneration .
(13) effective mass (53) absorption coefficient
(14) intrinsic semiconductor (54) low-level injection
(15) extrinsic semiconductor (55) equilibrium
(16) dopant (56) perturbation
(17) donor (57) steady state .
(18) acceptor (58) minority carrier lifetime

(59) minority carrier diffusion length
(60) quasi-Fermi level

(19) n-type material
(20) p-type material

(21) n* (or p*) material (61) dry oxidation
(22) majority carrier (62) wet oxidation
(23) minority carrier (63) predeposition
(24) density of states (64) drive-in

(25) Fermi function (65) diffusion mask
(26) Fermi energy (or level) (66) ion implantation
(27) nondegenerate semiconductor (67) dose

(28) degenerate semiconductor (68) projected range
(29) charge neutrality (69) photo;esis( .
(30) extrinsic temperature region (70) negative resist
(31) intrinsic temperature region (71) positive resist
(32) frecze-out (72) sputtering

(33) drift (73)CVD

(34) scattering (74) LPCVD

(35) thermal motion (75) PECVD

(36) drift velocity (76) epitaxy

(37) saturation velocity (77) die

(38) current density (78) poly

(39) mobility (79) wet etch

(40) resistivity (80) dry etch
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Problem A2

A Si wafer is uniformly doped with N, = 10'/cm? donors and maintained under equilib-
rium conditions at 7 = 300 K. 7, = 10~ sec. Complete the following table c
the wafer.

izing

Parameter Value Units Explanation

Eg

" 101 cm~3 =

)

Po
E.— E
p(charge density)
My
p(resistivity)
Ly
Dy

Problem A3

(a) On the energy band diagram provided below, indicate the usual positioning of the fol-
lowing energy levels:
(i) E...instrinsic Fermi level
(i) Ep .. .donor energy level
(iii) E, ...acceptor energy level
(iv) Ep...trap or R-G center energy level
(v) Egfor a degenerately doped p-type material
Add comments as necessary to forestall any misinter

of your graphical answer.

E.

—E,

(b) A Si device is maintained under equilibrium conditions at 7 = 300 K. Given the elec-
tric field inside the device as is pictured next, N = 10'%/cm® for 0 =< x < x_, and
Np = 10'$/cm? for x, = x =< x_, draw thc energy band diagram for the device. Include
E,, E,, E;, and a carefully positioned Ey on your diagram. Also indicate how you
arrived at your answer.

SUPPLEMENT AND REVIEW

PART |I—REVIEW PROBLEM SETS AND ANSWERS
t times an i d

The ing problem sets were designed ing a k

knowledge—of the subject matter in Chapters 1-3 of Part L. The sets could serve as a
review or as a means of evaluating the reader’s mastery of the subject. Problem Set A was
adapted from a one-hour “‘open-book™ examination; Problem Set B was adapted from a
one-hour *closed-book™ examination. An answer key is included at the end of the problem
sets.

Probiem Set A
Special Insiructions:
(1) You may employ an OPEN book in answering the Problem Set A questions.

(2) Unless instructed otherwise, employ parameters accurate to three-places in performing
numerical computations.

Problem A1

Answer the questions that follow making use of the unit cell for the Si crystal lattice repro-
duced here:

(a) If, as pictured, the origin of coordinates is located at the lower back corner of the unit
cell, what are the Miller indices of the plane passing through the points ABC?

() What are the Miller indices of the direction vector running from the origin of coordi-

nates to the point D?
(c) In terms of the lattice constant a, what is the di b nearest neighbors in the
Si lattice?
(d) Modifying the pictured Si unit cell, indicate how one would visualize a donor.
SUPPLEMENT AND REVIEW

(c) What s the electrostatic potential drop across the device described in part (b); i.e., what
is V(x = x;) — V(x = 0)? Record your work.

Problem A4

An Np = 10'%/cm? Si sample maintained at room temperature is subject to two flashes of

light from a stroboscope. Each flash creates Ap, = 10'%/cm?® holes uniformly throughout
the Si sample. The first flash occurs at + = 0 and the second occurs at ¢ = f;, where 1 is

comparable to 7,,. The flashes of light th Ives are of infini Ly shortd com-
pared to 7,.
) the

| (a) Sketch (based on g

1 general variation of Ap(r) as a

£, P

function of time.

Ap(t) T \
24pc I
Apr

T !
ot

(b) Do low-level injection conditions prevail at all times inside the Si sample? Explain.
(c) Starting from the appropriate differential equation, solve for Ap()forall t = 0.
(d) Assuming An(f) = Ap(r) inside the bar, determine the fractional change in the Si

sﬂmplc. conductivity immediately after the first flash of light. Give both a symbolic and
_numcncal value for the desired [¢(0*) — o(0~))/o(0~). O* and O~ refer to times
Just before and just after the first flash, respectively.

Problem Set B

Special Instructions:

(1) Problem Set B questions are to be answered with the book CLOSED.
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(2) In answering multiple-choice questions, choose the best available answer. Select only
one answer per question.
(3) Employ n; = 10'%/cm? and kT = 0.0259 eV in ical computations involving Si
samples maintained at 300 K.
I.  General Information
(1) As shown in the accompanying figure, a cubic unit cell has one atom centered halfway
down each of the vertical edges of the cell and one atom positioned in the middle of
the top and bottom faces of the cell. How many atoms are there within the cell?
(a) 4
() 2
@© 1
(d) 122
(2) What is the name of the lattice characterized by the unit cell in Question (1)?
(a) Simple cubic
() bec
(c) fec
(d) Diamond
(3) Determine the Miller indices of the plane pictured below.
(a) (123)
®) (123)
(0) (321)
@ (321)
(¢) (632)
y
|
1
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1I. Interpretation of Energy Band Diagrams

A silicon device maintained at 300 K is characterized by the following energy band dia-
gram. Use the cited energy band diagram in i (13) to (20).
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(13) The electrostatic potential (V) inside the semiconductor is as sketched below.
v v I\ v
X x I— x x l x

@ ®) © @ €

v v

_Z

(14) The electric field (8) is as sketched below.

l % 8 ¢ ¢
® ®) © @ )

SUPPLEMENT AND REVIEW
(4) Which of the following di is not perpendi to the (100] di
(a) [011]
(b) [032)
(©) [001)
(@) [100]

(5) Ina particular semiconductor the probability of electrons occupying states at an energy
kT above the bottom of the conduction band is e~'9, Determine the position of the
Fermi level in the given material.

(@) Er=E,
(b) E, = Ep~9kT
(¢) E, — Eg= 10kT
(@) Ep= E, + kT
©) %ich of_!he f'o‘llowing is the d carrier ing hanism in Jowly doped
(bigh-purity) silicon at room temperature?
(a) Carrier-carrier scattering
(b) Lattice scattering
(c) Impurity ion scattering
(d) Piezoelectric scattering

(7) Which of the following sketches best describes the Dy versus Ny, dependence of elec-
trons in silicon at room temperature?

Dy Dy Dy Dup
1
: I
No No Np
@) ®) ©

(8) Using the bonding model, indicate how one visualizes a donor.

(9) Using the energy band diagram, indicate how one would visualize the freeze-out of
electrons on donor sites as 7 — 0 K.

(10) The resistivity of n-type material is typically smaller than the resistivity of comparably
doped p-type material. Explain why.

(11) Using the energy band diagram, indicate how one visvalizes recombination via R-G
centers.

|
|
‘ (12) Define drift velocity.
|

N

SUPPLEMENT AND REVIEW

(15) Do equilibrium conditions prevail?
(a) Yes
(b) No
(c) Can't be determined
(16) The semicondl;clor is degenerate
(a) Nearx =0
(b) For LI3=x=2L/3
(c) Nearx =L
(d) Nowhere
(17 Atx=x,,p="?
(a) 7.63 X 105/cm?®
(b) 1.35 X 10'3/cm?
(c) 10%/cm?

(d) 1.72 X 10'6/cm?

(18) The electron current density (Jyy) flowing at x = X, is
(a) Zero
®) pomEgIL
(€} —pamEg/L
(d) Dyln(x) — n(OYVL
(19) The hole drift current density (/) flowing at x = x, is
(a) Zero 1
® pynEolL A
© —pyn EgIL Rl
(@) gu, Ny (KT1g)IL
;» (20) The kinetic energy of the hole shown on the diagram is
y @E,
i ®) - Eg/3
(©) E/3
(d) Zero
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SEMICONDUCTOR FUNDAMENTALS

. Problem Soiving

A uniformly doped n-type silicon bar of length L is maintained at room temperature under

steady state conditions such that Ap,(0) = Ap,e > 0 and Ap, (L) = 0. Np = 10" / cm.’.
Ap,y € 1, and there are no “other p " (i ing photog ion) occurring in
side the bar.
Ap,(0) = Apyy Silicon Ap(L) =0
t f ®
0 L

(21) Determine pq, the equilibrium hole concentration.

(a) po = 10%cm?®

®) po = 105/cm?

(€) po= 105/cm?

(d) Not given
(22) Does low-level injection exist under steady state conditions?

(a) Yes

(b) No

(c) Can'ttell
(23) The ion (simplest form possible) one must solve to determine Ap, (%) is

d*Ap,
@ 0=D,~—3*
dr T,
Ap, _ . PAp, _ Bpy
@ o De ax? 7o
oy _ p, Fhpy
@ = D5
= p,fop _ Ap,
©0=Dp—3 P
SEMICONDUCTOR FUNDAMENTALS
p(resis- - 1 - 1
tivity) 0078 | ohmem | p =T = 16 x 10~ 9)@01)(107)

Ly=VDp7, = V@309
Dy = (kT/q)p, = (0.0259)(331)

Ly 293 X 1073 cm

D, 8.57 cm?/sec

Problem A3
(a) Eqis located near midgap, while Eg must be positioned below E, + 34T.

(b) Under equilibrium conditions, we know that E is position-independent. Since € =
(1/g)(dE, /dx) = (1/g)(dE,/dx) = (1/g)(dE,/dx), from the € versus x plot, we deduce
that the bands are fiat for 0 = x = x, and x, < x < x,. In the x, = x = x, region the
bands must exhibit a constant negative slope. Also, for 0 < x =< x,, E; — Ey =
KTIn(N,/n;) = (0.0259)In(10'6/10'%) = 0.358 eV: for x, < x < x,, E; — E; =
kTn(Np/n;) = 0.358 V. Combining the cited information, one concludes the energy
band diagram is as sketched below.

0358V I N £

© AV= -‘l'AE= = é[Ec(O) - E()) = 1q[£,(0) - E(x)] = 0716 V
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SUPPLEMENT AND REVIEW

(24) The general solution for Ap, (x) will be (L3 = Dyry)
(a) Aexp(—x/Lp) + Bexp(x/Ly)
(b) Aexp(=1/t,)
(c) A+ Bx
(d) Aexp(—x/Lp)

(25) The bouqdary conditions to be employed in solving for Ap, (x)are
(@) Ap,(0) = Ap,, and Ap,(») =0
(b) Ap,(0) = 10'S/cm?® and Ap (@) =0
(©) 4p,(0) = Ap,y and Ap,(L)=0
(d) Ap,(0) = 10'S/em® and Ap,(L)=0

Answers—Set A
Problem A1

(a) (111)

(b) [211)

(©) (V3/4)a

(d) One of the Si atoms in the unit cell is to be replaced with a non-Si atom exhibiting an
extra bond (representing a weakly bound 5th valence electron).

Problem A2
Parameter|  Value Units Explanation
Eg L12 eV —
n 1010 cm~3 —
g 10'7 cm~? no=Np (Np®n)
Po 10° cm-3 Po = n?INp
E~E| 0417 eV |E. — E = kTIn(Np/n;) = (0.0259)In(1017/10')
p(charge Charge neutrali i
2 0 5 g ity prevails under the
density) coul/em specified conditions.
I 801 cm?/V-sec From Fig. 3.5 o
SUPPLEMENT AND REVIEW
Problem A4
(@)
Ap(e)
2Apr
Aps T
Apt|
1
o ! !

L3

(b) Yes. App,, < 2Ap, =2 X 10%/cm3 <€ ng = Ny = 10'5/cm?. Thus Ap < ny as required
for low-level injection.

() In the given problem, the minority carrier diffusion equation simplifies to
dAp, + Ap, _ 0

dr T
For0=sr=y...
Ap(0) = Ap, ... boundary condition
Ap() = Ae—" . . . general solution
A = Ap,

Ap() = Apee=ti%

Fort=y...

< answer
Ap(x) = Ap + Ape="'» = Ap/(1 + e=*) ... boundary condition
Ap(t) = Ae~u-tir,
A = Ap(l + e~'m)

- . . general solution

Ap(1) = Ap(1 + e~y e=ti-tir, <= answer

@ o =1p=qun+ pp)
o(07) = qu,N,
TO) = gluy(ng + An) + (o + BP)) = qu Ny, + g, + p,)Ap;
Ao _ g, + w)Ap _ (1 + I_LB)A_m

.. ng = Npand ny » p,

<= answer symbolic

o(0-) qp, Np ) Np
B 458 \ 1010
= (1 + m)m = 134 x 10-5 <= answer numeric
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Answers—Set B
(1) b...1/2 x (2 face atoms) + 1/4 X (4 edge atoms) = 2

@b
@e...1, -2,3 — intercepts

1, -1/2,1/3 — 1/intercepts

(632) — indices
(4) d. .. Any direction with a nonzero first integer will nor be perpendicular to the [100]

direction.
(5) b...Fromthe of the problem, we lud:
1 2
fE D) = v~ €
E, = E; = kTlIn(e" — 1) — 1) = %T

©)b

(7) c. .. For nondegenerate dopings Dy = (kT/g)u, and u, versus Np, has the form of
sketch (c). (See Fig. 3.5.)

®)
DONOR
with §
valence
electrons
©)
> > > o - o
E,
(10) 1 ety
= . pe
27 Ny
1
= -oppe
’ quy Np
Typically, u, < s, for a given d and p Thus p(p-type) is

greater than p(n-type) if N, = N,

192 SEMICONDUCTOR FUNDAMENTALS

(23) e. .. Steady state conditions and the absence of phomgenemiorf allow one to elimi-
nate the 3/3¢ and G,_terms in the minority carrier diffusion equation (Eg. 3.54b).

(24) a.. . This is Solution No. 1 cited in Subsection 3.4.3.
25) ¢
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an ~-—e

O—»

(12) Drift velocity is the average electron or hole velocity resulting from an applied electric
field. (One might also mention that at low ficlds vy = u¥, where u is the carrier
mobility.)

(13) d.... Vhas the same shape as the “upside-down" of the bands.
(J4) ... 8 is proportional to the slope of the bands.

(15) a... Ey is invariant with position.

(16) ... Eg approaches E, near x = L.

U7b...

E = By = Egl2 ~ Egl3 = Egl6

P = meB-ERAT = |(10p112/6%00259) = | 35 X 10%3/cm3

(18) a... Under equilibrium conditions Jy=0.

a9 b...
Jptann = qu, P8
At x = x
p=n (B = E)
g L0518 _ 1S K
gdx  gAx g (L13) qL

Jpigin = HpHEg/L

@) c...K.E. = E(L) - By = Eg/3
@) c...ny= Ny = 10'/cm?

Po = nting = 109%/10' = 10%/cm?

(@) 2. APy = Bpog < g

PART IIA
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In Part II we primarily examine devices whose operation is intimately tied to the one or
more pn junctions built into the structure. Considerable attention is initially given to the
harter member of the device family, the pn junction diode. The diode analysis in Part [IA

is of particular i because it ishes basic pts and analytical procedures
thafiare of universal utility. Special pn junction diodes are described at the end of Part LIA
in the “read-only” chapter on optoelectronic diodes. In Part IIB the concepts and proce-

dures are applied and somewhat expanded in treating another important member of the

family, the two-junction, three-terminal, bipolar junction transistor (BIT). Devices with

than two pn junctions are briefly considered in the chapter on PNPN devices. The

g ‘g:r:luding chapter in Part IIB treats metal-semi and the Schottky di-
ode, a “‘cousin’ of the pn junction diode.

A complete, systematic device analysis is typically divided into four major segments.
Providing the foundation for the entire analysis, the first treats the charge density, the elec-
tric field, and the el ic p i llectively referred to as the electrostatics—
existing inside the device under equilibrium and steady state conditions. Subsequent seg-
ments are in turn devoted to modeling the steady state (d.c.) response, the small-signal (a.c.)
k and the ient (pulsed) resp of the device. The pn junction diode analysis
to be presented follows the noted four-step development. In this chapter we take the first
step by exploring the electrostatics associated with a pn junction.

5.1 PRELIMINARIES
] 5.1.1 Junction Terminology/idealized Profiles

Suppose for the sake of discussion that a pn. junction ‘has been formed by diffusing a
p-type dopant into a uniformly doped n-type wafer. The assumed situation is pictured in
Fig. 5.1(a). In the near-surface region where the in-diffused N, > Np, the semiconductor
is obviously p-type. Deeper in the semiconductor where Np > N,, the semiconductor is
n-type. Clearly, the dividing line between the two regions, known formally as the metallur-

gical junction, occurs at the plane in the semicond where Np — N, =0.
ote that only the ner doping is relevant in determining the position of the metallur-
gical junction. Only the net doping ion is likewise required in ishing the

electrostatic variables. Thus, instead of presenting superimposed plots of N, and Np v:xsus
x as in Fig. 5.1(a), it is more useful to combine N, and Np, information into a single
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A Np~Na Np-Na
I I"
p—— e
X X
Na N, (diffused) S
or /
Mo Np (original) Actual profile Actual profile
------ Step junction Lincarly graded junction
< idealization idealization
J (@) ®)
L Figure 5.2 Idealized doping profiles: (a) Step junction, (b) linearly graded junction.
— Metallurgical junction
¢ (Np-Np=0)
E Np — N, versus x plot as illustrated in Fig. 5.1(b). A plot of the net doping concentration
as a function of position is referred to as the doping profile.
@ When incorporated into the analysis, the actual doping profiles created by the com-
lace diffusion and ion impl Aractieall licate the mathemati

It becomes difficult to obtain and interpret results. Fortunately, oniy the doping variation in
the immediate vicinity of the metallurgical junction is of prime importance. Surprisingly
accurate results can be obtained using rather idealized doping profiles. The two most com-
Np-Na i mon idealizations are the step junction and the linearly graded junctiop profiles graphically
defined in Fig. 5.2. The more appropriate of the two idealizations depends on the slope of
the actual doping profile at the metallurgical junction and the background doping of the
starting wafer. The step junction is an acceptable appr i i plantation or

H |
E shallow diffusion into"a light] wafer, w! a5 inea ded profile
_L x ould be appropriate f¢

into,a moderate to heavily doped starting

sented herein, we arbi invoke the step junc-

5.1.2 Poisson’s Equation

Poisson’s equation is a well-known relationship from Electricity and Magnetism. In semi-

conductor work it often constitutes the starting point in obtaining quantitative solutions for
® | the el i iables. The three-di ional version appropriate for semiconductor
analyses is

Figure 5.1 Junction definitions: (a) Location of the metallurgical junction, (b) doping profile—a H
plot of the net doping versus position.

.1)
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3 j “_from the fact that the carrier concentrations in thie regi
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In one-dimensional problems where € = %, Poisson’s equation simplifies to

&%

. c
= Reon e 2 (5.2)

K is the semiconductor dielectric constant and &, is the permittivity of free space. p, pre-
viously iated with resistivity, is d to be the charge density (charge/cm?) in
analyses i ing the ic variables. A ing the dopants to be totally ionized,
the charge density inside a semiconductor is given by

l; q(p — n+ Np - NATl (5.3)

Eq. (5.3) was originally presented as the first portion of Eq. (2.23) in deriving the charge
neutrality relationship. The charge density is identically zero far from any surfaces inside
a uniformly doped semiconductor in equilibrium. However, p is often nonzero and a func-
tion of position under less restrictive conditions.

Lastly note from Eq. (5.2) that p is proportional to d% /dx in one-dimensional prob-
lems. The general functional form of p versus x can therefore be deduced from an 8 —x plot
by simply noting the slope of the plot as a function of position.

5.1.3 Qualitative Solution

Prior to performing a quantitative analysis, it is always useful to have a general idea as to
the expected form of the solution. Based on the Subsection 3.2.4 discussion leading to the
derivation of the Einstein relationship, we already know there should be band bending and
an internal electric field associated with the inherently nonuniform doping of a pn junction
diode. Let us assume a one-dimensional step junction and equilibrivm conditions in seek-

ing to d ine the general functional form of the p ial, electric field, and charge
density inside the diode.

Our approach will be to first construct the energy band chagnm for a pn junction diode
under equilibrium conditions and then to utilize previously proced: in de-
ducing the electrostatic variables. For the assumed step junction it is ble to expect

regions far removed from the metallurgical junction to be identical in character to an iso-
lated, uniformly doped semicond Thus, the energy band diagrams for the regions far
removed from the junction are concluded to be of the simple form shown in Fig. 5.3(a).
Under equilibrium conditions we know in addition that the Fermi level is a constant inde-
pendent of position. This leads to Fig. 5.3(b), where the diagrams of Fig. 5.3(a) are properly
aligned to the position-independent Fermi level. The missing near-junction portion of the
Fig. 5.3(h) diagram is completed in Fig. 5.3(c) by connecting the E, E;, and E, endpoints
on the two sides of the junction. Although the exact form of the band bending near the

pn JUNCTION DIODES

metallurgical boundary is not known, it is ble to assume the variation is
in nature, with a zero slope at the two ends of the central region. Figure 5.3(c) is of course
the desired equilibrium energy band diagram for 2 pn junction diode.

It is now a relatively simple matter to deduce the functional form of the
variables. For one, referring to Subsection 3.1.5 on band bending, the V versus x relation-
ship must have the same functional form as the “upside-down” of E_ (or E; or E,). This
leads to the V versus x dependence sketched in Fig. 5.4(b) with V arbitrarily set equal to
zero on the far p-side of the junction. Next, the 8 versus x dependence shown in Fig. 5.4(c)
is obtained by ding the hical derivative of £ as a function of position.! Finally,
the general functional form of p versus x sketched in Fig. 5.4(d) is deduced from the slope
of the € -x plot.

Perhaps the most interesting featurcs of the Fig. 5.4 solution are the voltage drop across
the junction under equilibrium conditions and the appearance o of charge near the metallur-
gical boundary. The “built-in” volmgc (V,;) will be given separate consideration in the
next subsection. Of immediate interest is the region of charge near the junction pictured in
Fig. 5.4(d). The question arises, Where does this charge come from? Answering this ques-
tion provides considerable physical insight.

Suppose that the p- and n-regions were initially separated as pictured in Fig. 5.5(a).
Charge neutrality is assumed to prevail in the isolated, uniformly doped semiconductors.
In the p-material the positive hole charges, the @'s in Fig. 5.5, balance the immobile
acceptor-site charges shown as [3's in Fig. 5.5. Likewise, in the n-material the electronic
charge (©) everywhere bal the i bile charge iated with the ionized donors
(EB). Next suppose a lly perfect ion is made b the p and n materials
as envisioned in Fig. 5.5(b). Naturally, since there are many more holes on the p-side than
on the n-side, holes begin to diffuse from the p-side to the n-side an instant after the
connection is made. Similarly, electrons diffuse from the n-side to the p-side of the junc-
tion. Although the electrons and holes can move to the opposite side of the junction, the
donors and acceptors are fixed in space. Consequently, the diffusing away of the carriers
from the near-vicinity of the junction leaves behind an unbalanced dopant site charge as
shown in Fig. 5.5(c). This is the source of the charge around the metallurgical Juncuon,
nicely correlating with the p ly deduced p versus x depend in
Fig. 5.5(d). The near-vicinity of the metallurgical junction where there is a significant non-
zero charge is called the space charge region or deglg' ion. The latter name follows

greatly reduced or depleted.
We should also mention that the build-up of charge and the associated electric field contin-
ues until the diffusion of carriers across the junction is precisely balanced by the carrier
drift. The individual carrier diffusion and drift components must of course cancel to make
Jy and Jp separately zero under equilibrium conditions.

' Actually, from the Fig, 5.4(a) energy band diagram, onc can conclud ly that the itude of €

from zero on the p-side of the junction, reaches a maximum near the mrnllurg,mal boundary, and then decreases
again to zero far on the n-side of the junction. The pseudo-linear dependence sketched in Fig. 5. 4(c) reflects an
advance knowledge of the quantitative solution.

Pn JUNCTION ELECTROSTATICS

Np-Ny

Np |

p-side n-side

(@)

—— E,

®)

B

Figure 5.3 Step-by-step construction of the equilibrium energy band diagram for a pn junction
diode. (a) Assumed step junction profile and cnergy band diagrams for the semiconductor regions far
removed from the metallurgical junction. (b) Alignment of the part (a) diagrams to the position-
independent Fermi level. (c) The completed energy band diagram.

pnJUNCTION ELECTROSTATICS

< 0 X

®)

@
Figure 5.4 General functional form of the clectrostatic variables in a pn junction under equilib-

rium conditions. (a) Equilibrium energy band diagram. (b) Electrostatic potential, (c) electric field,
and (d) charge density as a function of position.
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5.1.4 The Bulit-in Potentlal (V)

The voltage drop across the depletion region under equilibrium conditions, known as the

built-in potential (Vy;), is a junction p of sufficient imp to merit further

consideration. We are particularly i in establishing a putati relationship

for Vj,;. Working toward the stated goal, we consider a nondegenerately-doped pn junc!.ion

(a) maintained under equilibrium conditions with x = 0 positioned at the metallurgical

boundary. The ends of the equilibrium depletion region are taken to occur at —xp‘anﬁ‘ X, o
on the p- and a-sides of the junction respectively (sce Fig. 5.4b). ked ”’34{2_'\’_ pe=Tiai "}};T’

P N

50 B B0 B0 ||om o8 OB el
B0 00 BO po||oB OB el em
B0 B0 B0 Bo||ca o8 o8 om
20 B0 B0 B0 (oA OB o8 od

q

Proceeding with the derivation, we know

-~— 0

a 1 T o
00 B0 B0 56|05 OB oF o8 p L 2 —— EF
99 090 B0 g0 (0B o8 ol o8 g = - 64
B0 B B0 0o OB OB oE o8
B 5o 20 2o
@— Integrating across the depletion region gives
(®) .
Viza)
- —jx' € ax =f Uoav=Vix) - V(-x) = Wy (5.5)
* -x; V(=xp)
. P P .
=] ; oF om @ Furthermore, under equilibrium conditions,
5@ 80 89 H
B0 B0 B0: 8 | @ (68 gla gm N
80 60 B9, 8 | B 08 OB o8& _ an _ 56
09 860 B6: & | @ ‘o8 6B o8 ' Iy = qun% + qDNdx 0 5.6)
\
@ ' & A | Solving for % in Eq. (5.6) and making use of the Einsteﬁl— rflitio_nshi!:. we obtain
o Dy duds . kT dnias O DX
- g=-—B— = ——— Py g, 5D
b i My B q n f -
Substituting Eq. (5.7) into Eq. (5.5), and completing the integration then yields
- 3 nlxa)
* V>-=—f‘ <g,ix=l‘_T ﬂ:ﬂ‘ln[ﬂ"ﬁ_ (5.8)
- ! ~xp q Int-x) n g [a(-x,)
i For the specific case of a nondegenerately doped step junction where Ny, and N, are the
n- and p-side doping concentrations, one identifies
@ n(x)) = Np - (5.92)
Figure 5.5 C pn junction ion and iated charge tribut (a) Isolated p
and n regions. (b) Electrons and holes diffuse to the opposite side of the junction moments after ~ ﬁ N som
joining the p and a regions. (¢) Charge redistribution completed and equilibrium cgn&i.xuons re-estab- n(—x,) = N (5.
lished. (d) Previously deduced charge deusity versus position. (@-holes, B-ionized acceptors, L_“‘ A
©-electrons, and B-ionized donors.)
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and therefore

(5.10)

It is useful to perform a sample computation to gauge the relative magnitude of the
built-in voltage. Choosing N, = Ny, = 10'S/cm3 and a Si diode maintained at 300 K, one
computes Vy; = (0.0259) In(10%°/1020) = 0.6 V. This is a typical result. In nondegenerately
doped diodes V,; < Eg/g, or Vy, is less than the band gap energy converted to volts. Non-
degenerately doped Ge, Si, and GaAs diodes maintained at room temperature exhibit a V,,
less than 0.66 V, 1.12 'V, and 1.42 V, respectively.

The relationship between V,; and Eg alluded to in the preceding paragraph is nicely
explained by an alternative V,, derivation based on the energy band diagram. Referring to
Figs. 5.4(a) and (b), we note

Vi = V(x,) =~ V(~x,) (5.11a)
1 1 = 2542 * %Tln(l_ve)
"
= ;[Eg(—x,) - Efx)] = ;[Ei(—x,) - Ef(x,) (5.11b)
For n*-p junctions, N, simply replaces Ny, yielding a computationally equivalent
fationship. The V,; ional program and plot (Fig. ES.1) follow:
or
MATLAB program script...
v i : 5 %Vbi Comiputation (p+/n and n+/p junctions)
= ~[(E - e + (Ex — E)o. 5.1
= U = Edpuge + (Ex = By 612 o Constants
EG=1.12;
kT=0. H
Clearly, for a nondegenerately doped diode both (E; = Ep)p oo and (Ep — E), g, are m=1.ozle)?
less than E/2, making Vi; < Eg/q. Moreover, in a nondegenerately doped step junction '
under equilibrium conditions, %Computation

(E; = Ep)psge = kT In(N,/n;) (5.13)

(Ep = E)pyge = KT In(Np/n,) (5.13b)

Substituting Eqgs. (5.13) into Eq. (5.12) and simplifying yields Eq. (5.10). Note that, while
Egs. (5.13) and hence Eq. (5.10) are valid only for nondegenerate dopings, there are no
doping-related restrictions on the validity of Eq.(5.12).
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(C) Exercise 5.1

P: Most real diodes are very heavily doped on one side of the junction. In computing
the built-in voltage of p*-n and n *-p step junctions, it is common practice to assume
that the Fermi level on the heavily doped side is positioned at the band edge; ie.,
Ep=E,inap* material and Eg = E, in an n* material. Making the cited assump-
tion, compute and plot ¥, as a function of the doping (N, or Np) on the lighdy
doped side of Si p*-n and n*-p step junctions maintained at 300 K. The plot is to
cover the range 10'%/cm® < N, or Np < 10'7/em?,

S: Specifically considering a p*-# junction, we can write
(E; = Ep)pg 2ssumed= E; ~ E, = E;2
(Bp = E)pgae = KT In(Np/n;)

Substituting into Eq. (5.12), which is valid for arbitrary doping levels, we rapidly
conclude

ND=logspace(14,17);
Vbi=EG/2+kT.*log(ND/ni);

%Plotting

close

semilogx(ND, Vbi); grid

axis([1.0e14 1.0e17 0.75 1))

xlabel('NA or ND (cm-3)); ylabel("Vbi (volts)')

text(1¢16,0.8,'Si, 300K")

text(1¢16,0.78,'p+/n and n+/p diodes’)
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Vbi (volts)

o 1018 ’ : 10% : 1087
NA or ND (cm-3)
Figure E5.1 Built-in voltage in Si p “-n and n *-p step junction diodes at 300 K.

5.1.5 The Depletion Approximation
To obtain a quantitative solution for the electrostatic variables, it will be necessary to solve
Poisson’s ion. The depletion approximation facilitates closed-form solu-
tions to the equation. Appearing in a myriad of device analyses, the depletion app i
tion is far and away the most important and most widely encountered of the simplifying
approximations used in the modeling of devices.
To why the depletion approximation is int d ider the one-
dimensional Poisson equation rewritten as Eq. (5.14). The doping profile, Np — N,, ap-
pearing in the equation

a8 I q
a8 _ - —n+ Ny - N 5.14)
T " Kooy KemgP Tt Mo — NN ¢

is assumed to be known. However, to write down p as a function of x, solve the differential
equation for B versus x, and eventually obtain V versus x, one must also have explicit
expressions for the carrier ations as a of x. Unf ly, the carrier
concentrations in 6 # 0 regions, like the pn junction depletion region, are not specified
prior to solving Poisson’s equation. Rather, p and n in the depletion region are functions of
the potential as is obvious from an examination of the Fig. 5.4(a) energy band diagram.
Although exact closed-form (usually complex) solutions do exist in certain instances, the

S
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Fig. 5.6(b). When the depletion approximation is invoked, the one-dimensional Poisson

equation simplifies to
4 - N, L—X, S XS X, (5.15a)
VaR-* Keea 0~ W ; :
dr 0 ...xs—x,andeX,‘ (5.15b)
Note that, except for the values of —x,, and x,, the charge density is‘ totally specjﬁed
by invoking the depleti imation. Moreover, the charge density will have precisely
8 P pp
Np-Na P
% -
X _ Pa X
@)
Np=-Na P
\ L0
x * X
®)

Figure 5.7 Relationship between the doping profile and the charge density based on the depletion
approximation. (a) and (b) are two separate examples.

Pn JUNCTION ELECTROSTATICS
depletion approximation provides a simple, nearly I way of obtaining app
solutions without prior knowledge of the carrier concentrations.

We have already established the basis for the depleti imation. A

feature of the g of a nonzero charge density straddling
the metallurgical junction. This charge arises because the carrier numbers are reduced by
“ditfusion across (e junction. The carrier “depletion” tends to be greatest in the immediate
vicinity of the metallurgical boundary and then tails off as one proceeds away from the
junction. The depletion approximation introd an ideali of the actual charge dis-
tribution.-The app! has two p
carrier concentrations are assumed to be negligible compared to the net doping

tion in & region = x, S x = x, straddling the metallurgical junction. (2) The charge density

outside the depl€Tion Tegion is taken to be identically zero. The depletion approXimarioh is

solution was the

summarized pictorially in Fig. 5.6(a) and is illustrated assuming a step junction in - 1;'
[

p=4Np-Np)

(a)
P
+
-,
S x
X
—— Exact
------ Depl. A) .
®)
Figure 5.6 (a) Pictorial summary of the depleti P ®) of the approxi-
mation as applied to a step junction.
Pn JUNCTION ELECTROSTATICS

the same f!mc(i?nal fom} as Ny — N, within the depletion region. Figure 5.7 is presented
to emphasize this last point by showing the p versus x plots associated with sample doping
profiles of a moderately complex nature.

5.2 QUANTITATIVE ELECTROSTATIC RELATIONSHIPS

With the preliminaries out of the way, we proceed to the main event: development of quan-

titative relationships for the el ic variables. The development primarily deals with
the step juncl‘ion and is presented in detail not only to obtain the desired relationships but
also to establish the derivational dures that can be applied to other doping profiles.
‘We begin by carefully specifying the system under analysis, turn to the step junction under
equilibrium conditions, and then consider the modifications required when there is an ap-
plied bias. The section concludes with a concise derivation and examination of the electro-
static relationships appropriate for a linearly graded junction.

5.2.1 Assumptions/Definitions

Major features of the pn junction diode subject to analysis are identified in Fig. 5.8. All
variables are taken to be functions only of x, the coordinate normal to the semiconductor
surface. The device is thus said to be “one-dimensional”; obvious two-dimensional effects
associated with the lateral ends of a real device are assumed to be negligible. For the elec-
trostatic analysis, x = 0 is positioned at the Ilurgical boundary. E: to
the ends of the diode are specified to be “ohmic” in nature. By definition, a negligible
portion of an externally applied voltage appears across an chmic contact. Note that the

na-silicon

Arca (cm?)
x

(a) (by

Flgure 5.8 (a) Sketchofa physical diode. (b) One-dimensional diode subject to analysis including
the applied voltage, di and contact specificati

5,
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symbol V,, is used for the appli . The subscript A distinguishes the applied voltage
from the internal junction voltage. In the initial development V, is set equal to zero, or
equivalently, the device is assumed to be in equilibrium.

5.2.2 Step Junction with V4 =0 N

Solution for p

We consider a step junction under equilibrium conditions. N, is drawn greater than Ny, in
the Fig. 5.9(a) sketch of the doping profile for the sake of illustration. As summarized in

P

Fig. 5.9(b), invoking the dep PD! ion yields the charge density solution
—qNy e mx S X =0 (5.16a)
p= qNp LL.0=xSx, (5.16b)
0 .xS —xpand x = X, (5.16¢)

The values of x,, and x, arc not known at this point but will be determined later in the
analysis.
Solution for €

Substituting the charge density solution into Poisson’s equation gives the equations to be
solved for the electric field.

~gNAlKsgo L=x,=xs0 (5.17a)
e gNp/Kseq L..0=x=x, (5.17b)
0 Lo x = —xpandex,‘ (5.17c)

% = 0 far from the metallurgical boundary and therefore 8 = 0 everywhere outside of the
depletion region. Since 8 must also vanish right at the edges of the depletion region, € =
Oatx= —x,and 8 =0arx=x, respectively become the boundary conditions for the
(5.17a) and (5.17b) di ial equati parati jables and integrating from the
depletion region edge to an arbitrary point x, one obtains for the p-side of the depletion
region

)  oN,
j 4%’ = —J’ oA g (5.18)
o -5 Ks&g
or
gNa
= - + L mx =X = Al
€(x) Ks%(xp x) x,=x=0 (5.19)

e
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Similarly on the n-side

fo ag = [ o gy (5.20)
e(x) = Kseq
or
B = — o 0sxs 521
(x)_-l(s(x"_x) X S X, -

The efectric field solution is plotted in Fig. 5.9(c). This result is of course consistent
with the qualitative solution sketched in Fig. 5.4(c). Within the depletion region the field is
s negative and exhibits a linear yvariation with position. It should be noted that in
constructing Fig. 5.9(c) the electric field was taken to be continuous at x = 0; the p- and
n-side solutions were simply hed at the ical boundary. From Electricity and
Magnetism, we know the electric field will be continuous across a boundary as long as a
sheet of charge does not lie along the interface between the two regions. 1f the (5.19) and
(5.21) expressions for the electric field are evaluated at x = 0 and equated, the continuity
of the electric field is found to require

alway:

Nax, = Nox, 62

For those familiar with Gauss' Jaw, the fact that € = 0 outside the depletion region means
the total charge within the depletion region must sum to zero, or the minus charge on the
p-side of the junction must balance the plus charge on the n-side of the junction. Previous
charge density plots (Figs. 5.4—5.7) have all been drawn with this fact in mind. Applied to
the step junction p versus x plot in Fig. 5.9(b), the balance of charge requires the rectan-
gular areas on the p- and n-sides of the junction to be equal, or gN,x, = gNpx,. Thus
Eq. (5.22) may be viewed alternatively as a reflection of the fact that the total charge within

the depletion region must sum to zero.
-

Solution for V

Since § = —dVidx, the el ic potential is obtained by solving
Wy 4 L-x,=xs0 L 623
v _ Ks%(xp x) X, = x
o ﬂp—(x,, - x) .. 0=x=x, (5.23b)
K&

With the arbitrary reference potential set equal to zero at x = — X, and remembering the
voltage drop is V,; across the depletion region under equilibrium conditions, Eqs. (5.23a)
and (5.23b) are respectively subject to the boundary conditions

pn JUNCTION ELECTROSTATICS

No~ Ny

No

(@)
I
aNp
%
x
Xy
~aNa
®
2
2 [0 Zn
X
©
v
W \
T T X
*p Xn
@

Figure 5.9 Step juncti i i i
junction solution. Depletion approximation based itati i
§ ! ! . on. D quantitative solution for
; ;l::s(t:uz ;amblcs ina pn step junction under equilibrium conditions (V,, = 0). (a) St;p juncﬁl::
- (b) Charge density, (c) electric field, and (d) electrostatic potential as a function of position.
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oy -
[ Vo xs (5.240)
q_,fv= Ve at x=1x, (5.24b)

Separating variables and integrating from the depletion regi i i
one obtains for the p-side of the depletion regior? P eElon edge to i rbiray point

(-]
av' = e
o ey Kogg o T X (5.25)

N,
Vin) = A (x, + x)?
s€o

K X, =xs0 (5.26)
Similarly on the n-side of the junction
Vi Xn gN,
= j MNo o
or
-y, - N
V(x) = Vy Dx.-x2 .. .0=xs= X, (5.28)

2Kse,

The electrostatic potential solution given by Egs. (5.26) and (5 i i
:;-:5 5.:5(!). ';':;,e l"vers'us x dependence is quadratic in nature, w)ith a an-?:‘?elzufi::;: &;:
" ":s- ide of the ;uncuor? and a convex curvature on the n-side of the junction. Parallelin,
‘e —ﬁel:lt irgcgdl_:_'r:; Fig. S.QEd) was d simply by hing the p-’ and n-sidE
=0.Th ity of the el icp ial at x = 0 is justi
;e::;lsc ll.lexe is no dipole layer (cl_oscly spaced sheets of plus and minus charge)li-;:‘glﬁl;g
urgical boundary. Note that if the (5.26) and (5.28) expressions for th i
evaluated at x = 0 and equated, one obtains el e

Ny , N,
=y - 9% .
2"580}(p H ZKssoxi (5.29)

Solution for x, and x,

The electrostatic solution is not com i

plete until the values of x,, and x_ are determi
th_e c:urse. of the d_evclol')mem, we have already laid the po:mdwo:k for ol:!:;:i[:xed.ttlz:
n-and p-side depletion widths. Specifically,.x, and x, are the only unknowns in Egs. (g 22)
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and (5.29). Eliminating x, in Eq. (5.29) using Eq. (5.22) and solving the resulting equation
for x,, rapidly yields

n
UKe, Ny ] (5.302)
= |£328%0 A V.
X = [ g Np(N, + Np) 5

and

n
_ Nox, _ [2Ksee —-"iL—v.,i] (5.306)
% TN, g NA(NA + Np)

Tt also follows that

]
+ N,

Wex + x, = [—JZKSE (M)Vbl] 63D
AfNp

W, 'thc total width of the depletion region, better known simply as the g_efl_efn‘on width, is
of'ten encountered in practical device computations.

Exercise 5.2

P: Perform a sample computation to gauge the size‘ of Wand |8 | e under ;q:,ilib_:
rium conditions. Specifically assume a Si step junction operated at 300 K with N,
10'7/cm? and Ny, = 10'/cm®.

S: For the given junction,

KT, (NN, ﬂ’)“_""_)] = 0656V
=2 m(”‘l—?") = (0.0259) ln[ o) 0

Making use of Egs. (5.30), one computes
2
2K e, ' (2)(11.8)(8.85 X 10~14)(0.656)
x, = [_s 2y, =
" aNp

(1.6 X 10-19)(10)
=293 x 10~4 cm = 2.93 pm

N - - -7
=(Ze = 3x, = 293 X 10~ cm
Xp = (NA)X“ (10=5)x,

and

216
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the voltage drop,acro.ss the depletion region, and hence the boundary condition at x = x,,

mes Vi, = Vi ) ) )
btmSi::e nllﬁe on?y modification to the formation of the problem is a change in one

| hi be lated from the
boundary condition, the V, # 0 ic onships can p fron
vV, = T)'yre)axionships by simply replacing all explicit appearances of Vy; by _Vu. - ‘::s
M:\king the indicated substitution yields the V,, # 0 solution for the electrostatic varial

given in Egs. (5.32)~(5.38).

For —x,=x=0...

N 5.32
B(x) = -%s;’:(x, +x) 32)
= W vy (5.33)
VO = Sxel e
n
- 2Kseo__Nﬂ_._ V. — )] - (5.34)
i [ g NV, + N,,)(;L%:; ‘
= “Ti
For0sx=x,... T
- o g 535
B(x) = Ks%(x,. )
L (5.36)
Vix) = Vy — V4 ZKseo(x" Y
”
N 7 S N m] (537)
BT N+ Np) Y -
cal
and
v :
_zmuv,_v)] 639
W—[ q (NAND (_m b -1
To prevent an imaginary result, V, is ot Ly re,su'ictede Vo= Vb}inEqs. (5.34).(5.37).

and (5.38). The formulation fails because a large current begins 1o flow, and the quasineu-

tral region voltage drops cannot be neglected, when V,, approaches Vy;.

1 Pn JUNCTION ELECTROSTATICS 215

_ - N _ (L6 X 10-9)(101$)(2.93 X 104
1% |ous = 1€ ©)] Kseq (11.8)(8.85 X 10~ 1)

= {449 X 10® V/iem

W could have been computed directly using Eq. (5.31). However, we wished to make
the additional point that in an asymmetrically doped junction (Np 2 Npor Ny »
N,) the depletion region lies almost exclusively on the lightly doped side of the
metallurgical boundary.

5.2.3 Step Junction with V, # 0

The solution for the electrostatic variables must be to V,, # 0 operating conditi
if it is to be of practical utility. One solution approach would be to pedantically repeat the
derivations from the previous subscction with V,, # 0. Fortunatefy=tiere=is an easier
approach.

Consider the diode in Fig. 5.10 with a voltage V, # 0 applied to the diode terminals.
This voltage must be dropped somewhere inside the diode. However, in a well-made device
a negligible portion of the applied voltage appears across the contacts to the device. More-

over, under low-level ji current levels) the resistive voltage
drop across the i p- and g ding from the to the edges of
the depletion region will also be negligible. The applied voltage must therefore be dropped

across the depletion region. When Vi > 0, this externally imposed voltage drop lowers the L—
potential on the #-side of the junction relative to the p-side of the junction. Conversely,
when V,, < 0, the potential on the n-side increases relative to the p-side. In other words,

Va dropped here
Negligible voltage drop (low-level injecti igible voltage drop (low-leve! inj
—
' Negligible voltage drop ~ \ —_— ,— Negligible voltage drop /‘(ﬂ'evuwlb.
(ohmic contact) (ohmic contact) [P
‘/I‘_G_Uell)/l'

Figure 5.10 Voltage drops internal 1o a diode resulting from an externally applied voltage.
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(C) Exercise 5.3

P: Construct a log-log plot of the depletion width (W) versus the impurity concentra-
tion (N, or Np) on the lightly doped side of Si p*-n and n *-p step junctions main-
tained at 300 K. Include curves for ¥, = 0.5V, 0V, and — 10 V covering the range
10"/cm?® = N, or Ny =< 10'7/cm3,

8: The V|, associated with the p*-n and n*-p step junctions is computed using the
fationshi blished in Exercise 5.1. Also, with the junction asymmetrically

) in
doped, the doping factor in the Eq. (5.38) expression for W simplifies to

N+ Np_ 1
NAND B NB

where Ny is the doping (N, or Np,) on the lightly doped side of the junction. The
MATLAB program for the W versus doping computation and the program results
(Fig. E5.3)follow:

MATLAB program script...

% This program calculates and plots the depletion width vs impurity

% concentration in Silicon p+/n and n+/p step junctions at 300K.

i %

% Three plots are generated corresponding to VA = 0.5V, 0.0V, and — 10V
%o

% The Vbi relationship employed is Vbi=(EG/2q)+(kT/q)in(NB/ni)
% where NB is the impurity concentration on the lightly doped side.

%Constants and Parameters

T=300; % Temperature in Kelvin
k=8.617e-5; % Boltzmann constant (e V/K)
e0=8.85¢-14; % permittivity of free space (F/cm)
q=1.602¢e-19; % charge on an electron (coul)

KS=11.8; % dielectric constant of Si at 300K

ni=lel0; % intrinsic carrier conc. in Silicon at 300K (cm#-3)
EG=1.12; % band gap of Silicon (eV)

%Choose variable values

NB=logspace(14,17): % doping ranges from 1e14 to lel7
VA=[0.50-10); % VA values set
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%Depletion width ca.lculalijor.l)
Vbi=EG/2+k*T.*log(NB/ni);
W(l,)= l.0e4“sqn(2"KS‘c0/q.‘(Vbi-VA( 1))./NB);
W(2,:)=1.0e4*sqr1(2*KS*e0/q. *(Vbi- VA(2))./NB);
W(@3,)= l.0c4‘sqn(2‘KS‘eO/q.‘(Vbi-VA(S))./NB)I

%Plot

close

loglog(NB, W,-); grid

axis((1.0¢14 1.0¢17 1.0e-1 1.0e1])
xlabel(NA or ND (cm”-3)")

ylabel('W (micrometers)’) )
set(gca, DefaultTextUnits', normalized’)
text(.38,.26, VA=0.5V")
text(.38,.50,'VA
text(.38,.76,"VA
text(.77..82,'Si.300K")
text(.77,.79,'p+/n and n-+/p’)
set(gca, DefaultTextUnits','data’)

“10t
i3
v
- VA 10V b
\
7 - N SN
N SR TN
100 i
E <
VAZDS TR
™~ X H
g
\\
\\\ o]
g i)
000 105 10 10
NA or ND (cmA3)

Figure ES.3 Depletion width at select applied biases as a function of doping (Si, p*-n and

n™*-p step junctions, 300 K).
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fe————> V5 <0
le——W—> V5 =0
p——s V4>0
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v
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Figure 5.11 Effect of forward and reverse biasing on the (a)'depllelion width, (b) charge density,
(c) electric field, and (d) electrostatic potential inside a pn junction diode.
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5.2.4 Examination/Extrapolation of Resuits

ded P

Having exp effort in establishing the results, it is reasonable to spend a
few moments examining the results. We are particularly i d in how the el H

variables change as a function of the applied bias. Examining the (5.34) and (5.37) rela-
tionships for x,, and x,, we conclude these widths decrease under forward biasing (V, >
0) and increascufider reverse biasing (V,, < 0). This conclusion is of course consistent with
the ise 5.3 putation showing a smaller depletion width for V, > 0 and a larger
depletion width for V,, < 0. The changes in x, and x, likewise translate into changes in the
electric field. As deduced from Egs. (5.32) and (5.35), a smaller x, and x,, under forward
biascs cause the € -field to decrease everywhere imm&lmrwhilc-q:e
larger x,, and x, associated with reverse biases give rise to a larger % -field. This conclusion
is also reasonable from a physical standpoint. A decreased depletion width when V, > 0
means less charge around the junction and a cor dingly smaller--field. -V,-<-0ron

_the. other-hand:-creates-a larger space charge region and a bigger.electric-field—Simitarly, "

the potential given by Eqgs. (5.33) and (5.36) decreases at all points when V, > 0 and
increases at all points when V, < 0. The potential hill shrinks in both size and x-extent
under forward biasing, whereas reverse biasing gives rise to a wider and higher potential
hill. The f ing di ion is hically summarized in Fig. 5.11.

In Subsection 3.1.5 we established a dure for deducing the form of the electro-
static potential from a given energy band diagram. The procedure was applied in
Subsection 5.1.3 to obtain the qualitati lution for the el ic p ial inside a pn
junction under equilibrium conditions. Having just described and envisioned (Fig. 5.11d)
how the potential changes as a function of bias, we should be able to reverse the cited
procedure to construct the energy band diagrams appropriate for a pn junction under for-
ward and reverse bias. Specifically, we know what the energy band diagram looks like
under equilibrium conditions (redrawn in Fig. 5.12a). Conceptually taking the upside-down
of the p ial plots and appropriately modifying the equilibrium energy band diagram—
smaller depletion width and smaller hill for forward bias, larger depletion width and larger
hill for reverse bias—yields the diagrams for forward and reverse bias respectively pictured
in Figs. 5.12(b) and (c).

Several are in order ing the V,, # 0 di For one, the Fermi
level is omitted from the depletion region because the device is no longer in equilibrium
and a single level cannot be used to describe the carrier concentrations in this region, In
fact, the levels Jabeled Ep, and E g, occupying the former position of the Fermi level in the
quasineutral regions, are actually majority-carrier quasi-Fermi levels. However, the devia-
tion from equilibrium in the nondepleted portions of the diode is normally small, especially

far from the ji and it is theref ptable to using the E designation.
Finally, by carefully i ing the di itis readily ished that
Egy = Egy = —qV, (5.39)

Equation (5.39) suggests one may conceive of the diode terminals as providing direct ac-
cess to the p- and n-ends of the equilibrium Fermi level. Conceptually grabbing onto the

PnJUNCTION ELECTROSTATICS

(b) Forward bias (VA > 0)

(c) Reverse bias (VA < 0)

Figure 5.12 pn junction energy band diagrams. (2) Equilibrium (V,, = 0), (b) forward bias (V>
0), and (c) reverse bias (V,, < 0).

ends of the equilibrium Fermi level, one progresses from the equilibrium diagram to the
forward bias diagram by moving the n-side upward by ¢V, while holding the p-side fixed.
Similarly, the reverse bias diagram is obtained from the equilibrium diagram by pulling the
n-side Fermi level downward.

{C) Exercise 5.4
Once a quantitative relationship has been established for the el icp ial, it
b ible to a fully di ioned energy band diagram. The “Dia-

gram Genremor" program that follows draws the equilibrium energy band diagram
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. R PP The
for a nondegenerately doped Si step junction at room lemp

user is ‘;romgpted to i:putl:ehc p- and a-side doPir{g Com:el?trat'lor!s‘ Run thelp;ts!lgr::;
trying different N, and Ny, combinations. It is informative to include at le o
combination each where Ny » Np, N, & Np, and Ny < N, 13;: .asymmed.:_
junctions are of particular interest because the resultant "‘one-slded ('imgr::s:'fl ; ner
from those normally included in textbooks. ’I’l}e user might also~ mnsnderr " 1;1:5 8
the program so that it draws the energy band diagram for an arbitrary applie! 3

MATLAB program seript...

% Equilibrium Energy Band Diagram Ge\:mratc_:r
%(Si, 360K, B¢ 1y doped step j

)

%Constants .
T=300; % Temperature in Kelvin

k=8.617¢-5; % Boltzmann constant (€V/K)

e0=8.85¢e-14; % permittivity of free space (Flcm)

q=1.602¢-19; % charge on an electron (coul)

KS=11.8; % Diclectric constant of Si R
ni=1.0el0; % intrinsic carrier conc. in Silicon at 300K {cm”-3)
EG=1.12; % Silicon band gap (eV)

%Control constants . I
xleft = -3.5e-4; % Leftmost x posiuqn

xright = -xleft; % Rightmost x position 1
NA=input ('Please enter p-side doping (cm*-3), NA =),
ND=input (‘Please enter n-side doping (cm?-3), ND = );

%Computations
Vbi=k*T*log((NA*ND)/ni"2); . ) . |
le"sqn(Z'IES*eO/q‘NA"Vbi/(ND‘(NA+ND)))'. % Deplelfon w!d!h n-s,de |
xP=squ(Z‘KS‘eOIq*ND‘VbiI(NA’(NA+ND))): % Depletion width p-side
x = linspace(xleft, xright, 200); |
A%241 =(Vhi-q'ND.*(xN-X)."?./(Z*KS"cO).‘(x<=xN))"'(x>=0): i
Vx2=0.5*q*NA.*(xP+ x).A2/(KS*e0).*(x>=-xP & x <0); .
Vx=Vx1+Vx2; ¢ % V as a function of x I
VMAX = 3; ' % Maximum Plot Voltage !

EF=Vx(1)+VMAX/2-k*T*log(NA/ni); % Fermi level

%Plot Diagram

close

plot (x, -Vx+EG2+ VMAX/2),
axis ([xleft xright 0 VMAX]); |
axis (‘off’); hold on

plot (x, -Vx-EG/2+ VMAX/2),
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‘e 513 Lincarly graded solution. Depletion-approxin q d
zeg :l';tmsmic varinb{cs in a lincarly graded junction. (2) Linearly graded profile. (b} Charge den

sity, (c) electric field, and (d) electrostatic potential as a function of position.
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plot (x, -Vx+VMAX/2,'w:);

plot ([xleft xright], [EF EF], 'w');

plot ([0 0], [0.15 VMAX-0.5], 'w--");
text(xleft*1.08,(-Vx(1)+EG/2+ VMAX/2-.05),Ec’);
text(xright*1.02,(-Vx(200)+EG/2 + VMAX/2-.05),'Ec’);
text(xleft*1.08,(-Vx(1)-EG/2+ VMAX/2-.05),Ev");
text(xright*1.02,(-Vx(200)-EG/2+ VMAX/2-.05), Ev');
text(xleft*1.08,(-Vx(1)+VMAX/2-.05), Ei");
text(xright*1.02, EF-.05, EF");

set(gca, DefaultTextUnits','normalized’)

text(.18, 0,'p-side’);

text(.47, 0, 'x=0";
text(.75, 0,'n-side’);
set(gea, DefaultTextUnits','data’)
hold off

5.2.5 Linearly Graded Junctions

The linearly graded profile, as noted in the preliminary discussion, is a more realistic ap-
proximation for junctions formed by deep diffusions into moderate to heavily doped wa-
fers. Redrawn in Fig. 5.13(a), the linearly graded profile is mathematically modeled by

Np — N, = ax B (5.40)

where @ has units of cm ~* and is called the grading constant.
Since we scek a quantitative solution foiffié ¢[e&trostatic variables associated with the
linearly graded profile, this subsection might be viewed as an unnumbered exercise—an
illustration of how the procedures established in the step junction analysis are applied to
another profile. However, there are features of the linearly graded analysis that are suffi-
ciently different to merit special i ion. First and f the Eq. (5.40) profile is
continuous through x = 0. This actually simplifies the math ical develop Itis not
necessary to treat the p- and n-sides of the depletion region separately or to match the
solutions at x = 0. There is only one p, €, and V solution for the cntire depletion region.
Moreover, because the profile is symmetrical about x = 0, all of the electrostatic variables
likewise exhibit a symmetry about x = 0. A somewhat complicating feature is the nonuni-
form doping outside of the depletion region. From previous work we know the nonuniform
doping means there is a residual p, electric field, and potential drop external to the central
depletion region. We ignore this fact, taking p = 0,% = 0, and V = constant outside of the
depletion region in the develop to be p d. Finally, although V is taken to be a
constant outside of the depletion region, a modification of the Eq. (5.10) expression for Vi
is still necessary and will be included at the end of the analysis.

PN JUNCTION ELECTROSTATICS
Launching into the analysis proper by invoking the depletion approximation yields

- {qax .- WR=sxsWwWR (5.41a)
x) =
’ 0 L.o.x=-WR2 and x= WR2 (5.41b)

Note from Fig. 5.13(b) that the charge density is symmetrical about x = 0, and one
must have

w

B=a =y (5.42)

Substituting into Poisson’s equati ing variables, and i ing from the p-edge

of the depletion region where % = 0 to an arbitrary point x inside the depletion region then
gives

wY w w
== e (= - T=xs— 5.43
B(x) 2Ksso|:x (2)] 2_xsz (5.43)

A linear p versus x dependence naturally gives rise to a quadratic § versus x d d

Next setting % (x) = — dV/dx, separating variables, and integrating once again from
the p-edge of the depletion region where V = 0 to an arbitrary point x, one obtains the
cubic relationship

3 2
=22 |,(¥ L4 TR _¥ L4
V(x) = 6Kssu[2(2) + 3(2):: x] 2 s=x= 3 (5.44)

To complete the solution, to determine W, we note that the voltage drop across the depletion
region must be equal to V,; — V,,, or V(x) = V;; — V, at x = W/2. Making the indicated
substitutions into Eq. (5.44) and solving for W, one finds

"
_ [12kseq, .,
W'[ 2 Vi VA)] (5:45)

For future reference it is important to note that the linearly graded depletion width varies
as the cube root of V,; — V,,, whereas the step junction depletion width varies as the square
root of Vy; ~ V.

Numerical computations of the linearly graded p, €, and V versus x would of course
require an expression for V,;. The Eq. (5.10) expression for V,; cannot be used because it
was specifically established assuming a step junction. However, the V,; derivation up to and
including Eq. (5.8) places no restrictions on the doping profile other than requiring that the
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doping be nondegenerate. Consequently, for nonstep junctions one merely needs to re-
evaluate n(x,) and n(—x;) the electron concentrations at the edges of the equilibrium
depletion region. For a linearly graded junction

ROt quitiom = (Np = Nadlwye = aWp/2 (5.46a)
n? n? n?

= T (5.46b)
“Wp — Nl _wen  aWol2

i
n(—x itibsium = =
(= Xp ) cquitibrium P~ Xp)cquitivriom

where W, = W| v,mo- Substituting Egs. (5.46) into Eq. (5.8) then gives

2

kT = (aW, 24T {aW,
= (M) - 2 (2 5.47
Ya q ]n(z"x) q n(z"i> G4

or, making use of Eq. (5.45),

7]
vy = 2T 1n[—“— (Eﬁq VM) ] (5.48)
7 "[2n\ qa

Equation (5.48) cannot be solved explicitly for V; but must be numerically iterated to
determine V,; for a given grading constant.

5.3 SUMMARY

The pn junction electrostatics covered in this chapter provides a foundation for the opera-
tional modeling of the pn junction diode and other devices that incorporate pn junctions.
Early in the development we defined terms such as profile and metallurgical boundary,
introduced the idealized step junction and linearly graded junction profiles used extensively
in analyses, and d Poisson’s eq which often the starting point in
btaining quanti lutions for the el ic variables. Other preliminary consid
tions included a qualitative solution for the electrostatic variables based on energy band
and the derivation of ionships for the built-in voltage. The
depletion approximation, the most imp and widely d of the simplifying
pp used in the ing of devices, was introduced and illustrated.

The established formalism was initially applied to obtain quantitative solutions for the
charge density, electric field, and electrostatic potential inside a step junction under equilib-
rium (V, = 0) conditions. The analysis was subsequently extended to V, = 0. The effect
of an applied bias on the electrostatic variables was carefully examined and used to deduce
the energy band diagrams for pn junctions under forward and reverse biasing. Finally,

itati lutions were ined for the ic variables inside a linearly graded

ional

;n junction.
It is hoped the reader has acquired a qualitative feel for the el inside
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(&) In solutions based on the depletion approxi jon, the magnitude of the electric field
reaches a maximum right at the metallurgical boundary.

(h) If one has a p*-n step junction, a junction where N,(p-side) > Np(n-side), then it
follows that x, <€ x,..

(i) The potential hill between the n-side and the p-
ward biasing.

(j) The depletion width in a linearly graded junction varies as (Vy; ~ AL

side of a junction increases with for-

is doped such that Ep =

5.2 A silicon step junction d at room per
E, — 2kT on the p-side and Eg = E_ — Egl4onthe n-side.

(2) Draw the equilibrium energy band diagram for this junction.
(b) Determine the built-in voltage (Vy;) giving botha symbolic and a numerical result.

5.3 Consider the p1—p2 “isotype™ step junction shown in Fig. P5.3.

\\ NaG)
\:,\ / Nay
) \/\\/ o

\_// 0 *
/ Figure P5.3

(a) Draw the equilibrium energy band diagram for the junction, taking the doping to be
nondegenerate and N, > Nyp,.
(b) Derive an expression for the built-in voltage (Vy;) that exists across the junction under

equilibrium conditions.

(c) Make rough skeiches of the potential, electric field, and charge density inside the
junction.

(d) Briefly describe the depletion app

(¢) Can the depletion approximation be invoked in solving for the electrostatic variables

inside the pictured p1-p2 junction? Explain.
librium conditions has a

i juncti intained at room temperature under equil
5.4 A Si step junction maintaine peral o Sfons, Compute

p-side doping of N, = 2 X 10'3/cm? and an n-side doping of Ny,
(@) Vi
(b) Xy, X, and W

a pn junction. Moreover, with the information provided, the reader, if desired, should be
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able to obtain quantitative for the ic variables with other
doping profiles.
PROBLEMS
CHAPTER 5 PROBLEM INFORMATION TABLE
1 -
Problem COAI;?’;: i Dﬂﬁ:{’) Pmi‘:g\ig/:;;::l'm Dei‘hr?;ion
5.1 5.2.5 1 10 (1 each part) True-or-false quiz
5.2 5.1.4 1 5 (a-2, b-3) V,; from energy band
5.3 5.1.4 2 13 (a-2, b-3, ¢-3, d-2, e-3) | Isotype step junction
54 5.2.2 2 12 (a-2, b-3, c-2, d-2, e-3) | Step jct. compute, N,~Np,
5.5 5.2.2 2 12 (a-2, b-3, c-2, d-2, e-3) | Step jct. compute, N, >Ny
5.6 523 2 9 (a-2, b-3, ¢-2, d-2) Compute using diary
5.7 5.2.4 3 25 (a-15, b-5, c-5) Step junction program
5.8 5.2.5 2 9 (3 each sketch) Combination profile
59 " 2 9 (a-2, b-2, ¢-5) Exponential profile
5.10 " 2-3 |10 (a-3,b-2,¢c-5) Modified-step profile
5.11 " 3-4 18 (a-8, b-2, c-8) PIN diode
5.12 " 2-3 |12 (4 each part) Given V, find €, p, Np-N,
®5.13 ” 3-4  |25(a-15,b-5,¢-5) Linearly graded program
®5.14 ” 5 35 (a-30, b-5) Exact solution

5.1 True or false:

(a) The step junction is an idealized doping profile used to model p*-n and n*-p
Jjunctions.

(b) The p that appears in Poisson’s equation is the charge density and has units of
couls/cm?,

(c) The space charge region about the metallurgical junction is due to a pile-up of electrons
on the p-side and holes on the n-side.

(d) The built-in potential is typically less than the band gap energy converted to volts.

(e) Invoking the depletion approximation makes the charge density inside the depletion
region directly proportional to the net doping concentration.

(f) Ohmic contacts reduce the built-in voltage drop across a junction.

PnJUNCTION ELECTROSTATICS

(¢) $atx=0.
@ Vatx=0.

(¢) Make sketches that are roughly to scale of the charge density, electric field, and elec-
trostatic potential as a function of position.

5.5 Repeat Problem 5.4, taking N, = 10'7/cm? to be the p-side doping. Briefly compare
the results here with those of Problem 5.4.

5.6 A Si step junction at room temp has a p-side doping of N, = (in-
structor-supplied value) and an n-side doping of Ny, = (instructor-supplied value). The
applied voltage V, = (instructor-supplied value). Working in the Command window and
making use of the MATLAB diary function to record your work session, compute

@ Vy [N
®) x,, x,, and W

) Batx=0.

(d) Vatx=0.

® 5.7 Given a nondegenerately doped silicon pr step junction maintained at T = 300 K:

(a) Compute and present coordinated plots of the electric field () and electrostatic poten-
tial (V) inside the junction as a function of position (x). Assume N, = 1035/cm3, Ny, =
2 X 10*/em?, and V, = ~20 V in perf a sample i

Suggestions
(i) Employ the MATLAB function subplot to achieve coordinated plots of the elec-
tric field and electrostatic potential.

(i) Use (8, 0)and (0, V), where 8 o, = 1.18|,.q 2nd V,,,, = LI(Vy; — Vo),
as the endpoint y-values of the electric field and potential plots, respectively. Also,
with x, = 2.5max(x,, xy), max a2 MATLAB function, use (— X,,,, X ) as the
x-coordinate limits.

(b) Modify the part (a) program so that results corresponding to multiple V,, values, say
Vi = V2" with n = 0 to 3, are simuitaneously displayed. Make a printout of your
results.

(3

o

Modify the part (b) program so that, in addition to the plots, one obtains an output list
of relevant and computati The list is to include the following
quantities: N, N, V,, Vi, X5, X, W, B at x = 0, and Vat x = 0. Print out a sample
set of results.

{d) Use your program to examine how 9 versus x and V versus x vary with the relative
magnitude of the doping on the two sides of the junction. Experiment, for example,
with the following combinations of (N, Np): (10'7/cm3, 10'5/cm3), (10'6/cm3, 1013/
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cm?), (10'5/cm?, 1045/cm?), (1013/cm?, 10'6/crn?), (103/cm3, 10"/cm?), (10'8/cm?,
10'6/cm3), and (10'6/cm?, 10*/cm?). How would you describe the results when either
N, 2 100N, or Np = 100N,?

(e) Use your program to generate answers (0 Problems 5.4 and 5.5. Check your computer-
generated results against those obtained manually.

5.8 The doping around the metallurgical junction of a special diode is pictured in Fig. P5.8.
Sketch the expected charge density, electric field, and electrostatic potential inside the di-
ode based on the depletion approximation. Properly scale and label relevant lengths. In-
clude a few words of explanation as necessary to forestall a misinterpretation of your
sketches.

Np—Na

‘NA

Figure P5.8

5.9 A pn junction diode has the doping profile sketched in Fig. P5.9. Mathematically,
Np — N, = Noll — exp(—ax)), where Ng and « are constants.

Np=Na

)
x

Figure P5.9

(a) Give aconcise of the ion app

pnJUNCTION DIODES
> P i N
_— p——r
-]
"2 2
Figure P5.11
5.12 The el ial in the depletion region of a pn junction diode under equi-

librium conditions is determined to be

V) = %[1 + sm(%)] L -WR=x=WR

(a) Establish an expression for the electric field as a function of position in the depletion
region (— W/2 < x = W/2) and sketch (x) versus x.

(b) Establish an expression for the charge density as a function of position in the depletion
region and sketch p(x) versus x.

and sketch Np — N, versus x in the

(c) Invoking the depletion app
depletion region.

®5.13 Given a nondegenerately doped silicon linearly graded junction maintained at

T=300K: .

(a) Compute and present coordinated plots of the electric field (8) and electrostatic poten-
tial (V) inside the junction as a function of position (x). Employ a dopant gradient
constant of @ = 1020/cm® and an applied voltage V,, = —20 V in performing a sample
computation. Note that Eq. (5.48) must be iterated to determine V,, for a given grading
constant.

(b) Modify the part (a) program so that results corresponding to multiple V,, values, say

V, = Vjo/2" withn = O to 3, are simultaneously displayed. Make a printout of your

results. .
(c) Change the part (b) program so that in addition to the plots one obtains an output list
of relevant p and ional The list is to include the following

quantities: a, V,, Y, W, 8 atx = 0,and Vatx = 0. Print out a sample set of results.

(d) Use your program to examine how % versus x and V versus x vary with gradient con-
stants over the range 10'8/cm® < a < 10%/cm*.,

(e) Compare the resuits ot d in this problem with the corresp
results obtained in Problem 5.7.

step junction
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) d_Od" g the depletion approximation, make a sketch of the charge density inside the
iode.

() Establish an expression for the electric field, 8(x), inside the depletion region.

NO’l'E:AThe interested reader may wish to plete the el ic solution by obtaini:
p or comp | relationships for V(x), x;, x,, and V,,. Be forewarned, how-
ol et T st 2

ever, thata iderable amount of matt is

5.10 A pn junction diode has the doping profile sketched in Fig. P5.10. Make the assump-
tion that x,, > x, for all applied biases of interest.

Np=Np

M
wal

~Na

Figure P5.10

(a) What is the built-in voltage across the junction? Justify your answer.

) Lr;;:king the depletion approximation, sketch the charge density p versus x inside the
e.

(c) Obtain an analytical solution for the electric field, (x), inside the depletion region.

S..ll The [‘)-i-n diode shown schematically in Fig. P5.11 is a three-region device with a
middle region that is intrinsic (actually lightly doped) and relatively narrow. Assuming the
p-and n-regions to be uniformly doped and Ny, — N, = 0 in the i-region:

(a) Roughly sketch the expected charge density, electric field, and electrostatic potential

inside the device. Also draw the energy band diagram for the device under equilibrium
conditions.

(b) What is the built-in voltage drop between the p- and n-regions? Justify your answer.

© Eslabl’{sh quantitative relationships for the charge density, electric field, electrostatic
potential, and the p- and n-region depletion widths.
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e5.14 If equili.bn'um. condi.tiqns prevail, it is possible to obtain a closed-form solution for
the E:Iectrosu‘n‘lc van:bles inside a pn step junction without invoking the depletion approxi-
mrlnon. The “exact” solution valid under equilibrium (V, = 0) conditions is detailed as
follows:

p-side (x=0) solution . . .

J‘” du’ _x

v F(U' Up)  Lg
kT 1

¢=-—— N
2 LDF(U’UF")

P = gqneVr-U — eU-Um + ¢=Um — oUs)

n-side (x = 0) solution . . .

IU av’ _ X
vo F(U' = UgnUp) L
i

= - Lf W UnUeo
P = gny(eVm—U+Un — gU-Un=Um + ¢=Um — oUn)

where ...

L = [KssokT "
° 2g2n;

F(ULU2) = [eY¥e~Y!+ Ul — I)+e~V2(e¥! - Ul - 1)]'2 -.."*F""-function

Upp = In(N,/n)) .+ . N, is the p-side doping concentration
Ugy = —In(Np/n;) ... Np is the n-side doping concentration
Vi
Uy = Upp = Upy = —2-
BI FP FN kT/q
v
U=—
¥Tiq

Uy is the normalizeq potential (U) at x = 0. The value of U, is obtained by solving the
transcendental equation: F(U, Ugp) = F(Uy —~ Uy, Ugy). This relationship results from
the fact that the electric field must be continuous at x = 0.
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(a) Using the precedi hips, construct dinated plots of the electric ﬁelfi %)
and the electrostatic potential, V = (k7/q) U, inside the pn junction as a function of
position. Assume N, = 10'3/cm3 and Np, = 2 X 10'/cm? in performing a sample
computation, Tf available, also run the Problem 5.7(a) program utilizing an identical
set of parameters. Compare and discuss the two sets of 4, V versus x plots.

Suggestions R

(i) First determine U, employing the MATLAB
of Uy = Uy2.

(i) Stepping U from 0.1 to U and utilizing the integral relationship, compute U=
VI(kT/q) versus x on the p-side of the junction, Repeat for the n-side, stepping U
from Ugto Ug — 0.1

(iii) For each value of U in step (ii), likewise compute €. Knowing € versus U and U
versus x allows one to construct an 9 versus x plot.

(iv) In constructing the € and V plots, follow the suggestions cited in Problem 5.7(a).

(b) Extend the part (a) comp to obtain the lized charge density (p/q) versus

x. On a single set of coordinates, construct a sample plot of. plg versus x as deduced

fzero with an initial guess

from both the exact and deg PPTOX based sol! Discuss your plotted
results.
— )
ol
~\1\/ ‘\ﬁg
o W
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@ Figure 6.1 pn junction energy band diagram, carrier distributions, and carrier activity in the near
vicinity of the depletion region under (2) equilibrium (V,, = 0), (b) forward bias, and (c) reverse bias
conditions. (d) Deduced form of the /-V characteristic.
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6 pnJunction Piede:
I-V Characteristics

Lflj o

This chapter is devoted to modeling the steady state response of the pn junction diode. The
current flowing through the diode as a function of the applied d.c. voltage, the I~V char-
acteristic, is qualitatively and quantitatively correlated to the inside-the-device processes
and p The initial devel, treats the “ideal diode” and works toward the
derivation of the ideal diode equati simple well-k n I-V hip. Although
some of the idealizations may not be realized in practice, the ideal diode development
permits unobstructed insight into the operation of the device and provides a relatively
simple starting point for more exacting analyses.]After comparing the ideal theory with
experiment, we next focus on adjustments to the Ty to correct obvious discrepancies.
Several deviations from the ideal are systematically identified and explained, and appropri-
ate modifications are introduced. Finally, we present analytical supplements to the usual
analysis that will be particularly useful in subsequent chapters.

6.1 THE IDEAL DIODE EQUATION

As noted in the chapter introduction, the ideal diode is very useful for providing insight
and for facilitating a base-level analysis. The /-V characteristics of the ideal diode are
modeled by the ideal diode equation. Derivation of the equation is ostensibly the task of
this section, although it should be understood that the analytical procedures, subsidiary
results, and insight established in the process are really of prime importance. Making use
of the pn junction energy band diagrams constructed in Chapter 5, we first pursue a quali-
tative “derivation” of the ideal diode equation. This exercise illustrates the power and
utility of the energy band diagram, yielding the general form of the desired result without
writing down a single mathematical relationship. Preparing for the quantitative derivation,
we next detail our solution strategy. This is followed by the actual mathematical manipu-
lations leading to the ideal diode equation. A probing examination of the final and subsidi-
ary results concludes the section.

6.1.1 Qualitative Derivation

To set the stage, so to speak, consider the equilibrium energy band diagram for a pn junc-
tion shown in Fig. 6.1(a). The groups of dots (@) and circles (O) added to the figure
crudely model the carrier distribution on the two sides of the junction. On the quasineutral

—1Ip

(c) Reverse bias (V, < '0) s i

<— Exponential

Va

Constant
@

Figure 6.1 Continued.

’

n-side of the junction there are a large number of electrons and a few holes. The pyramid-
like ar of dots (first introduced in Fig. 2.17) schematically represents the roughly
exponential decrease in the electron population as one progresses upward into the conduc-
tion band. Conversely, on the quasineutral p-side of the junction there are a high concen-
tration of holes and a small number of electrons. The hole population drops off in a roughly
exponential fashion as one moves downward into the valence band.
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The envisioned electrons and holes have thermal energy and are of course moving
around inside the semiconductor. Concentrating first on the n-side clectrons, we see 'lhm
ufficient energy to “climb” the potential hill.__E_x_cprsnons into
the depletion region merely result in the lower—eljergy can-icr§ being reflected back ul‘cward
the a-side quasineutral region. However, there will be some high-energy electrons that can
surmount the hill and travel over to the p-side of the junction. What we have been. I;lc‘.»st;nb-

ized as the diffusion of from the high-electron pop n-
ide of the junctio; to the low-electron population p-side of the junction. )
~—Whegéas electrons on the n-side sec a potential barrier, electrons on the p-.slde are not
restricted in any way. If a member of the small electron population on the p-snd.e happens
to wander into the depletion region, it will be mpidl)f swept over to the other sl_de of ftrhe
junction. Naturally, this p: to n-side drift current pye(;lscl_y tga;lances |.!1e r‘l; to, p‘-slda diffu-
‘sion current under equilibrium conditions. The hole situation is compiciely ana ogot Th:
féw p-side holes that have sufficient energy 10 surmount the potent | encrgy bam;r an
gain entry to the n-side of the junction are precisely balfinced by fl-sxd.c holes wandering
into the depletion region and being swept over to the p-side of. the J.uncuon. )

Aware of the primary carrier activity in the vicinity of the J.un?uon. let us now coqsndcr
the forward bias situation pictured in Fig. 6.1(b). The most s1gm.ﬁcant chan.ge m}allve to
zero bias is a lowering of the potential hili between the p- and n-sndc§ of the :|uncuon. Thc
same number of minority carriers are still wandering into the d:plem:{n region and ben?g

swept over to the other side of the junction. However. with g&e__pg'wnu.ayhll) decreased in
size, more n-side electrons and p-side holes can now surmount the hill and travel to the
apposite side of the junction. This gives rise to both an electron current (/y) and a hole

most of these carriers have ins

current (/) directed from the p-sidé’To the n-side of the junction. Note from the circuit
sketched below the Fig. 6.1(b) energy band diagram that the deduced current ( = Iy +
Ip) flows in the proper direction for a forward biased diod;d__hi__or__c_oyeg. because tl.le poten-
tial hill decreases linearly with the applied forward bias and the carrier concentrations vary
exponentially as one progresses away from the band edges, tpellﬂmt?er of carriers that have
sufficient energy to surmount the potential barrier goes up exponentially with _VN '!'hus. as
summarized in Fig. 6.1(d), the forward current is expected to be an exponentially increas-
ing function of the applied voltage. )
" ’I"l: reverse biaspspilualion is%iescribed by the energy band diagram i_n Fn;. 6.1(c). Rela-
tive to equilibrium, the major effect of the bias is to i the p _‘ hill the
p- and n-sides of the junction. Whereas some n-side electrons and p-side h'olcs can sur-
mount the hill under ‘equilibrium conditions, even a very small reverse ?las. anything
greater than a few k7/q in de, reduces the majority carrier diffusion across the
junction to a negligible level. The p-side electrons and n-side hf)las, on l.h‘e oth_er hand, can
still wander into the depletion region and be swept to the other_snde of the ]ufxctxon‘ Re\ferse
biasing thus gives rise to a current flow directed from the n-s_ldl: &o}fxg g—sxdc of the Jun:;
tion. Being associated with minority carriers, the reverse-blasw:umx}l is gxpecled o
ly small in magnitude. Note in addition that the minority c_am?r dnﬁ.cunems are
not affected by the height of the potential hill. It isthe numl?cr of minority carriers qudef—
ing into the depletion region per second that defermines the Turrérit How. (The situation is
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Figure 6.2 Composi -gy-band/circuit diagram providing an overall view of carrier activity

inside a reverse-biased pn junction diode. The capacitor-like plates at the outer ends of the energy
band diagram schematically represent the ohmic contacts to the diode.

the entire in-line group of n-side electrons moves slightly toward the contact. Electrons
equal in number to the excess and immediately adjacent to the contact are pushed into the
contact and out into the external circuit.! The hole activity on the p-side of the junction is
similar. The excess appearing at the depletion region edge causes in-line holes throughout
the quasineutral p-region to move over slightly. A number of holes equal to the excess are
pushed into the contact where they recombine with electrons from the metal. This recom-
bination may be viewed as completing the circle, eliminating the extra electrons pushed
into the external circuit on the n-side of the diode.

As a somewhat unrelated observation, it is interesting to note from Fig. 6.2 that both
electrons and holes contribute to the current through the depletion region, while the hole
current dominates far from the junction on the p-side of the device and the clectron current
dominates far from the junction on the n-side of the device. The total current through the
diode must be constant, but the component electron and hole currents obviously vary with
osition inside the diode. o

* The phenomenon just described might be likened to the real-life siluation where latecomers to a party enter a
room absolutely crammed with people. It is assumed there are two doors at opposile ends of the room. By forcing
their way into one door, the newcomers cause a like number of people 10 be pushed out the other door.
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similar to a waterfall. The water flowing over the falls is independent of the height of the
falls.) Therefore, as sketched in Fig. 6.1(d), the reverse current is expected to sawrate—
become bias independent—once the majority carrier diffusion currents are reduced to a
negligible level at a small reverse bias. If the reverse bias saturation current is taken to be
=~ Iy, the overall /-V dependence is concluded to be of the general form

1= Ip(e"WVst — 1) 6.1)

Equation (6.1) is identical to the ideal diode equation if V,,is set equal to kT'g.

In addition to essentially yielding the ideal diode equation, the foregoing analysis very
nicely explains how a solid state diode manages to rectify a signal; i.e., how the diode
passes a large current when forward biased and a very small current when reverse biased.

Forward biasing reduces the potential hill between the two sides of the junction, permitting

large numbers of majority carriers to be injected across the depletion region. Reverse bi-
asing increases the potential hill, cutting off majority carrier injection and leaving only a
residual current supplied by minority carriers.

Once, after completing the qualitative derivation and feeling rather smug about the
insight provided, the author was asked, * Yes, but, doesn’t the injection of majority carriers
under forward bias and the extraction of minority carriers under reverse bias cause a charge
build-up inside the device?” The immediate answer is that steady state conditions were
assumed in the analysis and a charge build-up, or a change of any type, does not occur
under steady state conditions. The question, however, has deeper implications. The author,
concentrating solely on the carrier activity in the i vicinity of the depletion region,
had failed to provide an overall view of carrier activity inside the device. It is the overall
view that explains how injected and d carriers are d and the status quo
maintained.

In presenting the “big picture,” we take the diode to be reversed biased for illustrative
purposes and refer to the ite energy-band/circuit di shown in Fig. 6.2, The
capacitor-like plates at the outer ends of the energy band diagram schematically represent
the ohmic contacts to the device. The major reverse-bias activity in the immediate vicinity
of the deplection region, minority carriers wandering into the depletion region and being
swept fo the ction, is a; ictured on the diagram. Added to the
diagram are E levels associated with R-G centers. Whencver an electron on the p-side
moves to the n-side, it is replaced by an elec d through one of the R—G centers.
As pictured jisst € the eft of the depletion region in Fig. 6.2, an electron from the valence
band jumps up to the R-G center and then into the conduction band. Similarly, whenever
a minority carrier hole is swept from the n-side to the p-side, the hole is quickly replaced
by the carrier generation process. The electrons falling down the hill to the n-side, and the

1 imull ly g ed during the n-side replacement of lost holes, in turn give
rise 10 an excess of majority carrier electrons on the n-side of the junction. (Two extra
electrons are pictured adjacent to the depletion region on the n-side of the junction in
Fig. 6.2.) The extra majority carrier electrons set up a local electric field that pushes adja-
cent electrons toward the contact. With great rapidity this displacement propagates until
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6.1.2 Quantitative Solution Strategy

Going into a football game, coaches always h
: s s ys have a game plan, a strategy for wingj
%a:e.dgtmddeve:;pm and l:xphun the strategy used in the quantitative dcﬁvatiol:':)gf :::
ideal di on. ough mathematical steps in the derivation are relati
4 d ¢ atively fe
quite straightforward, the strategy underlying the steps is rather involved and neyed:“:’oa::

clearly understood in applying the solution approach ar
ing modifications to the theory. pproach to other problems and in implement-

Generai Considerations

We begin by listing the basic assumptions made |

. in the analysi: iti .
will be necessary as the strategy unfolds.) N analysis. (Additional assumptions

(1) The diode is being operated under steady state conditions.
(2) A nond ly doped step ji
(3) The diode is one-dimensional,

(4) Low-level injection prevails in the quasineutral regions,

(5) There are no processes other than drift, diffusion
r ; cess , and thermal ination~ 3
tion taking place inside the diode. Specifically, G, = 0, Seomsiattion-geeea

models the doping profile.

The preceding ptions seem ble si ici implici
invoked in establishing the pn junction clectros!:l::sfhey were fl explicily or implicity
Let us next ider the general relati i ilable for ing th
o p puting the current.
I=As (A = cross-sectional area) 6.2)
J =) + Jp(x) 6.3)
dn
Iy = &=
N = qur® + gDy (6.42)
dj
Jp = - %
e = qupp8 — gDy o . (6.4b)

Zqo:iu:n t(f}.13) reflects the fact that the total current density is constant throughout the

one—d‘im:nsi:m];elzcel:inonsmf';i‘::: i;r;\g;mé?ls vary with position. Equations (6.4) are the
1 o - (3.18). Clearly, if exact analytical solutions for %

z' versus x were available, we would need to proceed no further. However, only a:n a;:r::ic-j

ate three-region electrostatic solution is available, as schemaﬁcall;' summarized in
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ENE

Depletion region

Quasineutral p-region Quasineutral n-region

Figure 6.3 Diode electrostatic regions.

Fig. 6.3. We do note that the conditions require'cl for the use of the minority carricrdiffu‘sion
ions, including 8 = 0 and low-level injection, are satisfied in the quasineutral regions

ofl the diode.

o "

tral Region C ations
Under the assumed steady state conditions with Gy, = 0, the minority carrier diffusion

equations appropriate for the p and 7 quasineutral regions are
~

d*hn, _ Any - 6.5
= D”-FE - xS -x, (6.52)
aBpy B2y sy (6.5b)

0= Dy -

Moreover, since 6 = 0 and dny/dx = dpy/dx = 0, Egs. (6.4) for the carrier current densi-
ties in the quasineutral regions simplify to

dA,
Iy = lIDNT‘;nE Voo = -x, (6.62)
he - BB =, 660

We know the general solution to Egs. (6.5) and it is a trivial matter to comp_nle the
carrier current densities from Egs. (6.6). Unfortunately, the current density soluuons.so
obtained are limited to non-overlapping segments of the diode. We can only determine
Jn(x) in the quasineutral p-region and Jp(x) in the qunsineut;al n-region. To solve for J
using Eq. (6.3), there must be at least one point inside the diode where one knows both

pnJUNCTION DIODES

absolutely no a priori justification for the assumption other than it jeads to a simple solu-
tion for the total current flowing in the diode. The validity of the assumption as far as real
diodes are concerned will be considered when comparing theory and experiment.

Boundary Conditions

There is one more matter to address. Two boundary conditions each are required in solving
Eqgs. (6.52) and (6.5b) for An, and Ap,, in the p- and n-side quasineutral regions. In par-
ticular, as summarized in Fig. 6.4(2), An, and A p,, must be specified at the ohmic contacts
and at the edges of the depletion region.

At the Ohmic Contacts

The ideal diode is usually taken to be a “wide-base™ diode, or a diode whose contacts are
several minority carrier diffusion lengths or more from the edges of the depletion region.
In a wide-base diode any perturbation in the carrier concentrations created at the edges of
the depletion region will decay to zero before hing the The may
effectively be viewed as being positioned at x = . Thus, in the mathematical derivation

o~ ¥y fe

! [ !

Any(p-contact)  Any(-x) Apals)  Apa(n-contact)
(a)
_________ . Fn
£ N
i3 X

~Xp x:,,
()
Figure 6.4 Boundary related () Boundary positions and required val-

ues. (b) Approximate variation of the quasi-Fermi levels with position inside a forward-biased diode.
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Jn(x) and Jp(x). Being centrally located, the depletion region is the obvious place to seek
overlapping Jyy and Jp soluti lutions possibly d from the i |
regions.

D i~ Reqion C o) "

p 9!

The full-blown continuity equations, Egs. (3.46), must be used in seeking solutions for the
carrier currents within the 8 # 0 depletion region. Under the previously specified assump-
tions, the continuity equations simplify to '

(6.72)

+ o (6.7b)

Suppose the additional p is now made that thermal recombination~
g ion is negligible throughout the depletion region; i.e., 3n/dt|pemmn r-g and
P10t gyerrma - are arbitrarily set equal to zero in Egs. (6.7). Eliminating the R-G terms
in Eqs. (6.7) yields d/y/dx = 0 and dJp/dx = 0. J and J,, are therefore determined to
be constants independent of position inside the depletion region under the stated assump-
tion. The constancy of the carrier currents ghout the depletion region (including the
edges) in turn allows one to write

IN(=x, S xS x,) = Jy(—x,) (6.82)

Jp(=x, = x = x,) = Jp(x,) (6.8b)

IN(=x,) and Jp(x,) can be deduced of course from the quasineutral region solutions
evaluated at the edges of the depletion region. Summing the Jy and J, solutions in the

depletion region then gives
x,) + Jplx,)

Clearly a solution strategy has been formulated: to solve for the minority carrier current
densities in the quasineutral regions, evall the current d at l_he?ep[eu?iri'r?g’ion

6.9)

_edges, add the edge current densities together, and finally multiply by A (o obtain the

ge
rrent.

The rather critical assumption that thermal 8 is in
the depletion region can be viewed as a defining property of the ideal diode. There is

P I
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the boundary conditions to be employed are

7

Any(x » —o) =0

(6.102)

Apy(x > +=) = 0 (6.105)

At the Depletion Region Edges

To ish the boundary conditions at the edges of the depleti i

! © o - pletion region, we make use of
the quasijenm_level formalism. Equations (3.72) are the defining equations for the ele:-
tron quasl-Fem}n level._F ~» and hole quasi-Fermi level, F,. If the left- and right-hand sides
of the exponential versions of Eqgs. (3.72a) and (3.72b) are multiplied together, one obtains

np = n2e(Fn-Felkt (6.11)
The Eq. (6.11) relationship is valid throughout the diode i i

) n under arbitrary operati di-
tions. Generall).' .speak{ng, one does not know the variation of the quasi-:c”;'mi l:fcf::s a
function of ??smon' prior to solving for the carrier concentrations inside the diode. How-
ever, as envisioned in Fig. 6.4(b), it is reasonable to assume the Fy and Fy levels will vary
F:onqtomcally from E!,P far on the p-side of the junction to Eq, far on the n-side of the
J1:‘mcul':n§ N;w frorEn Fig. 6.4(b) that the monotonic variation in the levels in turn makes

N=Fp= Ep, = Eg, = gV, atall points inside the diode. If the ual sign in th i
expression for Fyy — Fypis d to hold throughout the d pl o regfonl,non: Pm?dl‘ng

L"P = nfetT Ly =xsy
a

Eq. (6.12) has been referred to as the “law of the junction.” i
; A : Junction.” Evaluating Eq. (6.12) at
the deplenon‘mgxon edges very rapidly leads to the desired boundary condiigﬂs.(Spec)i;-
cally, evaluating Eq. (6.12) at the Pp-edge of the depletion region gives

(6.12)

A=x)p(=x) = n(=x,)N, = n2eaVatr 6.13)
or
2w,
Hxp) = enn (6.14)
and
A L
ny(—x,) = NA(;!:VA/'KT -1 6.15)

N

~

245



246

248

1 JUNCTION DIODES
Similarly,
n(x,)p(x,) = plx,)Np = nledVak? (6.16)
or
n?
plx,) = —-edValiT 6.17)
No
and
n?
Bpylx,) = - (e — 1) (6.18)
Np

The assumption that Fy — Fp, = gV, th hout the depletion rcgion, or equivalently,
assuming the quasi-Ferml TeveI§'aré constant at Fy = Eg, and Fp = Eg, within the deple-
tion region, is obviously central to obtaining the depletion-edge boundary conditions and
critical to the overall analysis. Rather lengthy subsidiary analyses and a comparison with
experiment indicate the assumption is typically justified."

.

“Game Plan” Summary

To obtain an analytical solution for the current flowing in an ideal diode as a function of
the applied voltage, proceed as follows:

(1) Solve the minority carrier diffusion eq (Eqgs. 6.5) employing the (6.10) and
(6.15/6.18) boundary conditions to obtain An,, and A p, in the quasineutral regions.

(2) Compute the minority carrier current densities in the quasineutral regions using
Eqgs. (6.6).

(3) Per Eq. (6.9), \{ the q | region for Jy(x) and Jp(x) at the
edges of the depletion region and then sum the two edge-current densities. Finally,
multiply the result by the cross-sectional area of the diode.

1t Assuming Fy, and F, are approximalely constant across the depletion region is equivalent to assuming J,, = 0
and J, o 0 within the depletion region (see Egs. 3.76). The Jy = 0 and J, = 0 assumption is used by some
authors in an alternative derivation of the depletion-cdge boundary conditions that closely parallels the Vi, deri-
vation in Subsection 5.1.4. Like the constant quasi-Fermi assumption, and contrary to statements in some texts,
there is really no simple a priori justification of the Jyy = 0 and Jp = 0 assumption.

pnJUNCTION DIODES

Because exp(x’/Lp) — % as x' — o, the only way that the Eq. (6.202) boundary condition
can be satisfied is for A, to be id Ily zero. With A, = 0, application of the Eq. (6.20b)
boundary condition yields A, = Ap,(x" = 0). We therefore conclude

2
Ap,x') = I%L(e"VA"T = De~¥te .x'=z0 6.23)
D
and
dAp, Dy n? -
Jp(x") = —qDp= Tt = qL—:N—;(e'W‘"— etz Lx'=0 (624

On the quasineutral p-side of the junction with the x"-coordinate as defined in
Fig. 6.5(b), one obtains the analogous solutions

Any(x") = ;—iz(evv,./" - De-~itx X"z 0 (6.25)
A

and

dAnp,
i

L.x"=0 (6.26)

Iy = — gDy, q‘%— eIVAAT — 1)~ <IN
N

7

All that remains is to evaluate Eqgs. (6.24) and (6.26) at the depletion region edges.
sum the results, and multiply by A. We find

Tuem—x) = Iy=0) = 28 M eavanr _ 1) (6.272)
N P N LN NA
2

Jex=x,) = Jpla'=0) = g 28 B (et — 1) 276
Ly Np
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6.1.3 Derivation Proper

In impl ing the solution procedure, let us first work with holes on the quasineutral n-
side of the junction. To simplify the mathematics in solving Eq. (6.5b), it is convenient to
shift the origin of coordinates to the n-edge of the depletion region as shown in Fig. 6.5(a).
In terms of the translated x’-coordinate, we must solve

d*Ap, _ Ap,

0=D,— Lx'=0 (6.19)
P oax"? Ty
subject to the boundary conditions
Ap(x" = @) =0 (6.20a)
n?
Ap(x' = 0) = F—(WA’" -1 (6.20b)
D

Eq. (6.19) is one of the special-case diffusion equations listed in Table 3.2. The general
solution (solution no. 1 in Table 3.2) is

Ap(x') = Aje~%e + A,exile x'=0 (6.21)
where B
Ly = VD7, (622)
'\‘}
- X
x
X
0
(@)
- %
x
¥
0
®)

Figure 6.5 Graphical definition of the (a) x’- and (b) x"-coordinate systems.

and
I=Al=gA ([L)_: :Ti + 2—: ;—i)(e"v‘\"’ -n (6.28)
o
= Io(e?Va"T = 1) . (6.29)

Equation (6.29) is the ideal diode equation. It is also sometimes referred to as the Shockley
equation,

6.1.4 Examination of Resuit§

It is_ wqﬂhwhile at this point to pause and the final and i diate results of the
dcnvau'on._ We hope to becom more familiar with the results while simultaneously gaining
deeper insight into the operation of the pn junction diode. Working backward through the

derivation, we first examine the ideal diode equation and the current.
Subsequently we investigate the carrier and carrier inside the di-
ode. Several are also p dto the di;

Ideal -V

The major features of the predicted /-V characteristics are summarized in Fig. 6.6. For
reverse biases greater than a few k77/g, a few tenths of a volt at room temperature, the
exponential voltage term in the ideal diode equation becomes negligible and 7 - -1,
According to the ideal diode theory, this saturation current would be observed for reverse
voltages of unlimited magnitude. For forward biasing greater than a few k7/g, the expo-
nential term dominates and 7 — /, exp(gVA/kT). Reflecting the expected exponential de-
pendencc, the forward-bias characteristics are often plotted on a semilog scale as illustrated
in Fig. 6.6(b). Since

i

In(7) = Inlg) + %VA C A V> few 631)

the idcal theory predicts a V, > 0 semilog plot that has a linear region slope of ¢/kT and
an extrapolated intercept of In(/,).
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- In(h

7
I‘o\quA/kT

“«— Slope = g/kT

[Vpl>few kTig  ; P

A \5 Va In(lg)
00 e -|>—lo Va
: @ ®)

Fligure 8.6 Ideal diode 1=V characteristics: (a) linear plot identifying major features; (b) forward-
bias semilog plot.

The Saturation Current

Two rather significant observations can be made concerning the saturation current. First,
the size of /y can vary by many orders of itude depending on the d used
to fabricate the diode. This strong material dependence enters through the a7 factor in the
Iy ion. At room n; = 10'%cm? in Si while »; = 10**/cm? in Ge. Thus,
Ge diodes are expected to exhibit a reverse-bias saturation current roughly 10 times larger
than that of comparable Si diodes!
The second observation relates to asy ically doped j The /y exp
has two terms that vary inverscly with the dopings respectively on the p- and n-side of the
junction. Because of the cited doping di d the term d with the heavily
doped side of p*-n and n*-p junctions becomes negligible; i.e.,

w
? YD

lo = ... p*-n diodes (6.32a)

Dy n}
LN NA

Iy=gqA ... n*-p diodes (6.32b)

In essence, one has to consider only the lightly doped side of such junctions in working out
the diode /-V characteristics. We also found one can all but neglect the heavily doped side

of asymmetrical junctions in puting the depl width and other electrostatic vari-
PnJUNCTION DIODES
1
0]
@
Va
1
Figure E6.1
(C) Exercise 6.2

P: An ideal Si p*-n step junction diode is maintained at 300 K. The diode has a
cross-sectional area A = 10~4 cm?and 7, = 10 -6 sec. Using the empirical-fit rela-
tionship for the hole mobility introduced in Exercise 3.1, write a MATLAB program
that computes and plots the ideal /- V characteristic of the diode. The n-side donor
doping is to be considered an input variable. Employ a linear plot with the MATLAB
axis functionsetto [—1,0.2, —2*/,, 5*1,), where /; is the reverse bias saturatioh-—
current. Generally use your program to explore how the ideal diode characteristic
varics as a function of the semiconductor doping.

S: The program that follows was written to handle multiple doping inputs. Enclosing
your input in square brackets, simply type the desired doping values separated by
spaces in response to the “ND= " prompt. The sample plot (Fig. E6.2) exhibits the
same general doping dependence noted in Exercise 6.1. However, examining the nu-
merical /; values sent by the program to the Command window, one finds a notice-
able mobility dependence because of the higher assumed dopings. The user should
also take note of the extremely small size of the computed saturation currents.

MATLAB program script...

% Variation of Ideal-Diode I-V with semiconductor doping.
%Si step junction, T = 300K.
%In response to the “ND="" prompt type [ND1 ND2 ...] to input

Ymultiple doping values.
%Initialization and Uni I C
clear

k=8.617e-5;

q=1.6e-19;

69

ables. These simil.ar conclusions suggest that, as a general rule, the heavily doped side of

an asymmetrical junction can be ignored in determining the electrical characteristics of

the junction. If an asymmetrical junction is specified in a problem statement or at the be-

ginning of an analysis, it should be understood that the heavily doped side is to be ignored
Jin completing the problem or analysis,

We might mention that it is rather fortuitous that the current contribution from the
heavily doped side of asy rical junctions is ible. In most real diodes the p*- or
n*-side doping is degenerate. If the curritl contribution from the heavily doped side were
significant, comparison with experimen: would necessitate a modification of the ideal diode
theory to account for the degenerate doping.

Exercise 6.1

P: Two ideal p*-n step j diodes d at room are
except that Np, = 10'5/em? and Np, = 10'6/cm?. Compare the /-V characteristics
of the two diodes; sketch both characteristics on a single set of axes.

S: For p*-n diodes

Dp n?
Ip= gA=2 —L
0 = a Lo Ny

De_ [De _  [(KTig)py
Ly Ty [

Tor = TEZ.' since the R-G center concentrations are taken to be identical in the two
diodes. , alt the semicond: material is not specified in the prob-
lem statement, there is only a small difference between the Np = 10"3/cm®and N, =
10'¢/cm3 mobilities in most materials (see Fig. 3.5). Thus

Iy _ Mo few _ o
I Np Mgy

The dlode 1 current is approximately ten times larger than the diode 2 current for all
applied voltages (see Fig. E6.1). %

A
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%Device, M: I, and System P:

A=10e-4;

ni=1.0el10;

taup=1.0e-6;

?D;;‘(;nput('lnpm the n-side doping concentration, ND=");

%Hole Mobility Calculation
NAref=2.35e17;

ap=0.88;

#p=ppmin+pp0./(1+(ND./NAref). Aap);

%The mf)!.)ility calculation here assumes the hole minority carrier
Fomobility is equal to the hole majority carrier mobility.

%I-V Calculation

VA =linspace(-1,0.2);
DP=k*T.*up;
LP=sqrt(DP.*taup);
10=q.*A.%DP/LP).*(ni*2 /ND)
I1=10."(exp(VA/(k.*T))-1);

%Plotting Result

close

plot(VA,I); grid;

ymin=-2*10(1); ymax=5*10(1);
axis((-1,0.2,ymin,ymax]);

xlabel('VA (volts)'); ylabel(I (amps));

%Adding axes,key
xx=[-10.2}; yx=[00);
xy=[0 0}; yy=[ymin,ymax];
hold on
plol(xx,yx,'-w',xy.yy,'—w‘):
j=length(ND);
fori=1;
yput=(0.70-0.06*i)*ymax;
¥k(,)=yput; yk(i,2)=yput;
. dlext(-0‘68'(0.69-0.06*i)*ymax,l'ND=’.nusttr(ND(i),'/cmT])-
. ]
xk=[-0.8-0.7);
plot(xk,yk);
text(-0.74,0.75*ymax,'Si, 300K");

hold off
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1 (amps)

-1 038 0.6 0.4 02 0 02
VA (volts)
Figure E6.2

Carrier Currents

A sample plot of the carrier and total current densities as a function of position inside a
forward-biased diode is displayed in Fig. 6.7. A bias plot is ially identical
except all current densities are negative. Steps in the construction of the Fig. 6.7 plot are as
follows: Examining Egs. (6.24) and (6.26), one concludes the minority carrier current den-
sities in the quasineutral regions decay exponentially away from the edges of the depletion
region. Within the depletion region, Jyy and J, per Eq. (6.8) are next drawn constant at their
respective depletion-cdge values. The total current density in the depletion region is then
just the graphical sum of Jy and J,. Since the total current density is constant everywhere
inside the diode, the value deduced for the depletion region can be extended throughout the
diode. Finally, the majority-carrier current d in the g; I regions are obtained
by graphically subtracting the minority-cartier current densities from the total current
density.

The construction of Fig. 6.7 shows that there is sufficient information available to
deduce the current densities everywhere inside the diode. Moreover, the plot helps one
visualize the nature of the Jy(x) and Jy(x) solutions. The general form of the solutions, we
might note, is consistent with the observation made at the end of the qualitative derivation.
Whereas electrons and holes both contribute to the current through the depletion region,
the hole current dominates far from the junction on the p-side of the device and the electron
current dominates far from the junction on the n-side of the device.
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Figure 6.8 Carrier concentrations inside a pn junction diode under (a) forward Piasing .and
(b) reverse biasing. The cross-hatching identifies excess minority carriers. Note that (a) is a semilog
plot while (b) is a linear plot. N, > Np was assumed in constructing the sample plots.

reverse bias of only a few kT/g effectively reduces to zero the minority carncr concentra-
tions at the edges of the depletion region. Larger reverse biases have lm.le. eﬂ‘gct on the
carrier distri (This is i with the fact that the current, which is directly
related to the slope of the carrier distributions at the dcp]e!_icl} regi.on ed.ges, saturates for
applied biases greater than a few kT/q.) Overall, reverse blasmg_ gives rise 10 2 relatively
small deficit of minority carriers in the near vicinity of the depletion region.

70

Current
densities

x

0

Figure 6.7 Carrier and total cutrent densitic: versus position inside a forward-biased pn junction
diode.

Carrier Concentrations

—~Equations (6.23) and (6.25) specify the deviation from equilibrium of the minority carrier

in the i regions. these solutions we conclude ard bi-

asing i : the carrier. ions over their respective equilibrium valyes.an t
?verge‘b_gas_ﬁg)lgye_rg_lhe_ concentrations below the equilibrium valyes: In either case,
p decay exp ially as one p ds away from the edges of the depletion

region. Moreover, after several diffusion lengths the perturbations effectively die out and
the minerity carrier concentrations approach their equilibrium values; i.e., np > ny =
ntINy as x > —@and p, = pyy = n?/Np as x — -+ independent of the applied bias.
Because low-level injection is assumed to prevail in the quasineutral regions, we can also
assert that the majority carrier concentrations in these regions are everywhere approxi-
mately equal to their equilibrium values regardless of the applied bias. Plots of the forward-
and bias carrier ions incorporating the foregoing information are shown
in Fig. 6.8. Note that the exponential decays of An, and Ap,, show up as straight lines on
the forward-bias plot because the carrier concentrations are being plotted on a logarithmic
scale.

Under forward biasing the majority carriers are injected in large numbers over the
potential hill to the other side of the junction. Once on the other side of the junction, the
injected carriers become minority carriers and are progressively eliminated by i
tion as they attempt to diffuse deeper into the region. (The situation and solution are all but
identical to that of Sample Problem No. 2 considered in Chapter 3.) The net result, pictured
in Fig. 6.8(a), is a build-up of minority carriers in the q I regions i y
adjacent to the edges of the depletion region. The build-up of excess minority carriers

dj to the depletion region is a q of forward biasing, which will prove to
be important in subsequent analyses.

Under reverse biasing the depletion region acts like a “sink” for minority carriers,
draining the carriers from the adjacent quasineutral regions as pictured in Fig. 6.8(b). A
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Exercise 6.3

P: Figure E6.3 is a dimensioned plot of the steady state carrier concentrations inside
a pn junction diode mai at room temp

(a) Is the diode forward or reverse biased? Explain how you arrived at your answer.

(b) Do low-level injection conditions prevail in the quasineutral regions of the diode?

Explain how you arrived at your answer. 0 | o
), - v
(c) Determine the applied voltage, V,,. 0y 10
I <
(d) Determine the hole diffusion length, Lp. 19 //
— L
NN
(log scale) R
T
Lo | v
* 104 M )
1 \

0%

[ !
%o N 16x102cm

21x lO‘zcm/-xp
Figure E6.3

S: (a) The diode is forward biased. There is a pile-up or minority carrier excess
(An, > Gand Ap, > 0) at the edges of the depletion region.

(b) Low-level injection conditions do prevail. Ap, < n, and An, <€ p, everywhere
inside the quasineutral regions.

(c) We can make use of either the depletion edge boundary conditions or the “law of
the junction” to determine V,,. Specifically, solving Eq. (6.12) for V, gives

kT (np
V‘=?ln(n_i’) e m X, = x = x,

A J

N\

257



258

pnJUNCTION DIODES

Evaluating the V,, expression at the n-edge of the depletion region and noting np ~
n for x — 00, we compute

_ KT | ra(x)paa) | 10%
= '"[ n,<w>p“<m)] = 009 “‘@ =03V

(d) Equation (6.23) can be rewritten /.
Q \')v, 3«

Apy(x') = Bp,(x'=0)e~x"tr /O o
In the near vicinity of the depletion region edge A p, = p,, giving
Palx’) = Qe i,

or
PN | _ X
"'[p,w)] L

! 6 x 10-2
R S E R

£.© 100
l"[p,(x')] 1"( 10‘)

Exercise 6.4

When reverse biased greater than a few k7/gq, the current flowing in a diode is equal
to ¢ times the number of minority carriers per second that wander into the depletion
region and are swept to the other side of the junction. Under steady state conditions
the numbser of minority carriers thereby extracted per second from the p- and a-sides
of the junction must be precisely equal to the number of minority carriers gencrated
per second in the quasineutral regions. In other words, the reverse-bias saturation
current may be alternatively viewed as arising from minority carrier generation in the
quasineutral regions, with J being equal to g times the number of minority carriers
generated per second.

P: Suppose the actual reverse-bias minority carrier distributions in the quasineutral
regions are approximated by squared-off, distributions as pictured in Fig. E6.4. All
minority carriers are taken to be depleted a minority carrier diffusion length to either
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6.2 DEVIATIONS FROM THE IDEAL

A mod y long list of ptions was involved in deriving the ideal diode equation.
Some of the assumptions were made without any a priori justification. It is !.here‘fore rea-
sonable to expect that a careful ination of i |-V istics will reveal

discrepancies. Herein we first compare experiment and theory to identify the major devia-
tions from the ideal. Subsequently we treat specific deviations, noting underlying causes
and providing required modifications to the ideal theory. Hopefully the reader will. not be

ismayed by the ly band-aid approach in developing an ptable the A‘de'
scription of the diode I-V characteristics. The iterative approach—formulating 2 sm?ple
theory, comparing theory and experiment, revising the theory, comparing the revised

theory with experiment, and 50 on—is common engineering and scientific practice in treat-

ing real problems of 2 complex nature.

6.2.1 Ideal Theory Versus Experiment

The I~V characteristic derived from a Si diode
played on a 0.1 uA/divisi Jii le plot is duced in Fig. 6.9. For the most part
the characteristic exhibits a form i with ical exp ions. The forward cur-
rent is a rapidly rising function of the applied voltage, and the reverse current is vanishingly
small over a better part of the probed voltage range. However, there is one obvious feature
not modeled by the ideal theory: A large reverse-bias current flows when the reverse volt-
age exceeds a certain value. This phenomenon is referred to as breakdown. Although the
voltage where breakdown occurs can vary over several orders of magnitude, the phenome-

d at room temp and dis-

non is common to all pn junction diodes. Breakd i a major deviation from
the ideal and is addressed in Subsection 6.2.2.
To determine whether there arc additional deviati itis y 10 take a closer

look at the /-V data. A semilog plot of the forward-bias data from the Fig. 6.9 device is
displayed in Fig. 6.10(a). Reverse-bias data from the device are replotted in Fig. 6‘lp(b)
employing an expanded current scale of 50 pA/division. Data for both plots were obtained
using a HP4145B Semiconductor Parameter Analyzer. The noticeable fluctuations in the
extremely small reverse bias current are caused by noise inherent in the device and mea-
surement system.

Examining the Fig. 6.10(a) forward-bias data, we note that the curve exhibits the ex-
pected g/kT siope for applied voltages between approximately 0.35 V and 0.7 V. However,
there are obvious deviations outside the cited voltage range. At forward biases in excess of
0.7 V the slope progressively d or the istic “slopes over.” This deviation,
more or less to be expected, is related to the high level of current flowing in the device
when V, — V,; and is treated in Subsection 6.24.

For voltages below 0.35 V the current levels are quite small and the deviation is clearly
of a different origin. In addition, the observed current is far in excess of the expected value
and the slope of the characteristic curiously approaches q/2kT. These facts suggest we may
be obsesving a current component either overlooked or neglected in the derivation of the
ideal diode equation. This is further ent d by an of the reverse
bias data. For one, the device has an estimated [, = 10-4A, some three orders of magni-
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side of the depl. region. R ing that low-level inj prevails in the
quasineutral regions, and referring to the problem introd derive an i
for the reverse-bias saturation current based on the approximate distributions,

t norp
? P
Ny
"o f.“. 2 P
Na
)
x
%X Xn
Figure E6.4
S: The carrier generation per second per unit volume based on the approximate
distributions is M
an An n?N,
= = — 2= T A - - -
31 | therma Ta T, o m=xs g
R-G
and
ap _ _Ap, _ n¥Ny
a e X, ExSx, + Lp
R-G 4 P

Generation is taking place in volumes of ALy and AL, on the p- and n-sides of the

junction, respectively. Thus
n2IN, 2Ny,
Io = q(AL)|{ =4 ) + gaLp {2
n P
~oa(Cent s et
Ly No o L Np

One obtains the usual /, expression!

The approximation introduced in this probl pl an exp ial distri-
bution with a square distribution extending over one decay length (the same area
being enclosed by both distributions), is often a useful analytical tool.

DIODE: I~V
10
08
1 (uA) 06
04
.2
S50 40 30 20 -10°
A
0204060810
0.2
VA (volts)
0.4
-0.6
-0.8
-1.0

F_lgur_a 6.9. Linear plot of the measured /-V characteristic derived from a commercially available
S! pn junction diode maintained at room temperature. The plot permits a coarse evaluation of the
diode characteristic. Note the change in voltage scale in going from forward to reverse bias.

tude smaller than the reverse current observed at V, = — 5V! Moreover, the Fig. 6.10(b)
characteristic does not saturate as predicted by the ideal theory. Rather, the current continu-
ally increases with increasing reverse bias. As will be verified in Subsection 6.2.3, the
cited reverse-bias and small forward-bias deviations are caused by the added current aris-
ing from carrier ination—; ion in the depletion region. Carrier R-G was as-
sumed to be negligible throughout the depletion region in deriving the ideal diode equation.

Although feature details do vary from device to device, and other nonidealities may be
encountered, the data displayed in Figs. 6.9 and 6.10 are fairly representative of the /-V
characteristics derived from commercially available Si pn junction diodes maintained at

room temp Similar ch: istics are exhibited by GaAs diodes. Ge diodes main-
tained at room temperature and Si diodes of d at el d temp on the other
hand, are often found to more closely approach the ideal, specifically exhibiti i

reverse-bias characteristics. An explanation of this difference in behavior is included in Lh:
R-G current discussion.
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Figure 6.0 Detailed plots of the dI-v ic derived froma ially avail-

able Si pn junction diode maintained at room temperature. The Fig. 6.9 and Fig. 6.10 characteristics
are from the same device. (a) Semilog plot of the forward-bias current versus voltage. (b) Expanded

scale plot of the reverse-bias current versus voltage.
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From a tt ical point, breakdown is directly related to the failure of the “no
other processes” assumption in the derivation of the ideal diode equation. In fact, two
“other processes”—avalanching and the Zener pr cause the kd cur-
rent. Avalanching is typically the dominant process. with the Zener process only becoming
important when both sides of the junction are heavily doped. In what follows, we delve
into the physical nature of the two processes and provide process-specific information.

Avalanching

+

Working up to a physical description of the Janching p let us first

a reverse-biased diode where V, is relatively small and far below the breakdown voitage.
Ideally, the reverse current flowing in the diode is due to minority carriers randomly enter-
ing the depletion region and being ‘accelerated by the electric field in the region to the other
side of the junction. In ing the depletion region the carrier acceleration is not continu-
ous but is interrupted by energy-losing collisions with the semiconductor lattice, as envi-
sioned in Fig. 6.12(a). Since the mean free path between collisions is ~10-¢cm, and 2
median depletion width is ~ 104 cm, a carrier can undergo tens to thousands of collisions
in crossing the depletion region. Thus at small applied reversc biases the energy lost by the
carriers per collision is relatively smail. The energy transferred to the lattice simply causes
Jattice vibrations—there is just localized heating that is readily dissipated.

With increasing reverse bias the amount of energy ferred to the icond
lattice per collision sy ically i Approaching the breakdown voltage, the en-
ergy ferred per collision sufficient to ionize a semiconductor atom. By “ion-
ize” we mean the collision frees a valence electron from the atomn, or causes an eleciron

from the valence band to jump into the conduction band, thereby creating an clectron-hole

pnir.'['hisphenomcnon,mlledimpacl' ization, was previously visuali din Fig. 3.15(F).
“The added carriers crealed by impact ionization are i diatel lerated by the electric

field in the depletion region. Consequently, they and the original carriers make additional
collisions and create even more carriers as envisioned in Fig. 6.12(b). The result is a snow-
balling creation of carriers very similar to an avalanche of snow on a mountain side. At the
breakdown voltage the carrier creation and reverse current effectively go off to infinity.

A couple of clarifying comments are in order concerning the preceding discussion and
avalanching. For one, the Fig. 6.12(b) energy band diagram is not, and realistically could
not be, drawn to scale. If the breakdown voltage were 100 V, for example, the distance
between the p- and n-side Fermi levels would have to be approximately 100 times the
E, minus E, band gap distance. Second, it is important to note that avalanche breakdown
does not occur sharply at V, = — Vag. When the reverse-bias characteristics arc exam-
ined carefully as in Fig. 6.10(b), they are found to exhibit a sloping approach to break-
down. There is considerable carrier multiplication a few volts before reaching break-
down and even some carrier multiplication at voltages far below breakdown. The reason
is that the distance between collisions is a random variable statistically distributed
about the mean value. Thus carriers can occasionally gain sufficient energy to have an
jonizing collisior? at voltages far below breakdown. At a few volts below breakdown the
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6.2.2 Reverse-Bias Breakdown

Although referred to as “breakdown,” the reve:

voltage exceeds a certain valuc is a mmh?eﬁewvmt?;;“wmm mﬂlﬁ:mrwr:wm':
pot qamnge the diode in any way. The current must be limited, of course, to avoid excessive
heating. The absolute value of he reverse voltage where the current goes off to infinity is
known as the breakdown voltage and is given the symbol Vo . Practical V, nmsurerr:m
typically quote the voltage where the current exceeds 3 presclected vnlu:;ucllas 1 pAor
! mA. The expected I:l:nklp:iown voltage of planar (one-dimensional) p*-n and n*~:st=p~
junction diodes as a of the 2 ide doping is ploted in Fig. 6.11 for

select semiconductors. At a given doping, l"IIB tends 1o increase wi gap
7 a with the band gap of the
sgmiconductor used to fabricate the diode. OF greater significance, the doping on the lightly

263

doped side of the junction can be used to vary Vyy from a few volts to over a thousand

wlt;mm the doping dependence above the dashed Iin.e. in Fig. 6.11 is roughly

ol
NI (6.33)

where Ny is the doping on the lightly doped side of the junction,

1000

1
(L 10 106
NyorNp (em™)

i 10t

Figure 6.11 Breakdown voltage os a function of the nondegenerate-si ing i

::;iu'-p;::jmnjm Ge, 5i, and GaAs diodes. is the Imﬁﬂﬂ'“l ke d;::’n;}‘;
pings 3 the dashed line. T = 300 K. (After Sze'", ©

oo sk i i 1981 by John Wiley & Sons, Inc. Re-
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(2) Small reverse bias

®) VAl = Var
Figure6.12 Carrier activity inside th ion region of a ‘biased pn junction diode when
(@) Vo} < Vpgand (b) | Vol = Vig. Carrier multipli duc to impact i and the resultant

avalanche is pictured in (b).

:mmbe_ll:h of_carriers _gaining snfﬁcie‘nt energy to have an ionizing collision becomes quite
;:g.e.g e mcIre'ule in cur;em associated with the carrier multiplication is modeled by intro-
ing a multiplication factor, M. If I is taken to be the current wi i
ng a m d nt w
mutltiplication, then fhout sny camier

=
M= —,; (6.34)
An empirical fit to experimental data gives .
1
M= —— (6.35)
[
VBR
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where m takes on a value t 3 and 6, depending on the semicond used to fabri-
cate the diode. Please note that the multiplication factor can be used o correct the ideal
diode equation to account for carrier multiplication and avalanching.

We next seek to explain the Vgp dependence noted in the breakdown introduction.
From the qualitative description of avalanching, it was concluded that breakdown occurs
when the carriers gain an ionizing amount of energy in traveling a lattice-scaltering mean
free path. This should be true independent of the junction doping. A specific energy gain
over a given distance, however, corresponds to 2 specific electric field. In other words,
breakdown occurs when the electric field in the depletion region reaches some critical
value, %z, essentially independent of the junction doping.

Considering a step junction, employing Eqs. (5.35) and (5.37), and evaluating the elec-
tric field at x = 0, we find

”
= - 9Np = - 2q _M.Q_ -
%) Xs aox,\ = [Ks"o (NA + N (Vi = Va) (6.36)

Next, squaring the preceding expression and making use of the fact that €(0) — €, when
Voi = Va— Vi + Vgg = Vg, we obtain

2q NaNp
2 = | 2 |V, 6.37
k& Kssn(NA"" Np/ R ©3n

Since % is independent of doping, the right-hand side of Eq. (6.37) must likewisc be
independent of doping. The right-hand side of Eq. (6.37) will be independent of doping if

Ny + Np

Yo S NNy (638
or for asymmetrically doped junctions
1
Var * N_a (6.39)

The Eq. (6.39) result is not precisely as observed experimentally, but it is acceptably close
given the simplicity of the argument.

Concerning the Vgg band gap (or semiconductor) dependence, we again note that
breakdown occurs when the carriers gain an ionizing amount of energy in traveling a
Jattice-scattering mean free path, The required jonization energy obviously increases with
increasing E, but the mean free path is found to vary only slightly for the semiconductors
cited in Fig. 6.11. Thus, consistent with Fig. 6.11, the breakdown voltage is expected to
progressively increase in going from Ge to Si to GaAs.

One more depend is worth ioning. The Vgp due to avalanching is found
to increase as the temperature goes up. As noted in the mobility discussion in Subsec-
tion 3.1.3. lattice scattering i as the i I lattice scat-

e
268 pn JUNCTION DIODES
8
3
8
%‘
3
=
'
-10
4 09 08 07 06 05 04 X ]
~IVAYVBR
Figure E6.5
Zener Process

wﬂwﬁwﬂyﬂggﬁmm%l‘j%ﬁﬂ&@@ﬁ
“Tunneling is the first pt we have d that 1s of a purcly quantum-
mechanical nature. It has no classical analog. The general nature and basic features of
tunneling can be understood with the aid of Fig. 6.13. The particle pictured in the figure is
taken to be positioned on the left-hand side of a potential cnesgy barrier. The height of the
barrier is assumed to be greater than the kinetic cnergy of the particle. Classically, the only
way a particle such as an electron could move to the other side of the barrier would be to
gain additional energy and go over the top of the barrier. Quantum mechanically. there is
another way the particle can get to the other side of the barrier: It can go through the bartier.
Tunneling is going “through” a potential energy barrier. It should be emphasized that the
particle energy remains constant during the process. Also (thinking classically) the particle
and the barrier are not damaged in any way.
There are two major requirements for tunneling to occur and be significant:

(1) There must be filled states on one side of the barrier and empty states on the other side
of the barrier at the same energy. Tunneling cannot take place into a region void of
., allowed states.
(2) The width of the potential energy barrier, d in Fig. 6.13, must be very thin. Quantum-
mechanical tunneling becomes significant only ifd<100A = 10-%cm.
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tering means a smaller mean free path, a larger critical electric field for avalanching, and
hence a higher breakdown voltage. "
Finally, the discussion has focused on planar step-junction diodes. break

curves apply to linearly graded diodes. Moreover, step-junction diodes formed by diffusion
or ion-implantation through a mask always have curved, nonplanar lateral edges. For a
given applied voltage the electric ficld is greater in the nonplanar region than in the planar
part of the device. Hence breakdown occurs sooner in the nonplanar regions, lowering the
Vgg Of the diode. This “curvature™ effect becomes more pronounced as the depth of the
junction decreases. Special edge have been ped to minimize the effect.

(C) Exercise 6.5

P: Compute and make a plot of the multiplication factor (M) versus | V, [/Vag When

m= 3 and.m = 6. Orient the axes so a t-like plot is obtained; i.e., plot
M increasing downward and |V, |/Vgy increasing to the left. Discuss the plotted
results.

S: The computer program script and plot (Fig. E6.5) follow. Using MATLAB,

the author was only able to obtain the desired axes orientation by plotting — M versus
— | VA [/ Vg The plot is noted to be quite similar to the left-hand side of Fig. 6.10(b).
A perhaps surprising 2X increase in current is predicted for applied voltages less
than 80% and 90% of the way to Vgg for m = 3 and m = 6, respectively. There is
already a carrier enhancement of ~10% (M = 1.1) at 0.45Vy, when m = 3 and at
0.65Vg when m = 6.

MATLAB program script...

%Exercise 6.5...Multiplication factor
%Initialization

close

clear

%M calculation

x=linspace(0,.99); %x=|VA|/VBR
M3=1 /(1-x.A3); %M when m=3
M6=1 /(1-x."6}; %M when m=6
%Plotting result

plot(-x,-M3,-x,-M6); grid
axis([-10-100])
xlabel(-|VA|/VBR")
ylabel(-Multiplication factor')
text(-0.8,-2.5,'m = 3
text(-0.95,~1.5,/m = 6)
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Figure 6.14 Visualization of ina -biased pn junction diode.

Visualization of the Zener process, tunneling in a reverse-biased pn junction diode, i
presented in Fig. 6.14. The particles doing the tuinel.ing are valence :a:j“;:il;z’::f&:
p-side f’f the junction. The p ial energy barrier icting these el to
the p-side of the .' is outlined in the figure. Tt takes placezvhcn the electrons
pass through 'zhc b.amer to empty states at the same energy in the conduction band on the
n-side of the junction. The greater the reverse bias, the larger the number of filled valence-
electron states on the p-side placed opposite empty conduction-band states on the n-side
and lln:ence the greater the reverse-bias tunneling current. '

or ling to be signifi the barrier thick roughl depleti idth i
ll',e case of ll-_ne pn junction diode, must be <10~ cm, Refcrrigngyloml:ig. %5.3 we:v ;‘3:2 ;:
t‘l.l(.)db depletion widths <10~ cm necessitate dopings in excess of 10"/<':m3 on the
lightly” doped side of the junction. Thus the Zener process is important only in diodes
.(ha( are heavily doped on both sides of the junction. The breakdown voltage of the diodes
is correspondingly small. The Zener process makes a significant contribution to the break-
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down current in diodes where Vg < 6Eg/g (—6.7 V in Si at 300 K) and dominates in
diodes where Vg <4Eglg (—4.5V in Si at 300 K). .

Two experimental observations can be used to distinguish t lanching and
Zener process breakdown. First, whereas the Vag d with hi
with i ing 7, Vgg de with i ing T if the Zener process is dominant. Sec-
ond, the breakd t istics d with the Zener process are very *soft.” The
current exhibits a very slow approach to infinity even when observed on a relatively coarse
scale.

Historically, the Zener process was the first proposed to explain reverse-bias break-
down. All diodes specifically fabricated to make use of the breakdown characteristic came
1o be known as Zener diodes. The name continues 10 be applied to all diodes making use

of the breakdown characteristic, even though those with breakdown voltages in excess of

6E/q are functionally avalanche diodes.

6.2.3 The R—G Current

In comparing theory and experiment, a current far in excess of that predicted by the ideal
diode theory was found to exist at small forward biases and all reverse biases in Si diodes
ined at room temp The observed “extra” current arises from thermal carrier
ination-generation in the depletion region that was assumed to be negligible in the
derivation of the ideal diode equation. How thermal R—G in the depletion region gives rise
to an added current component can be understoed with the aid of Fig. 6.15. First consider
the reverse-bias case modeled in Fig. 6.15(a). Heretofore in all quantitative analyses, and
even in the qualitative derivation of the ideal diode equation, we associated the reverse
current with the minority carriers wandering into the depletion region from the two sides
of the junction. When the diode is reverse biased, however, the carrier concentrations in
the depletion region are reduced below their equilibrium values, leading to the thermal
g ion of and holes tt hout the region." The large electric field in the
depletion region rapidly sweeps the generated carriers into the quasineutral regions,
thereby adding to the reverse current. Forward biasing increases the carrier concentrations
in the depletion region above their equilibrium values giving rise to carrier recombination
in the region. As envisioned in Fig. 6.15(b), one can effectively view the resulting added
forward current as arising from the carriers that cannot make it over the potential hill being
partially eliminated via recombination at R-G centers in the depletion region.

Seeking to ish a quantitati p for the added current, /y_g arising from
thermal ination—-g ion in the dep region, we note that the net R-G rate
is the same for electrons and holes under steady state conditions. Moreover, for every elec-
tron-hole pair created or destroyed in the depletion region per second, one electron per
second flows into or out of the diode contact: ing either the or the holes

the depletion region per second and multiplying by g should
* Use of the term depletion region in the prescat coniext imes leads to confusion. Jt must be d
that the carrier concentrations in the depletion region are not zero or ically less than their

values, but are merely smail compared to the background doping concentrations.

s s ssia
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Note that, because of the Jent in the depletion region, the familiar special-

P
case R~G relationship, 37/0! lpermair- = ~A7/5 is not applicable. Rather, the gencral-
case result initially presented as Eq. (3.35) must be employed:

- n2
an .. Sl S— (6.41)
at |wermat To(n + 1)+ TP F py)
R-G
and
xa - n?
.. Sl (—— ¥ 6.42)

o= dA
Ra T ) T m) Tt py)

For reverse biases greater than a few k7/q, the carrier concentrations become quite
small throughout most of the depleti region. With the carrier concentrations being neg-
ligible (n — 0, p — 0), the integral in Eq. (6.42) is readily evaluated to obtain

gAn;
Ing = — ——W
R-G 21y

... reverse biases > few kT/q (6.43)

where

For forward biases the carrier ations cannot be neglected and even an approximate
evaluation of the Eq. (6.42) integral becomes rather involved. We merely note that Iy g is
expected to vary roughly as exp(gVaimkT), 1 < =2, for forward biases greater than a
few kT/q.1%! Typically, the expected 7 is close to 2, and the combined forward and reverse
bias dependence is approximately described by

ghn; ., (e = 1)
o = E—_—w
° L+ Vi = Va __‘m’eqvAmr)
kTlq 27,

(6.45)

With the introduction of a second current component, it is common practice to refer
to the current described by the ideal diode equation as the diffusion current, Ie. The
diffusion current expression is rewritten here to facilitate a comparison of the two

DIODE:

( : }——————Ideal diode current

R-G current

R-G current

Ideal diode current _—@

(a) Reverse bias

Ideal diode

Ideal diode
current

(b) Forward bias

Figure 6.15 The R-G current. Visvalization of iti
L 5 3 the additional current resulting fro:
bias generation and (b) forward-bias recombination in the depletion region.  from @ revere

therefore give the magnitude of the added current flowing i ice. Proceed
ther lowing in the di 3 i
indicated and accounting for the polarity of the current yielfls e e

*a an
1 = —gA =
L S 7) P (6.40)
R-G
P DIODE: /-V
components:
Dy n? . Dp n?
1 = SN RO
. e = 94 (,_N A + L ND)(e""A"” -n (6.46)

The total current flowing in the diode is of course just the sum of the diffusion current and

the R-G current:
e

‘We are now in a position to explain earlier experimental observations. In Si diodes at
room tcmperamre gAn;W/27, > I, and the I_g current dominates at reverse biases and
small forward biases. Since the reverse bias /p_g is proportional to W, the reverse current
never sat but i1 i with i ing reverse bias. The forward bias
Iy varies ascxp(gVAIZkT) for V, > few kT/q, consistent with experimental observations
at small forward biases. With increasing forward biases the /p, component, which in-
creases more rapidly with voltage, 1y kes the /p_g len;ding to the
g/kT region on a semilog plot of the forward-bias characteristics. Because Jppr ® n? while
Iz < n;, the relative weight of the two comp varies signi t‘ro:;xEF icond
tor to semiconductor. Whereas gAn,W/27, & I, in Si and GaAs diodes at room tempera-
ture, l.he larger n; of Ge typically makes /, > gAn,W/27, in Ge diodes at room temperature.
Also, since I, « n} while the reverse bias Iy g, & n;, the reverse bias diffusion component'
of the current will increase at a faster rate with increasing temperature. The diffusion com-
ponent eventually dominates at a sufficiently el The n, d dy ex-

gla;n‘s’d the experimental observations that Ge diodes d at room and
Si diodes op d at el d temp are often found to more closel, :: proach the
ideal, specifically exhibiti reverse-bias ch istic: v

(C) Exércise 6.6

If the w_eak }'o}lage dependence of the factors multiplying the exponential in the /p_¢
expression is ignored, the total pn junction diode current for forward biases greater
than a few k7/q may be approximately modeled by

I = 1o eWT 4 [ eaVal2iT
T T

Toier Ing

where both I, and Iy, are taken to be constants independent of voltage.
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P: (a) Compute o, and /o, for a Si p*-n step junction diode maintained at 300 K
with A = 10-4 cm?, Np = 10'%/cm, and 7, = 7, = 7o = 10-6 sec. In the /o,
computation, assume that the exp(qV,/2kT) term in the denominator of the Iy_g
expression is much greater than unity and set V,
dependent terms. As in previous exercises compute V,; using Vi

(kT1q) In(Np/my).

= V,/4 in evaluating voltage-
= (Egl29) +

(b) Repeat part () for a Ge p*-n step junction diode maintained at 300 K. Assume a
set of parameters identical to the part (a) Si diode except that 2, = 1500 cm?/V-sec,
. =25 X 10%3/cm?, and Kg = 16.

(c) Making use of the simplified current hip duced in this problem, con-
struct a semilog plot of 7 versus V,, that simultaneously displays the forward-bias

} istics of the previously ibed Si and Ge diodes. Limit the plot axes to
OVsV,=1Vand10-2A=/= 10-3 A. Begin the calculation at V, = 0.1V.

Discuss your results.

S: The computed o, and Iy, values for the two diodes are summarized in the table
presented below. The part (¢) computer program and plot follow the table. The o
and 7, values are stored in memory after running the listed computer program and
were accessed from the MATLAB Command window.

As expected, I, 3 Iy, for the Si diode while 7, > Iy, for the Ge diode. Because
of the small band gap and corresponding large n;, large forward currents flow in the
Ge diode at relatively small voltages, making it all but impossible to observe the Ip_¢
component. Conversely, both the Ipgpr and Iy_g components are clearly evident on
the silicon diode plot.

Silicon Germanium
In, 538 X 1016 A 623 X 10-°A
Iz 208 X 10-3 A 8.3 X 10-'°A
MATLAB program script...

% Comparison of forward bias I-VA for Si and Ge diodes at 300K.
% This program uses a simplified formula for the current:
% 1= 101*exp(qVA/(KT)) + 102*exp(qVA/(2KT)).

%  Also, Vbi=EG/2q+ (kT/q)In(ND/ni).

o SUNCTION DIODES

Exercise 6.7

A generalizati T
monly introduced in analyzin|

where n, and n,
R-G current related regions of the forward:

P: Determine the /oy, Iy ys
bias I-V data presented in Fig. 6.10(2)-

S: Figure E6.7is 2

two linear regions of : e g
similar to Eq. 6.31), the mathematical descripti

10+

VA (volts)
Figure E6.6

ise 6.6 is com-

dol

f the forward-bias i ion in
o in g experimental data. §puiﬁca!ly. one employs

1= Iy eaVAImKT 4 ImngAM:kT
T T

Towee Irg

are arbitrary constants determined by a match to the n_ur-ideal and
-bias characteristics, respectively.
forward

and n, that provide an optimal match to the

i ig. 6.10 ith straif t\'mesdmwnthmughlhe
reproduction of Fig. 6.10(a) wi s ,‘gh ines D o (and

n the plot. Based on the g

on of the straight lines is

q i =
(D) = Inllg) + n.kTVA =12
|

pn DIODE: /-
%lnitialization
close
clear
% Conslants
T=300; % Temperature in Kelvin
k=8.617¢-5; % Boltzmann constant eV/K
¢0=8.85¢e-14; % permittivity of free space (F/cm)
q= 1_.602:-19; % charge on an elcctron (coul)
KS —[l[ ge.lsol 26]S " % Dielectric constant {Si Ge]
ni=[1 -5el3]; % intrinsic carrier conc. at 300K [Si Ge]
up=[437 1500); % hole mobility [Si Ge) : !
EG=(1.120.66); % band gap [Si Ge]

% Given Constants
A=1.0e-4; % cm”2
ND=1.0el6; % cmA(-3)
taun=1.0e-6; % seconds
taup=1.0e-6; % seconds

% 101

DP=k*T.*up;
LP=sqrt(DP.*taup);

101=q*A *(DP/LP*ni.A2/ND);

% 102

Vbi=EG/2+k*T.*log(ND./ni);
W=sqrt(2.*KS*¢0/(q*ND).*Vbi);

102=q*A *ni/sqrt(taun*taup).*W.*(k*T)./(3 *Vbi/4);

% Currents for both Silicon (ISi) and Germanium (IGe)
VA=linspace(0.1,1);
ISi=101(1).*exp(VA./(k*T))+102(1).*ex 3
*exp(VA/(2*k*T));
IGe=101(2).*exp(VA./(k*T))+102(2).*exp(VA./(2*k*T));

% Plot

semilogy(VA,ISi,VA 1Ge,-; grid
axis([0 1 1.0¢-12 1.0e-3]);
xlabel('VA(volts));

ylabel('I(A));

text(.7, 1.4e-9,T = 300K');

text(.7, 4.0e-10,ND = 1.0e16 /cm”3');
text(.25, 1.4e-5,'Ge");

text(.48, 1.4e-8,'Si");
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The V,, = 0 intercept th i
e f,;o . pt therefore yields the Iy; values, and the nj-values can be com-

Vi = V,
ni = —A7% Al
(kT1q) In(I,/1,)

where 1 and 2 are any two points along the straight lines. We conclude

Ioy =10-4A n, =101
Ip, =10-12A n, =156

The pier is almost istically i
1 P alm istically ideal. The obse: -
is on the low side but within the normally observed range. I, » l:e:s,:;z;t::lcm

100

.
10'2 Z Y, P
A -
104 =
1 (amps) .
10¢ A
pes
108 A gIkT
Pad
7
1010 74 £
/2T
Y
e I
1. . 02 04 06 08 1.0
_‘_ V, (volts)
Figure E6.7

6.2.4 V, - V,, High-Current Phenomena

:\/ sng:ilﬁcanl current begins to flow in the diode when the applied forward bias approaches
asbsil-]mp(?;ﬁ: ac:;rent in t'urn creates conditions inconsistent with a number of ideal diode
pp ions. For one, the ion th i i

o proxim - For one, n at all of the applied voltage is
pped across the region IfI=0.1A, for exampi, a
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resistance outside the depletion region of only 1 ohm would give nsc 0 .asigniﬁca;l Vohag;
drop of 0.1 V. A large current may also produce a high level of injection. The effects an
deling of these deviations are considered next.

Series Resistance

The quasineutral regions have an inherent resistance dewrmimg by the d?pmg and :;r‘r(:l::l
sions of the regions. Although quite small in 2 wcll-madﬁdcvnce. there is fdso a P
resistance associated with the diode These co ¢ to form a 50 i0
series with the current flow across the junction as envisioned in Fig. 6.1 §(g). Atlow cur(riem
levels the voltage drop across the series rcsistar}ce, IRg, is totally neg1}§|ble FoTp:cm |:
the applied voltage drop across the depletion region bettfr known as the !unm;o.r;: :1 o :d c
Vj. Under the cited condition, V) = V,, as assumed in the electrostatic and i

log(D

ificati inati ies resi . (a) Physical origin of Rs.
re 6.16 Identification and determination of the series resistance. (a)
Z:)g:orward-hias semilog plot used to deduce AV versus 1. () AV versus I plot used to deduce Rg.

pnJUNCTION DIODES
both the minority carrier and the majority carrier trati dj to the dep
region are perturbed, as pictured in Fig. 6.17(2). ‘The majority carrier oo'ncemrauon must
increase to maintai i charge lity in the quasi I regions. An analysis

of high-level injectionrll;:ads to a predicted current varying roughly as exp(qﬂ:r‘T?.;n o(lhe‘;
words, one expects a high-current g/2kT region on a semilog Plot of the forward bias /-1

characteristics as sketched in Fig. 6.17(b). The predicted high-current ql?kT region is
seldom observed, however, because it is obscured by the slope-ove'r associated with se-

ries resistance. We should note, heless, that the d carrier ons as-
norp
(log scale)
[ High-level injection

Pp

AP

log(n

Caused by
high-level injection

Va

)

Figure 6.17 High-level injection. (a} Carrier concentrations under high-level injection conditions.
(b) Predicted effect on the observed characteristic.
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2 1=V

derivations. At current levels where IRg becomes comparable to V,,, however, the applied
voltage drop appearing across the depletion region is reduced to

- IRg (6.48)

Effectively, part of the applied voltage is wasted, a larger applied voltage is necessary to
achieve the same level of current compared to the ideal, and the characteristics slope over
as illustrated in Fig. 6.10(a).

To correct for the series resistance, one merely replaces V, by V; = V, — IR in
previously derived /-V/, relationships. Since the diffusion current typically dominates at
the current levels where IRg becoines important, we can write

I= IgetT = [ edVA=IRIT |V, - Vy (6.49)
Technically Eq. (6.49) is a transcendental equation that cannot be solved for 7 as a function
of V. However, I versus V, is readily established by choosing a V; value, computing /
from Eq. (6.49), and then computing V,, from Eq. (6.48). The computation does require a
knowledge of Rs. Rs can be determined from experimental data as outlined in parts (b)
and (c) of Fig. 6.16. Working with a forward-bias semilog plot similar to Fig. 6.10(a), one
extends the ideal-diode part of the plot into the slope-over region and notes the AV voltage
displacement between the two curves as a function of /. Sincc AV = V,, — V; = IRg, the
slope of the line through a plot of the AV versus / data yields Rg.

Exercise 6.8

P: Crudely estimate the scries resistance of the diode exhibiting the -V character-
istics presented in Fig. 6.10(a).

S: A blow-up of the slope-over region is needed to produce a decent AV versus /
plot. We can, however, estimate Rg using the AV at a given . The Fig. 6.10(a) I-V
curve terminates at a current of about 80 mA when V, = 0.85 V. Referring to
Fig. E6.7, we find that an extension of the g/kT region on the plot passes through
80 mA at roughly 0.78 V. Thus AV == 0.07 V and Rg = AV/I = 0.07/0.08 ~ 1 okm.

High-Levei Injection

The low-level injection assumption made in the derivation of the ideal diode equation be-
gins to fail when the minority carrier ion at the depletion region edge on the
lightly doped side of the junction app the doping In Si at room tem-
perature this typically occurs at applied voltages a few tenths of a volt below V,;. A further
increase in the applied voltage gives rise to high-level injection. Under high-level injection

DIODE: i~V

sociated with high-level injection can reduce the observed series resistance. The reduction
in resistivity resulting from high levels of carrier injection is referred to as conductivity
modulation.

Exercise 6.9

P: The d /-V ch istic of a Si diode d at room temp is
crudely sketched in Fig. E6.9. Note that the current scale is logarithmic for forward
bias and linear for reverse bias. Nonidealiti hibited by the ck istic are iden-

tified by capital letters. Various possible sources for the deviations from the ideal are
listed to the right of the sketch. Identify the cause of each nonideal /-V feature; place
the proper source number(s) adjacent to the letters on the sketch.

log(h

. Photogeneration

Thermal recombination
_inthe depl:}icri region
Avalanching and/or
Zener process

w e

>

Low-level injection

b

Depletion approximation

o

. Thermal generation in the
depletion region

Band bending
Serics resistance
V> Vy

10. High-level injection

© % o=

Figure E6.9

Ny SR
S: sa‘om'za')‘sm Ty

6.3 SPECIAL CONSIDERATIONS

The two topics addressed in this section are of a supplemental nature as far as the basic d.c.
response of the pr junction diode is concerned. Considerations associated with the topics
could be delayed until absolutely required later in the text, but that would tend to de-
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by sut ing them in a larger context. Also, 2 1i.nkage of
understanding becomes more difficult to
is a sort of “big picture” method

P their imp
ideas and concepts critical to a greater depth of
establish. The charge contro} approach, addressed first, big pic e
of analysis that often allows a bly PP solution with 8 minimum
of mathematics. The narrow-base diode, considered in Subsection 6.3.2, is both a special
deviation from the ideal and a conceptual link to the bipolar junction transistor.

6.3.1 Charge Contro! Approach

In the charge control approach, the basic carrier variable i§ the charge_associnted wiLh‘thc
minority carrier excess (or deficit) within an entire quasineutral region. To bc. specific,
consider a forward-biased p*-n junction diode. Let A p,(x, 1) be the minority carrier excess
in the n-side quasineutral region at a given time ¢ and at a point X, x, = x = . The total
excess hole charge, Qp. within the region is then

Qp=¢qA r Apy(x, 1) dx (6.50)

Equation (6.50) also applies to reverse bias with a negative Jp beit!g inler?tc(ed as a carrier
deficit. Q is of course i dent of x, but is p ially a fi of time.

Still considering a p*-n diode, we next seek a relationship that defcnbes the <_)vemll
behavior of this combined minority carrier charge in the n-side quasmeutrAal region. A
logical place to startis the minority carrier diffusion equation, Eq. (3.54b), which de_scnbcs
the overall behavior of the minority carrier hole concentration at a given point. Specifically,

with G, =0,
3p, _ pp 80, _ AP ©51)
at ax? T,
Since in 2§ = 0 region
3Ap
= —gp, 22l (6.52)
Je qDy ax
we can alternatively write
agAp,) _ _ ¥p _ 4APy .59
ar ax T

pa JUNCTION DIODES

into the n-side and equal to the A p,, value at the depletion region edge. Therefore, without
actually solving for A p,(x), we estimate

2
0r = QAL py(x' =0) = GALpy- (T = 1) ©58)
o]
giving
[ L‘I nt QVART
==k = _ -1 .
Toier ™, qAr, ND(¢ A ) (6.59)

Since Lp/7, = DplLp, Eq. (6.59) is recognized to be the usual result for the diffusion
current in the p*-n diode.

6.3.2 Narrow-Base Diode
Current Derivation

In the ideal diode derivation the diode contacts were assumed to be several minority carrier
diffusion lengths or more from the edges of the depletion region. This gives rise to the
Any(-®) = 0 and Ap,(®) = 0 boundary conditions. For diodes whose width on the
lightly doped side is equal to the or wafer thick the wide-base diode a: p
tion is typically justified. The assumption comes into question, however, if the diode is
fabricated, for example, in a thin epitaxial layer. A diode where the width of the quasineu-
tral region on the lightly doped side of the junction is on-the-order-of or less than a diffu-
sion length is known as a narrow-base diode.

* To determine the diffusion current flowing in a narrow base diode, it is necessary to
revise the ideal diode derivation. We take the diode under analysis to be a p*-n step junc-
tion diode identical in every way 1o an ideal diode except that the width of the quasineutral

gion is possibly ble to or less than a minority carrier diffusion length. As
graphically defined in Fig. 6.18, x_ is the distance from the metallurgical junction to the n-
side contact, and x, = x, — x, the distance from the n-edge of the depletion region to the
»-side contact. The n-side contact is assumed to be ohmic, making Ap, =0 atx’ = x;.In
general, the minority carrier concentration at a contact a finite distance from the depletion
region edge depends on the rate of carrier recombination—generation at the contact. At a
well-made or ohmic contact, the recombination—generation rate is high and the minority
carrier concentration is maintained near its equilibrium value.

Paralleling the derivation of the ideal diode equation, we must solve

d8p, _ Ap, ,
0= D,,——dx,‘:" - —1": LL0sx =x (6.60)
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Being i d in the combined beh of the gA p,(x, 1), let us inte; i

L 1), grate all terms in
Eq. (6.53) over the~ volume (= A f dx) of the n-side qn;sineuual region. After some rear-
rangement, we arrive at

1 " I’A @ "Jp() 1 )
a9 ), Beadx| = —A |l ~ ;;[qA f . Ap,.dx] (6.54)

The bracketed quantities are dto be Qp. M X
"Jr("')
—-A Jienr dlp = ~AJy(@) + AJp(x,) = AJp(x,) = Algyr = ipge  (6.55)

The hole cmt goes to zero far on the n-side of the junction, making J,() = 0. Since
we are treating a p*-n junction, Jou = Jn(=x,) + Jp(x,) = Jp(x,). A lowercase i is
used for the final result in Eq. (6.55) because the current is pcmliltc(’i in general to be a
function of time. Making the indicated simplifications to Eq. (6.54) yields

aQ» [

o fowp — -r_p (6.56)

The result of our manipulations, Eq. (6.56), has a very simple interpretation. It says
there are two ways to change the excess hole charge within a region: Holes can flow into
or out ?f the region (ipee), or the excess charge can be modified by recombination—
generation within the region (— Qp/7,). Eq. (6.56) is effectively a inui ion for
the excess hole charge.

The charge control approach finds application in both steady state and transient analy-
ses. To illustrate its use, consider a p*-n junction diode under steady state conditions. In
the steady state dQ/dt = 0, ipygr = Iprr, and Eq. (6.56) reduces to

j23

Te

(6.57)

Ipgr

Now suppose a solution was not available for A p,(x). We do know the value of Ap, at
x=x (x' = 0) from the Eq. (6.18) boundary condition and we suspect the solutior:. if
obtained, would be exponential with a decay constant of a diffusion length. These facts
suggest an approximation similar to that introduced in Exercise 6.4. We equate 0, to the

ekcess hole charge d with a squared-off distrit ding a diffusion length
P DIODE: {-V e
0 x, Xe
V x
" %
Z <
0 x'

Figure 6.18 Specification of the n-side contact position in a narrow-base diode. x/ is assumed to
be comparable to or less than L. ‘

subject to the boundary conditions

Ap,(x'=0) = ;—i(e""\’” -1 (6.61a)
Ap,(x'=x) =0 (6.61b)

Asin the i‘deal diode derivation, the general solution is
Ap,(x') = Aje~%Mlr + Ajexilr | 0= x' = x! (6.62)

Here, however, A, is not required to vanish. Rather, applying the boundary conditions gives
Ap,(0) = A, + 4, (6.63a)
0 = Ajemxlle + Ayesiflr

(6.635)

Solving Egs. (6.63) for A, and A,, and substituting back into the general solution, we
conclude '

elxe—a'Vlp —

estlly — g—%illy )

Ap,(x') = Ap.,(O)( L0 x <x) (664

or more compactly in terms of the sinh function

sinh{(x, = x')/Lp]

Apy(xy = Ap,(0) sith[x/Ly]
Ui

0=x =x (665

! 28T
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where
¢ — e~f
sinh(g) = = (6.66)
Finally,
48, 6.67
Ipge = Alp(x'=0) = ~qADp e (6.67)
leading to
Iy = Lo(e™4T = 1) (6.68)
Dy _rhz_ cosh(x:/Lp) (6.69)
Io= @A N, Sinh(x!/Ly)
where
gt et 670
cosh(§) = 2
Limiting Cases/Punch-Through
To assist in the examination and interpretation of results, it is useful to note
£ ...E20 (6.712)
Snh() = ¢_£ Lo {6.71b)
2
1+‘f—2 L. ES0 (6.72a)
cosh(®) = ff- T (6.72b)
2
imi . '/Lo » 1, the ratio of the sinh terms
Consider first the limit where x} — . If x; = @ or X/Lp > 1, . ¢
in Eq. (6.65) simplifies to cxp(‘—x'/L,) and Eq. (6.65) reduces to Eq. (6.230)(]m thc(ld::el
diode derivation. Similarly, cosh(x{/Ly)/sinh(x;/Lg) = 1. and Eq. (6.69) reduces ; he
standard ideal diode result for a p*-n junction. In essence, the m_arrow-k-:ase diode an ly s
may be viewed as a generalization of the ideal diode fi valid for q
regions of arbitrary thickness.
288 pnJUNCTIONDIODES
Thus
2Ks&q
x2=x= —‘E—(V Vo)
_qN_‘% 2
Va = Yo T aKee,
- 3 ~ay2
=092 — (1.6 X 10-19)(10'¢}2 X- :‘0 ) - 27V
. (2)(11.8)(8.85 X 107%)
V.. was read from Fig. ES.1 in Subsection 5.1.4. 5
" I:ipwﬁng Fig. 6.11, we note that avalanche breakdown occurs at ‘./“ =55V
in a comparable wide-base diode. Thus, punch-through will take place prior to break-
down in the given narrow-base diode.

6.4 SUMMARY AND CONCLUDING COMMENTS

The chapter was devoted to modeling the steady state response of the pn juncuon.dlode.
We begai with a qualitative description of diode operation using the energy ba.nd dx_ngra?m
as a visualization tool, The reverse-bias current in an ideal diode is associated wuk.x mipority
carriers wandering into the depletion region and bei_ng accelerated to the_opposne snd_c of
the junction. Forward biasing lowers the potential hill belween the two sndes‘ of lhc diode
and enhances majority carrier injection across the junction and into| thle opposne-s‘:de quas-
ineutral region. There is of course no carrier build-up anywhcre. .msxde vhe. de\flce und‘er
steady state diti R ination—g ion acts to stahxhze_ the mmom): carrier
concentrations, while a very rapid anﬁd i ge with the contacts main-
i tancy of the majority carricr concentrations. o
o tchz:ggzmbl: attention vjxasr:exl given to the formulation, derivatiou,_ a{\d examination
of the ideal diode theary. Although the predicted I-V characle.rislic exhibits serious z!eﬁ-
ciencies when carefully compared with experiment, the ideal diode devF]opmenl provides
valuable insight into the internal operation of the diode and an ana]yucalbasc for more
accurate formulations. Even with its limitations, the theory and extensions of the !helor'y are
widely used in diode and other device analyses to obtain manageable first order gmdlcu?ns.
The ideal diode equation, it should be cautioned, is only a smnl.l part of the ideal dlodF
theory. The theory P aclear ding of the solulfon.su-awgy and approxi-
mations, the mathematical steps to follow in establishing 2 quantitative result, and Predu:-
’ i carrier nts, material dep doping de-

tions relative to carrier

ndencies, and so on. . ) .
v As already acknowledged, a careful comparison between the ideal diode and experi-
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Although mathematically reassuring, the wide-base limit leads to nothing new. It is the
opposite limit where x; — 0 that proves to be more interesting. For one, if x/Lp <€ 1, the
sinh terms in Eq. (6.65) can be replaced by their arguments, and A p,(x’) dramatically
simplifies to

Ap,(x'y = Ap,w)(l - i—) ©.73)

The perturbed carrier ion t a linear fu of position, just a straight
line connecting the two endpoint values set by the boundary conditions. The linear depen-
dence is a direct q of negligible thermal bination—g ion in a region
much shorter than a diffusion length. In fact, the Eq. (6.73) result could have been obtained
much more readily by neglecting the R—G term (— A p,/7_) in the original minority carrier
diffusion equation. This observation is justification for henceforth neglecting the thermal
R-G term in the minority carrier diffusion equation when the quasineutral width is small
compared to a diffusion length.

A second small-width observation involves the reverse-bias current. In the limit where
xULp <€ 1, cosh(x/Ly)isinh(x/L,) — Lp/x, and I — gA(n?/Np)(Dp/x.). The width of
the quasineutral region, x; = x, ~ x,, decreases with increasing reverse bias because of
the growing depletion width. It therefore follows that /ppp(V, < 0) = — I « 1/x] does
not saturate, but systematically increases with the applied reverse bias. If x, is sufficiently
small, there is also the possibility of x; — 0. The situation where an entire device region
becomes depleted is referred to as punch-through. Based on the Eq. (6.68)/(6.69) result,
Ipge(Va < 0) = —if x{ — 0. However, because of the depletion approximation used in
defining the width and nature of the quasineutral region, the theoretical formulation be-
comes invalid in the extreme x; — 0 limit. Experimentally and in more precise theoretical
formulations, the diffusion current remains finite at the punch-through voltage in a narrow-
base diode, provided the electric field inside the device is insufficient to produce avalanche
breakdown.

Exercise 6.10

P: A planar Si p*-n step junction diode at room has an n-
side doping of Ny, = 10'/cm® and an n-side thickness of x_ = 2 uzm. Invoking the
depletion approximation, determine the punch-through voltage; i.e., determine the
voltage required to completely deplete the 7-side of the diode.

8: At the punch-through voltage x,, = x, where from Eq. (5.37),

1”2
2Kge,
o e - w)

It
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mental I-V istic: led several d from the ideal. For a Si diode main-
tained at room temp the deviations i ded reverse-bias breakdown, excess current
Jevels under small forward bias and all reverse biases, and a reduced /-V slope or slope-
over at forward biases approaching V,;. Breakd was iated with avalanching or the
Zener process, the excess current with thermal carrier recombination—generation in the
depletion region, and the reduced /- V slope at high forward currents with the voltage drop
across internal series resi or possibly high-level inj . Each of the deviation-
causing phenomena was described physically, and the more important phenomena we

modeled analytically. Information of special note included Vg due to avalanching varies
roughly as the inverse of the doping concentration on the lightly doped side of the junction,
carrier multiplication leads to an enh d current far below the breakdown voltage, the
R-G current exhibits an d depend pp ing exp(qV/2kT) under forward
biasing and is proportional to W under reverse biasing, the R~G current varies as n; while
the diffusion current varies as n?, the voltage drop across the internal series resistance
reduces the voltage drop across the junction to V; = V, — IR, and high-level injection
gives rise to an expected high-current exp(qV,/2T) operational region that is usually ob-

scured by the slopt T d with serics The devel it should be
noted, concentrated on the step junction. Analytical modifi may be d in treat-
ing other profiles.

In the special section we introduced an analytical h known as

charge control and generalized the ideal diode analysis to accommodate base widths of
arbitrary thick When the g ] width is small compared to a diffusion length,
the perturbed carrier distribution was noted to become linear. For extremely smali base
widths, there is also the possibility of punch-through or complete depletion of the narrow
base at a reverse-bias voltage less than V.

Although we have covered the highlights in this summary, there are other pieces of
information—terms, techniq pproximati ions—that are part of the overatl
information package. The Part II Supplement and Review does contain a Review List of
Terms grouped by chapter. As far as equations are concerned, the ideal diode solution (Egs.
6.29/6.30), the law of the junction (Eq. 6.12), the depl dge boundary conditions (Egs.
6.15/6.18), and the reverse-bias R~G current expression (Eq. 6.43) might be committed to
memory. The book should be retained for looking up the remainder of the equations.

PROBLEMS
CHAPTER 6 PROBLEM INFORMATION TABLE
Problem Complete | Difficulty §ugge._ned» - Shqrzl
After Level Point Weighting Description
6.1 6.1.4 1 10 (! each part) Ideal diode quiz
6.2 6.2.4 1 10 Compare actual-ideal /-V
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6.3 6.1.1 1 9 (3 each part) Band diagram sketches
6.4 " 2 8 Forward-bias big picture
6.5 6.12 2-3 |10 Derive Eq. (6.15) using J,=0
66 6.13 2 10 (5 each part) Typical I valuesusing diary
6.7 " 2 16 (a-10, b-5,¢-1) Ideal /-V variation with T
6.8 " 3 16 (a-3, b-10, ¢-3) Photodiode /-V derivation
69 " 1 5 Photodiode /~V plot )
6.10 6.14 2 10 (a::c-2, d-4) Deduce info from conc. plot
6.01 4 3 12 Deduce, plot carrier conc |
06.12 M 3 12 (a-9, b-3) pn diode T-sensor
6.13 6.2.2 2 6 (2 cach part) Vgg-related calculations
®6.14 " 2 108, b-2) Breakdown I-V (Ml,)
°6.15 | 623 3 |12 Breakdown I-V (Ml_c)
6.16 " 3 8 Determine elevated T-point
6.17 . 3 10 Modified /g_q
6.18 6.24 3 9 (a-6, b-3) Rg-related
619 | 3 % Q0 ime Do $163 | Deduce Iy,  from 1V
6.20 " 2-3 |15 Deduce Rg from I-V
0621 " 4 40 (a-2, b-10, c::e-8, f-4) | Multipl ideality /-V/
6.22 6.3.2 3 10 Pscudo-narrow-base diode
6.23 " 3 15 Narrow/wide diode combo
6.24 " 4 s (::?‘zb}_zl‘ 2:)'4 -2, Multiple considerations
6.1 Ideal Diode Quiz
Answer the ing ions as isely as ible. Assume the refer to an
ideal diode.

(a) The forward-bias current is associated with what type of carrier activity?
(b) The reverse-bias current is associated with what type of carrier activity?

{c) Why is the reverse-bias current expected to be small in magnitude and to saturate at a
small reverse voltage?

(d) Under reverse biasing, what processes occur in the quasineutral regions adjacent to the
depletion region edges? Is it drift and diffusion, diffusion and recombination, genera-
tion and diffusion, or generation and drift?

DIODE: /-V CHARA!

(e) Why can't the minority carrier diffi q be used to d the minority
carrier concentrations and currents in the depletion region of a diode?
(f) What a priori justification is there for i b is negli-

gible throughout the depletion region?

(g) What exactly is a “wide-base" diode?

(h) What is the “law of the junction”?

(i) Given a semilog plot of the forward bias /-V characteristic, how does one deter-
mine /5?7

(j) Trueor false: The reverse-bias saturation current may be alternatively viewed as arising
from minority carrier generation in the quasineutral regions.

6.2 Compare (preferably with the aid of sketches) the /-V characteristic derived from an
actual Si pn junction diode d at room and the th 1 ideal-diode
characteristic. In effecting your comparison, carefully note and (as necessary) clarify all
deviations from the ideal. Finally, briefly identify the cause of each deviation from the ideal
theory. Devote no more than a sentence or two to the cause of each deviation.

6.3 Sketch the energy band diagram for an ideal p*-n step junction diode showing the
carrier activity in and near the depletion region when

(@ Vy=0.
() V5> 0.
© V,<0.

6.4 Constructa posite energy-band/circuit di to Fig. 6.2 that provides
an overall view (the “big picture” view) of carrier activity inside a forward-biased pn
junction diode.

6.5 Referring to the V,; derivation in Subsection 5.1.4, show that the Eq. (6.15) boundary
condition can be derived by continuing to assume J,; = 0 when V,, 0. Use the Eq. (5.10)
result to eliminate Vy; in your expression for n(—x,).

© 6.6 Considering an n*-p silicon step junction (N, = 10%/cm?, 7, = 10~6 sec, A =
1073 cm?) to be ideal, perform calculations to determine typical current levels expected
from the device under different temperature and biasing conditions. Invoke the MATLAB
diary function to record your work.

(a) Compute the ideal-diode current at T = 300 K when (i) V, = =50V, (i) V, =
~0.1V, (iii) V, = 0.1 V,and (iv) V, =0.5 V.

(b) Assuming 7, does not vary significantly with temperature, repeat part (a) for T =
S00 K.
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©6.7 In this problem we wish to explore how the ideal diode /-V characteristic varies as a i @69 -V characteristics of a solar cell are app y modeled by the relati .
. . function of temperature. Consider an ideal Si p*-n step junction diode with an area A =

(2) Using the empirical-fit relationship for the hole mobility specified in Exercise 3’;1. the
n, fit relationship cited in 2.4(b), and r,lob‘e p pen
dent, a MATLAB program that and plots the ideal l—\{characl.ensuc
of the diode with temperature T in Kelvin being consi'de.n:d an input van:hbl;. Pr;n;lso;é(

i ly di ing the stics dwith T= .
;53?,‘:.%0205 K. (To cle;r[y :‘.Iis;)la; both the reverse and forward characteristics,
limit the plot axes to =1 V = V, =02V and —2/, = I < 5I,. Use the largest
to set the current limits when displaying several I~V curves on the same set of
coordinates.)

(b) Appropriately modify your part (a) program to obtain a semilog plot of /;, versus 7 for
300K = T=<400K.

(c) Comment on the part (a) and (b) results,

6.8 Photodiode/Solar Cell

A pn junction photodiode is just a pn junction diode thal. has been specially f?bric_atzd _and
encapsulated to permit light penetration into the vicinity of LhF mc.tallurlglcal) }ufcnon.
Commercially available solar cells are in essence larg pn junction p iod de-
signed to minimize energy losses. The general form of the similar -V characlcnjsncs ex-
hibited by photodiodes and solar cells is readily ished by a ward modifi-

cation of the ideal diode equation. o
Consider an ideal p*-n step junction diode where incident light is uniformly absorbed

throughout the device producing a photogeneration rate of G, electron-hole pairs per
cm?3-sec. Assume that low-level injection prevails.

(a) What is the excess minority carrier concentration on the n-side a large distance
(x —» ) from the metallurgical junction. [NOTE: Ap (x =) #0.]

(b) The usual ideal diode boundary conditions (Egs. 6.15 and .6:1 8) still h'o]d m_the edges
of the depletion region. Using the revised boundary condition established in part (a)
and Eq. (6.18), derive an ion for the -V ch istic of the p‘-.n diode un‘der
the stated conditions of illumination. As in the derivation of the ideal diode equation,

inati ion, including pt ion, occurring in the de-

ignore all
pletion region.

(¢) Sketch the general form of the photodiode -v characterislic; (akin.g ir.\ un.'n G, =0,
G = Gyo» G = 2G g, and Gy = 4G ,. Assume the light intensity is high enough
to significantly perturb the characteristics when G = G- (NOTE: Problem 6.9 can
be substituted for this part of the problem.)

& P

= 107*cm? Np =10 X 10'6/cm3, and a room temperature 7, = 106 sec. =

79

1= Iy(e?WT — 1) + I

where Iy is the current due to light. /, is always negative and a voltage-independent con-
stant for a given level of illumination. Construct a plot illustrating the general nature of the
solar cell characteristics. Setting 7' = 300 K, simuitaneously plot I/l, versus V, for the
assumed values of [, /Iy = 0, ~1, —2,and —4. Limit V, to —0.5V =V, =0.1V.

6.10 Figure P6.10 is a dimensioned plot of the steady state carrier concentrations inside a
pn step junction diode maintained at room

norp
(log scale)

Pp I . 10

i ey

Figure P6.10

(2) Is the diode forward or reverse biased? Explain how you arrived at your answer.

(b) Do low-level injecti ditions prevail in the q
plain how you arrived at your answer.

| regions of the diode? Ex-

() What are the p-side and n-side doping concentrations?
(d) Determine the applicd voltage, V.

6.11 A voltage V,, = 23.03(kT/q) is being applied to a step junction diode with n- and p-
side dopings of N, = 10'7/cm? and Np, = 10'6/cm?, respectively. n; = 10'%/cm?’. Make a
dimensioned log(p and r) versus x sketch of both the majority and minority carrier con-
centrations in the quasineutral regions of the device. Identify points 10 and 20 diffusion
lengths from the depletion region edges on your sketch.
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©6.12 As was confirmed graphically in Problem 6.7, the /-V characteristics of the pn junc- where Ny is incm =3 and Vg, is in volts. Take the Si diode under analysis t0 be a nearly
tion diode are very sensitive to temperature. It should not be tco surprising then that there ideal p *-n step junction maintained at 300 K.
are silicon diodes sold commercially as temperature sensors. To use the diode to measure ) .
temperature, it is typically forward-biased with a constant current source and V,y is moni- (a) Constructa MaTLAB program to perform /-V computations that include carrier mul-
tored as a function of T as shown in Fig. P6.12. Make the assumption the diode is being plicatl ;‘;“ vn. Specifically, pute and plot the modified re-
operated in the forward bias range where 1 = I exp(qV/kT). Also take the intended range verse bias I/, versus V, characteristic covering the range from — Vgq to 0. (Note the
of operation to be 0 = T(°C) = 100°C. I, normalization.) Employ m = 6 in your computations and set the axis function
parameters to [—1.1*Vg,, 0, —5, 0. Print out a sample characteristic taking N, =
2 X 10'8/cm?, Is your plot consistent with the curving approach to breakdown shown
‘ in Fig. 6.10(b) and Exercise 6.5?
1 =constant . (b) Use your program to explore how the diode characteristic varies as a function of m and
the impurity concentration on the lightly doped side of the junction.
¥
VA£1) @ 6.15 Repeat Problem 6.14 replacing /, by the reverse bias Iy .. Normalize the current
axis to the magnitude of the current at V, = ~ Vpge/2. Run your program setting Ny, =
= 2 X 10'¢/cm?. Compare your plot with Fig. 6.10(b).
Figure P6.12
6.16 The diffusion component of the current is expected to dominate in Si diodes at suffi-
ciently elevated temperatures. i i 1 d §
(a) With  as an input variable, modify the Problem 6.7(b) program to compute and plot rently peratures. _wr‘“ 1s a sulnciently | p ? To answer this
v, Tfor 0= T(°C) = 100°C. Print out a sample plot using / = 10=* A question, suppose one has a Si p*-n step junction diode where Ny, = 10'6/em?, 7y = 7,,
' versus Tfor0= TGy = - u ple p 8 . and Lp = 10~2 cm for 300 K = T = 500 K. Determine the temperature where /py: =
(b) Considering the sensitivity (dV,,/dT in mV/°C) of the sensor, would it be preferable to Ig_g at areverse bias of Vi, — V,, = Vgo/2.
monitor the temperature using / = 10~* A or / = 1073 A? Support your answer.
6.17 Inside a Si diode at 300 K a region of width d contains three times as many R-G
. . : " . . : B = 105, Y
6.13 Given a planar p*-n Si step junction diode with an a-side doping of Np, = 10'S/cm? centers as adjoining regions. This special region, as envisioned in Fig. P6.17, lies totally
and T = 300 K, determine inside the depletion region when the diode is zero biased. Derive an expression for the
(a) The approximate Vg of the diode. R-G current (/) to be expected from the diode when reverse-biased greater than a few
kT/q volts. Record all derivational steps.
(b) The depletion width at the breakd voltage.
(c) The maximum magnitude of the electric field in the depletion region at the breakdown
voltage. —W—
©6.14 Let us pursue the modeling of carrier multiplication and avalanch breakd i{l an
otherwise ideal diode. As noted in the text, Eq. (6.35) can be used to correct the ideal diode P N
equation and approximately account for carrier multiplication. I, is simply replaced by
Ml . the expected Vgg due to avalanching varies roughly as N3 o7, A reason-
able fit to the Fig. 6.11 dependence for Si diodes is —
T A
Var = 60(Ng/1016) =075 Figure P6.17
| e
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618 Suppose I, = 1014 A and R = 2 0 in a diode where high-level injection is negl-
gible. T =300 K. )
(a) Determine the forward-bias current at which the applied voltage differs from the ideal
by 10%.

(b) Repeat part (a) with Rg = 20 £

6.19 Point-by-point forward-bias /-V data from IN757 Si pn junction diodc‘mmmamed
at room temperature is Tisted in Table P6.19 and plotted in Fig. P6.19. Follow'mg the pro-
cedure outlined in Exercise 6.7, determine Io . fo2s 71 and r,. Because the line-drawing
approach is somewhat subjective, also apply a least squares fit (aYallable in MAT:.AB) 1
appropriate segments of the datato determine the fit parameters. Discuss your results.

Table P6.19
v, (volts) 1 (amps) V, (volis) 1 (amps)

. 6.070 X 10-1° 0.48 3.615 X 10~*
ggi 1.203 x 10~* 0.50 5200 X 10-¢
0.06 2.165 X 107° 0.52 7576 X 10-2
0.08 3.508 x 10~° 0.54 1.122 X 10-5
0.10 5.417 X 10-° 0.56 ;'é;i:(( }g'i

-9 0.58 X -

014 T d0-s 060 4426 X 10 Va (volts)
0.16 1730 X 10-8 0.62 7.587 X 1073 Figure P6.19
0.18 2449 X 1078 0.64 1.359 X 10':
0.20 3416 X 10-8 0.66 2.531 x 10” ) o )
0.22 4764 x 1078 0.68 4.852 X 107* 6.20 Following the procedure outlined in Fig. 6.16, determine the Rs value of the IN757
0.24 6.501 X 10°% 0.70 9.444 X 107* diode characterized by the room temperature data listed in Table P6.19 and plotted in
0.26 8.866 X 10-% 0.72 1.841 X 1072 Fig. P6.19.
0.28 1209 X 107 0.74 3.518 X 10‘§
030 1.666 X 10~7 0.76 6.433 X ‘g_, 6.21 The model shown in Fig. P6.21 is ployed as a lized rep
032 2305 x 10°7 0.78 1103 x ll -2 tion of real pn junction diodes. The diode symbol is d to rep the dard
0.34 3201 x 107 0.80 1752 % g.‘; mode] of the device including the diffusion and R-G components of the junction current.
0.36 4462 x 1077 082 2.585 % 104 The series resistor (Rg) accounts for non-negligible voltage drops in the quasineutral re-
0.38 6.285 X 1077 0.84 3.579 X }0_2 gions and contacts of the diode under high-current conditions. The shunt resistor (Rgy)
0.40 8.845 X 1077 0.86 4‘726 x 1o accounts for a possible leakage current in the semiconductor external to the pn junction.
0.42 1.249 x 10-¢ 0.88 5941 X - Note that the current through the pn junction and the voltage drop across the junction are
0.44 1.776 X 10': 0.90 7.264 X 10 redefined to be /; and V,, respectively.

0.46 2.527 X 10§
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Va

—
-

Rsy ¥ 1’1

Figure P6.21
(a) If the current through the junction proper is described by the relationship,
l‘ - IOI(qu,Ika - 1) + lm(‘qV‘Inng — 1)

where 1o, and /o, are constants and typically n, = 1 and n, = 2, confirm that the total
current through the diode is described by

v
1= Iy (et™/miT — 1) + Ip(et™imtT — 1) + Ron

with V, =V, + IRg

i i the effect of Rg. Rgy.
(b) Construct a computer program that can be used to investigate s« Rsu
and the size of the current prefactors (/o, and ;) on the sha?g of the cbsen_red Jor-
ward-bias I-V, characteristic. In performing the computation, it is best to obtain /-V,
data pairs associated with evenly stepped values of V;. Limit your plotted log(l|)3 vs.
Vooutpitto 0 = V, < 1 Vand 10"YA = /=< 10-2 A. Employ /fy = IO" A,
Ip=10"A,n, =1,n,=2 Rs =10, Rgy = 102 Q, and T = 300 K in your
initial calculation.
i 1)) 11 | switch, modify your program so that
(c) Employing a d p switch, mq dify rogram
it ¢ putes and i i ly displays four -V, ct asst with four
different values of either Rgy, Rs, Ioy, or Ioy. Using the same})a}nc set of parameters
as specified in part (b), compute and record the /-V,, characteristics resulting from the
11 iation of p
@) Rgy = 102, 105, 105, and 10° Q (fpy = 10~ A, Ip = 107 A, Ry = 1 Q);

(i) Ry = 1,10, 10% and 10° R (ly = 107 A, Iy = 1077 A, Rgy = 102 0);

300 pnJUNCTION DIODES

region from x = 0 to x = x, = 2 um. The R~G center concentration in the x > x,, n-side
region is Ny, = 100N,.

Nry Ny = 100NT,
Va
—q | N N —1
x
0 xp=2um
Figure P6.24

(a) Whatis the junction built-in voltage (V,,;)?

(b) What is the diode breakdown voitage (Vgg)?

(c) What applied voltage is necessary to expand the n-side depletion region edge to
x=1x,?

(d) If the minority carrier lifetimes are 7y and 7, in the near-junction and x > x; regions,
respectively, what is the 7, /7, ratio?

() blish an expression or exp for the diffusion current (/) flowing in the
diode as a function of the applied voltage. To simplify the development, assume
Ly, ® x, and take the n-side contact to be many Ly, diffusion lengths fromlth.e deple-
tion region edge. Make a sketch of the expected /oy versus V, characteristic when
the diode is reverse-biased.

(f) Assuming 7o, =7, for0=x<x,and 7 =7, fm: x> Xy, ulabljsh an expression
or expressions for the R-G current (/5 ) as a function of the applied voltage when
the diode is reverse-biased greater than a few kT/g volts. Make a skeich of the expected

reverse-bias Jp_g versus V,, characteristic.
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Giii) Igp = 107° 10719, 10~ and 10~'12 A (5, = 10" A, Rg = 1 @0, Rgy =

1012Q);

) Joy = 10717, 1072, 101, and 10" A (I = 10~ A, Rg = 1 Q, Ry, =

1012 0). : "

(d) Following the proced blished in E: 6.6, construct a subsidiary program
that can be used to compute 7, and /g, from first principle relationships. Specifically
assume a n*-p step junction. Join the subsidiary program to your main program and
obtain sample results employing A = 10-2cm?, N, = 10'S/cm?, and 7, = Tp=Ty=
10~ sec. The remainder of the parameters should of course be appropriate for Si at
T=300K.

(e) Construct a modified version of the part (c) program that displays the computed results
on a linear 1-V,, plot. Limit the linear current axis t0 0 < / < 10-2 A. Compute and
record ]il‘feﬂl" plots of the /-V,, characteristics resulting from the variation of parame-
ters specified in part (c). How do the results here compare with those obtained in
part (c)?

) G ly

on the results obtai

d in this prob

6.22 Consider the special silicon p*-n step junction diode pictured in Fig. P6.22. Note that
mp = for0 =< x = x,and 7, = 0 for x, S x S x,. Excluding biases that would cause
high-level injection or break , develop an expression for the p -v
characteristic of the diode. Assume the depletion width (W) never exceeds xy, for all biases
of interest.

o % X
Figure P§.22

6.23 Reconsider the special silicon p*-n junction diode pictured in Fig. P6.22. Instead of
7, = 0in the x, = x < x_ region, take 7, to be nonzero but still sufficiently small so that
Lp <€ x, — x,. Assuming the depletion width (W) never exceeds xy, for all biases of inter-
est, and excluding biases that would cause high-level injection or breakdown, derive an
expression for the room temperature /-V characteristic of the diode.

6.24 In modern device p ing a procedure called denuding is used to reduce the R-G
center concentration in the near-surface region of devices. A planar Si p*-n step junction
diode maintained at 300 K has an n-side doping of Np = 10%/cm3. As shown in
Fig. P6.24, denuding has created a reduced R~G center concentration of Ny, in the n-side

7 pnJunction Diode:
Small-Signal Admittance

7.1 INTRODUCTION

In this chapter we examine and modei the small signal response of the pn junction diode.
A small sinusoidal voltage (v, ) is taken to be superimposed on the applied d.c. bias giving
rise to an a.c. current (i) flowing through the diode, as pictured in Fig. 7.1. The a.c. response
of a passive device like the diode is characterized by specifying the small-signal admit-
tance, Y = ifv,. Response information can be alternatively conveyed through the use of 2
small-signal equivalent circuit. The junction region response of the pn diode has capacitive
(C€) and conductive (G) components and in general exhibits an admittance of the form

Y=G + juC (7.1

where j = V' —1 and w is the angular frequency of the a.c. signal in radians/sec. The
corresponding equi circuit, modeling the entire diode and valid for arbitrary d.c. bi-
asing conditions, is shown in Fig. 7.2. The arrows through the capacitance and conductance
symbols in the figure indicate that C and G are functions of the applied d.c. bias. Rg, the
series resistance introduced in Chapter 6, models the portion of the diode outside the junc-
tion region. Rg can limit the performance of the diode in certain applications, but it is
normally very small compared to the junction impedance except at large forward biases.
Unless stated otherwise, we will henceforth assume Ry to be negligible.

In ishing explicit ions for the admi of the junction region, it is con-
venient to divide the development into two parts. In the first we take the diode to be reverse-
biased. When biased, the diode is small and Y = jwC. Moreover, the
reverse-bias capacitance is linked solely to majority carrier oscillations inside the device.
The second part treats forward bias where the cond: cannot be neglected and mi-
nority carriers contribute to the overall response.

7.2 REVERSE-BIAS JUNCTION CAPACITANCE
7.2.1 General information

R ing the in the introduction, when reverse-biased, the pn junction diode
b functionally equivalent to a itor. Many “ itors” in ICs and other cir-

cuits are in fact reverse-biased pn junction diodes. The pn junction diode does differ from
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Figure 7.1 Diode biasing circuit. v, is the applied small-signal voltage; i is the resultant ac.

current.
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Y=joC+G

Figure 7.2 General-case small-signal equivalent circuil for a pn junction diode. ¥ = ijA+ Gis
i £th 1

the admittance of the junction region; R models the serics tacts and g
regions.
a standard capacitor in that the diode cap lly with i

reverse bias. The sample C-V data presented in Fig. 7.3 illustrate the obse_rve.d dependence.

The general a.c. behavior of the pn junction diode under reverse biasing can be ex-
plained by examining what happens inside the diode as the a.c. signal runs through a bias
cycle. With the a.c. signal superimposed on the d.c. bias, the total voltage drop across the
junction becomes V, + v,. During the positive portion of the v, cyclle, the a.c. signal
slightly reduces the reverse bias across the junction, and the depletion w:dfh shrinks by a
small amount, as envisioned in Fig. 7.4(a). The p-plot in Fig. 7.4(b), which was drawn
assuming a step junction, emphasizes that there is a corresponding decrease in the cha'xge
on the two sides of the depletion region. When the a.c. signal reverses and goes negative,
v, now increases the total reverse bias across the junction to greater th_an Vé. and the
depletion width increases slightly above its steady state value. A deple'uon w!dlh larger
than the steady state value in turn gives rise to an increase in the depletion region charge
on the two sides of the junction. The overall effect of the a.c. signal may thus be v!ewcd as
a small oscillation of the depletion width about its steady state value and an assocmec! Ap
charge density oscillation, as pictured in Figs. 7.4(c) and (d). The Ap-plots were obtained

pn JUNCTION DIODES
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@

Figure 7.4 Depleti yer charge (a) Depletion width and (b) total charge density
oscillations in response to an applied a.c. signal. (¢) v, > 0 and (d) v, < 0 a.c. charge densities.
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]
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JFigure 7.3 Monotonic decreasc in the diode capacitance with increasing reverse bias. Sample
C-V data derived from a 1IN5472A abrupt junction diode.

by subtracting the d.c. charge density distribution in Fig. 7.4(b) from the V, * v, charge
density distributions,

The small size of v,, typically a few tens of millivolts or less, dictates that the maxi-
mum displacement of the Ap charge from the edges of the steady state depletion region
will be extremely small. Effectively, it looks like plus and minus charges are being alter-
nately added and subtracted from two planes inside the diode separated by a width W. The
described a.c. situation is physically identical to what takes place inside a parallel plate
capacitor. It is well known that the parallel plate capacitor exhibits a capacitance equal to
the dielectric permittivity of the material between the plates, times the area of the plates,
divided by the distance between the plates. The diode capacitance is concluded by analogy
tobe

_ Kseod

[on W

(7.2

The capacitance associated with the depletion width oscillation is known as the junction or
depletion-layer capacitance and is identified by the subscript J. C = C; if the diode is
reverse-biased, since there are no other significant charge oscillations. Also, we know W

Ppn JUNCTION DIODE: SMALL-SIGNAL ADMITTANCE

increases with increasing reverse bias. C, being proportional to 1/W is therefore expected
to decrease with increased reverse biasing, in agreement with experimental (Fig. 7.3)
observations.

One point must be clarified concerning the oscillation of the depletion width about its
steady state value: To achieve this oscillation, majority carriers must move rapidly into and
out of the affected region in sync with the a.c. signal. In other words, the carriers are as-
sumed to respond to the a.c. signal as if it were a d.c. bias. When this happens, the device

is said to follow the a.c. signal istatically. In the di of the d.c. we
noted the majority carriers in the quasineutral regions were capable of a rapid rearrange-
ment, with majority carriers being supplied or eliminated at the as required. The

majorilx carrier response time in Si is typically ~10~1 sec or less, and the quasistatic
assumption made here is routinely valid up to very high signal frequencies.

7.2.2 C-VRelationshlps

The precise capacitance versus voltage dependence expected from a given diode is estab-
lished by replacing W in Eq. (7.2) by the appropriate expression relating W to the applied
voltage. In treating the junction electrostatics in Chapter 5, the W versus V,, relationship
was found to vary with the doping profite. The Chapter 5 analysis specifically gave

_ | 2Ksgg " .
W= proa Vy = Va) . . . asymmetrical step junction (7.3)
and
12K "
W= [ P 2V — ‘)] ... linearly graded junction (7.4)

_wherc Ny is the doping (N, or Np) on the lightly doped side of the asymmetrical step
junction and a is the linear grading constant.

, Alt_hough Egs. (7.3) and (7.4) could be separately substituted into Eq. (7.2), it is more
convenient to deal with a single generalized relationship valid for a wide range of profiles.
Working to develop a d W versus V, relationship, we ider a profile with one
side (x < 0) heavily doped and the concentration on the lightly doped side described by
the power law

Ng(x) = bxm L. x>0 (7.5)

where b > 0 and m are constants for a given profile. Examples of one-sided power-law
profiles for select m-values are displayed in Fig. 7.5. Note that m = 0 and m = 1 corre-
spond to the asymmetrical step junction and the one-sided linearly graded junction, respec-
tively. Also note that negative m-values are permitted. A profile where m < 0 and the
doping decreases as one moves away from the junction is said to be hyperabrupt. Hypera-
brupt junctions can be formed by ion implantation or epitaxy.
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Np=Na

m=1 m=0

(@) (b) ©

Figure 7.5 Example one-sided power-law profiles: (a) linearly graded, (b) step, and (¢) m = —1
hyperabrupt.

Inside a pn junction with a one-sided power-law profile, the depletion width depen-
dence for m > ~2is

WHm+2)
o |Gt DEsEo vy a.6)
qb bi A

The derivation of Eq. (7. 6) is left as an exemse For m =0, b= Ng—where Ny without
a trailing (x) is d to be a positi and Eq. (7.6) reduces
to Eq. (7.3). Setting m = 1 and b = a/4in Eq (7 6) yields Eq. (7.4). + Satisfied Eq. (7.6)
yields ptable results, we lude upon Eq. (7.6) into Eq. (7.2) that

K.
" Tm+ 2K ot D an
[(ﬂ—qT)‘ﬂ(Vu - VA)]

Alternatively, it is i jent to il

Kseph

bl A —— (7.8)

Cyo = Cilymo = Tim+3)
0 11va [(m + 2;1{559 Vbi]
q

tEquation (7.4) is nppmpnme fof a wo-sided linearly graded junction. b must be set equal to a/4 instead of a to
account for the difference in profiles.
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MATLAB program Script...
PExercise 7.1...Normalized C-V curves

%Computation

clear

m=[10-1];

s=1./(m+2);

x=linspace(-25,0): Fox=VA/Vbi
y=[1 %y =CIICIO
fori=1:3,

y=[y:1 J(1-0)-"s(D)
end

%Plot

close

plot(x,y,-); grid

axis((-25001])

xlabel('VA/Vbi'); ylabel(C/CIO)
text(-20,.42, linear (m=1))
text(-20,.27,'step (m=" =0))
text(-20,.10, hyperabrupt (m=-1)")

cIcIo

Figure E7.1

|
'a
|
\
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where, in terms of the capacitance at V, = 0,

C,
. ¢ | M—
C = N a9
A
(- %)
A pn junction diode that is f d to take advantage of the capacil ltag
variation described by Egs. (7.7)/(7.9) is called a Varactor is a combination of

the words variable and reactor, where reactor alludes to the reactance = 1/jwC of the
device. Varactor diodes are widely used in p. ic lifi harmonic g

mixing, detection, and volv.age-vanable tunmg In such applications it is often desirable lo
employ a diode exhibiting the ratio over a given voltage range. This
figure of merit is called the tuning ratio (TR) Examining Eq. (7.9) for reverse biases such
that ~ Vu/Vy,; 2 1, we find

) (!A_z)mmz) @10

Cy(Vaa) Vau

As is obvious from Eq. (7.10), the largest tuning ratios are derived from devices with the
smallest m-val TR progr y in going from linearly graded (m = 1), to

step (m = 0), to hyperabrupt (m < 0) junctions. This should explain the special interest in
hyperabrupt profiles and the commercial availability of hyperabrupt varactor diodes.

(C) Exercise 7.1

P: Equation (7. 7) can be used to compule and plot fully dimensioned capacitance-
voltage ic: lized C-V curves are readily constructed
using Eq. (7.9). To examine the general nature of the predicted C-V characteristics,
compute and plot normalized C,/C), versus V,/V,,; curves appropriate for linearly
graded, step, and m = — 1 hyperabrupt junction diodes. Limit the voltage axis to
=25 = V,/V,; = 0. Comment on the results.

S: The normalized characteristics were computed using Eq. (7.9). The MATLAB pro-
gram script and output plot (Fig. E7.1) follow. The step junction curve is noted to
provide a fairly good match to the experimental data presented in Fig. 7.3 if one
assumes V; ~ 1 V. Also, if V, = 0is uscd for V.. and assuming snmllar V,; values,
the tuning ratio [C)(V,,)/C,(V,,)] employing any V,, is ot ly greatest for the
hyperabrupt diode and least for the linearly graded diode, in agreement with the text
discussion.

PnJUNCTION DIODE: SMALL-SIGNAL ADMITTANCE

7.2.3 Parameter Extraction/Profiling

-~V data from pn junction diodes and other devices are routinely used to determine device
parameters, notably the average doping or doping profile on the lightly doped side of a
Juncuon C-V measurements have become so commonplace in the characterization and
testing of devices that automated systems are available for acquiring and analyzmg the
C-V data. Since the measurcment is an integral p of p we
begin here with a brief descnpuon of an aummated C- Vsystem

The C-V system in the y i d by the author is pic-
tured schematically in Fig. 7.6, The MSI C—V meter is the heart of the system, employing
a 15 mV rms a.c. signal at a probing frequency of 1 MHz. Four capacitance ranges with a
maximum value of 2 pF, 20 pF, 200 pF, and 2000 pF are available for selection from the
front panel. A d.c. bias supply inside the meter has two full-scale ranges of £9.999 V,

ble in 0.001 V i and +£99.99 V, prog ble in 0.01 V i
Operamr control of the biasing, the data display, data mampulauons, and hard-copy output
to a printer or plotter are ished by soft on the p shown to the

left of the C-V meter in Fig. 7.6. The probe box to the ngln of the meter is used if the
device or devices under test are situated on a wafer. The circular chuck in the probe box
provides electrical contact to the back of the wafer and a wire probe contacts the device
structure on the top of the wafer. The chuck can be resistance-heated under the Jocal control
of the 832 T-Controller. After probe contact, the top of the probe box is typically lowered
to keep room light from perturbing the capacitance measurement. If the device under test
is encapsulated, the leads to the probe box are removed and the test device is inserted into
an adap(cr connected to the input terminals of the meter. We should mention the meter

and p for the stray capacitance associated with cabling,
probe box and the psulated-device adapter.

Turning to the interpretation of the C—V data, suppose the device under test is known
to be an asymmetrically doped abrupt junction. (The term abrupt is normally used to de-
scribe actual doping profiles approximately modeled by the idealized step junction.) For
the assumed junction profile, m — 0 and b — Ny in Eq. (7.7). Additionally, if both sides
of Eq. (7.7) are inverted and then squared, one obtains

1 2
G = qNBKseoAz(Vhi = Vi) (7.11)

Equation (7.11) indicates that a plot of 1/C} versus V, should be a straight line, with a
slope inversely proportional to N and an polated 1/C? = 01i pt equal to V.
Thus, assuming the area A of the diode is known, Ny is readily deduced from the slope of
the plot. Although perhaps stating the obvious, a straight line 1/C% versus V,, plot is also
confirmation that the diode can be modeled as a step junction. A sample analysis of C-V/
data based on the 1/C? versus V, plot is presented in Exercise 7.2.
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N o= —
A7 gKssqA?slope]
_ 2
T (1.6 X 107'7)(11.8)8.85 X 10-14)(3.72 X 10-3)2(9.78 X 10'%)

= 884 x 10'5/cm®

and

6.89 x 10 _
Vo = VA':/c;-u - 978 X 10" =070V

It should be noted that the deduced Vy, is lower than one would expect from the
N, =9 x 10'5/cm? p-side doping. The V,, value deduced from the C-V data is
subject to serious extrapolation errors and is sensitive to doping variations in the
immediate vicinity of the mcta.llurgicaljunction.

The foregoing plot approach could obviously be extended to the linearly graded alnd
other profiles. However, this is seldom done. As it turns out, the doping variation with
position on the lightly doped side of a junction can be deduced directly from the C.—V.data
without prior knowledge about the nature of the doping profile. Omitting the derivational
details, we merely note the doping concentration versus position is computed using”®

2
PR S (7.12)
Nelx) = R e oA?laQIChHIdV,]
o= Ksoh (1.13)
c

where x is the distance into the Jightly doped side of the diode as measurcd from the met-
allurgical junction. Note that substituting the Eq. (7.11) step junction relationship into
Eq. (7.12) yields the required position-independent result.

The process of determining the doping as a function of position is calle(_l pr_oﬁling. "I'hc
profile determined using Eqs. (7.12)/(7.13) becomes inaccurate if the doping is a rapidly
varying function of position, and only a limited portion of the junction can be scannm_i.
Moreover, the result tends to be “noisy” because the slope or derivative of the C-Vdatais
required. Nevertheless, C-V/ profiling is relatively simple to implement, typically yields
useful results, and finds widespread utilization. Software provided with automated c-v
systems even performs the (7.12)/(7.13) putations and displays the result graphically.
A sample profile, that of a hyperabrupt junction diode automatically processed by the
Fig. 7.6 C-V system, is reproduced in Fig. 7.7.

84

Pt JUNCTION DIODE: SMALL-SIGNAL ADMITTANCE

[ Exercise7.2
| Exe

P: The manufacturer indicates the IN5472A is an n*-p abrupt junction diode with
an area A = 3‘.72 X 10-3 cm?. Encapsulation is noted to typicaily introduce a
2 pF stray capacitance shunting the diode junction. Utilizing the measured IN5472A
C-V data presented in Fig. 7.3, apply the 1/C3 versus V,, plot technique to confirm
the abrupt nature of the junction and to determine the p-side doping concentration.
Also quote the deduced value of V,;.

S: A 1/C} versus V, plot of the IN5472A C-V data is displayed in Fig. E7.2. Prior
to constructing the plot, 2 pF was d from all pacil values to
correct for the ion-related shunt capaci (C, = C — 2 pF). The
Fig. E7.2 data points are secn to lie in an almost perfect straight line. The junction is
definitely abrupt. Performing a least squares fit to the data gives

1
EJ; = (6.89 x 10'%) — (9.78 X 10"V,

where C, is in farads and V), is in volts. Referring to Eq. (7.11), we conclude

T T 25
I, Cl.. ] 2
; oW Tis )
F 1 et
' (%)
- ] sz
Jos
.251|1-1||| YT T TR T S S S T 1 nl:\xnnn-o
20 -15 -10 - OT
VA (volts) Wi
Figure E7.2
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1E17
A\
! \
é 1E16
g N
&
i
;
1E15

x{um)

Figure 7.7 Doping pr?ﬁlz of a hyperabrupt tuning diode (ZC809). Output from the Fig. 7.6 C-V
measurement system. x is the distance from the metallurgical junction into the lightly doped side.

7.2.4 Reverse-Bias Conductance

f‘.ll st.andard capacitors exhibit a certain amount of conductance. The same is true of the pn
Jjunction diode. Although predominantly capacitive, the reverse bias admittance does have
a small conductive component. A few words are in order concerning the reverse-bias
conductance.

By definition, the differential d.c. conductance of a diode is just the slo -
chnraf:teristic, di/dV, at the d.c. operating point. If the diode is aisumcd to F:s::r:gelol a:
a.c. signal quasistatically, then the a.c. conductance = AI/AV = dl/dV = differential d.c
conductance. Limiting our considerations to frequencies where the diode can follow lhe'

a.c. signal quasistatically, and introducing the symbel G, for th i -
conductance, we can write 4 ‘ ¢ sesostedionieauency

dl
Gy = 'JTA (7.14)

3n
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For an ideal diode where I = [o[exp(qV,/kT) — 1],

q =4 ... ideal diode (7.15)
Gy = k_7"l°e'vmr = k'I'“ + Iy) ideal di

as exceeds a few kT/g volts in an ideal diode, J — - Iy and we sce
5 0. This is consistent with the fact that the reverse-bias -V
V curve goes to zero. If the d.c. recom-

When the reverse bi
from Eq. (7.15) that G, S
characteristic saturates and the slqpe of the ideal /-

binati tion current d in the given diode then, for reverse biases greater
thana fewe kTlq volts,
= L. qﬁw = —qfﬂ%—— ... Iy_g dominant  (7.16)
Go dV,\ 27, (m + D(Vy = Va)

where use has been made of the Eq. (7.6) relationship for W When the R—q currem_d:n:-
nates, Eq. (7.16) indicates there is a residual co.nduclance at all feverFe biases, with the
precise voltage dependence varying with the doping profile of the junction. o .

Regardless of the junction type or dominant curvent component, it shou_ be cn;g a
sized that Eq. (7.14) can always be applied to the measured /-V characteristic to deter-

mine Gy.

Exercise 7.3

bias /-V ch istic displayed in Fig. 6.10(b)
= 63 pF at V, = —10 V. The series
1 ohm in Exercise 6.8. Taking the d.c.
f= 100 kHz, confirm
th

P: The diode exhibiting the r
has a measured junction capacitance of C,
resistance of the diode was estimated to be
operating point tobe V, = ~10 V andthe a.c. frequency to be

that Rg and G = G, may be totally negl d in modeli 3 i of the
device.
St Figure 6.10(b) can be used to the low-frequency e. We find
G ﬂﬂ- a.«)—pA--_—z_22x ‘O—lzs
® dVplyaeov 18V

By way of comparison, at the operational bias and frequency,
o€y = 2m)(10°)6.3 X 10-1) =396 X 10758

The capacitive component is clearly much greater than the conductive component
and Y & jwC,.

pn JUNCTION DIODES

®)

Figure7.8 The diffusion admittance. (a) Minority carrier charge fluctuation (greatly exaggerated).
i ignal circuit for the pn

giving rise to the diffusion (b) Forward L l-sign qui
junction diode (series resistance assumed to be negligible).
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Next, consider the series resistance. Since Ry is in series with ¥, we need to
compare | Z| = 1/| Y| with R. Here we find

Rs=10

and

L =252 X 10 Q
wCy

The reactance of the junction is much greater than the series resistance. For the given
operational conditions, the diode may be essentially viewed as a pure capacitor.

7.3 FORWARD-BIAS DIFFUSION ADMITTANCE
7.3.1 General Informatlon

Capacitance arises from charge oscillations inside of a device structure. The junction ca-
pacitance introduced in the reverse-bias analysis is caused by the in-and-out movement of
majority carriers about the steady state depletion width. The minority carrier concentra-
tions also oscillate about the edges of the depletion width in response to the a.c. signal. The
minority carrier numb i 1 bi ditions, however, that the

are so under
ibution to the admif is negligible. Forward biasing gives rise to nothing new as
far as the majority carriers are concerned. These carriers still move back and forth about
the edges of the depletion region giving rise to a junction capacitance. In fact, the C; rela-
ionships developed in the previous section can be applied without modification to forward
bias. The something new under forward bias is a significant contribution from the minority
carrier charge oscillation in response to the a.c. signal.
As noted during the examination of ideal diode results in Subsection 6.1.4, forward
biasing of the diode causes a build-up of minority carriers in the quasineutral regions im-
diately adj to the depletion region. The build-up becomes larger and larger with
increasing forward bias. In response to an a.c. signal, the voltage drop across the junction
is changed to V,, + v, and the excess minority carrier distributions oscillate about their d.c.
values as pictured in Fig. 7.8(a). This results in an additional i If the minori
carriers can follow the signal quasistatically, the carriers move back and forth in unison
between the two straight lines in the figure. However, the supply and removal of minority
carriers is not as rapid as that of the majority carriers. At angular frequencies approaching
the inverse of the minority carrier lifetimes, the minority carrier charge oscillation has
difficulty staying in sync with the a.c. signal. The result is an out-of-phase spatial variation
of the charge something like the undulating distributions sketched in Fig. 7.8(a). An out-
of-phase charge oscillation the observed cond and reduces the observed

P JUNCTION DIODE: SMALL-SIGNAL ADMITTANCE

capacitance. In other words, the i and cond

carrier oscillations are exp 10 be frequency-dependent.
Because the minority carrier build-up about the edges of the depletion region is caused

by the diffusion current, the admittance associated with the minority carrier charge oscil-

lation is called the diffusion admittance, Yp. In general, as we have indicated,

d with the minority

Yy = Gp + juCy .17

where Cp and Gy, are the diffusion capacitance and diffusion conductance, respectively.
The overall forward-bias admittance is of course the parallel combination of the Juaction
pacitance and the diffusion admi as noted in Fig. 7.8(b).

Measurement of the forward-bias admittance poses more of a challenge than the re-
verse-bias capacitance measurement. The larger d.c. current that flows when the diode is
forward-biased tends to load down the detection and biasing circuitry in almost all com-
mercially available C-V systems. In measurements on a Si diode at room temperature, a
forward bias of only a few tenths of a volt often leads to a fallacious result or automatic
termination of the One instrument that can be used for forward-bias mea-
surements is the HP4284A LCR Meter pictured schematically in Fig. 7.9. The HP4284A
with the 001 option install ins a special i circuit that the loading
problem for d.c. currents up to 0.1 A. A very versatile piece of equipment, the HP4284A
permits si paci and d at fi ies ranging
from 20 Hz to | MHz, variation of the a.c. signal level from 5 mV to 20 V ms, setting of
the d.c. bias between +40 V, and capacitance detectability claimed to range from 0.01

Insert device

Figure 7.9 The Hewlett-Packard 4284A LCR Meter used for forward-bias measurements. The
attached printer conveniently provides a hard-copy record of the display screen data.
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femtofarad to 10 farads. The instrument basically performs single-point mea.summen(s. l:_;u(
will automatically cycle through ten operator-sct values of frequency, d.c. bias, or a.c. sig-
nal level.

7.3.2 Admittance Relationships

Obtaining explicit relationships for the diffusion admittance is not difficult, but th; mathe-
matical manipulations car become rather tedious. In lthe straightforward brute- ?rce‘at;:‘
proach, the ideal diode derivation is simply d with the d.c. q al! eplas y
d.c. plus a.c. quantities. Separate solutions are m;n sought for the a.c. quantities. Once a
solution is obtained for the a.c. current as a function of the ac. voltage, the Pdmmnnee is
computed from ¥ = ifv,. Alternatively, the a.c. current solution can be oblal‘ned from the
d.c. current solution by noting equi ies in the two formulations. We will pursue the
oach. ) ) )
lanc[l‘;;nl:ap;cvicc under analysis is taken to be a p*-n junc.lion ‘dlodc. \y.m an ac. s:g:fnl
superimposed on the d.c. bias, the n-side minority carrier diffusion equation to be solved is

Wpxn _ o 328pye0 _ ApxD) (1.18)
at P oax? . T

Assuming the a.c. signal is a sine or cosine function, we can write
Apy(x) = Bp,(x) + Palx w)e (7.19)

Bp, i ime-invari i d j, is the amplitude of the
where & p,, is the time-invariant (d.c.) portion of Aqn(x, 1) and 7, is th
ac. comp;ncm. Substituting the Eq. (7.19) expression for A p,(x, 1) into Eq. (7.18) and
explicitly working out the time derivative yields

o 4Bp, ) BBy _ BB _ Fap 720
Jjwp,el = Dp dxzn + Dp dx? e To rvz .20

The d.c. and a.c. terms in Eq. (7.20) must separately balance. Thus, after collecting like
terms and simplifying the a.c. result, one obtains

435, _ Bp,

- @21
0= Dy Tt -
0=p, & - P (.216)

dx? /(1 + jor,)

i i i inori ier diffusion equation.
uation (7.21a) is recognized as the usual steady state minority carrier
I%qm that the a.c. version of the diffusion equation, Eq. (7.21b), has exactly the same form
except that 7, is replaced by 7,/(1 + jery).

PrAUNCTION DIODES

Eoran n*-p diode 7, — 7, in Eq. (7.28). Given a two-sided junction, G must be separated
inlo its m and p components and each multiplied by the appropriate v 15 jor factor.

If the Eq. (7.28) diffusion admittance for a p*-n diode is separated into real and imagi-
nary parts and the result compared with Eq. (7.17), one finds

== iz t
[ Go = %(\; Fwlt, + 1) (7.292)
& e
ty= “_ji‘(\/ T+ wirl - l) (7.290)

i

Gpg and €y, are noted 1o be functions of both the d.. bias (through q‘,) and the signal
frequency. With G, varying as exp(qV /AT). the diffusion components increase very rap-
idly with increasing forward bias. Whereas C, dominates the a.c. response at small forward

biases, the diffusion cap P and ly - the junction ca-
pacitance as the forward bias is progr ly increased. to the frequency depen-
dence, at low frequencies where wr, € 1,V 1 + wird = | + wirif2and
Gy > Gy e, (7.30a)
Co > Go am, €1 (2.306)

10,0

0.1

0.01 ] 10 100

w, o @,

Figure 7.10 DifTusion and diffusion d tized 1o their | )
values as & function of wr,, (p*-n diode) orwr, (n*-p diode}. {Cpg = Gy7/2)

i
|
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In solving Egs. (7.21) the usual boundary condition applies at x = ; i.e., Bp (@) =
F,(00) = 0. The boundary condition at x = x,, however, becomes

— 2
Bpa(x=x,) = Bpy(xy) + Bley) = (et = 1) (1.20)
D
or
— n?
Bp,(x,) = (WA — 1) (1.23)
ND
.~ nt
Pualxp) = SheVakT(galtT — ) (7.24a)
ND
—'(%‘emur) v, < kTig (7.24b)
v, in the foregoing is und d to be the amplitude of the a.c. signal.

At this point we have yet to solve for anything. We have merely established the equa-
tion and boundary conditions to be employed in solving for the a.c. variables and current.
It is now a simple matter, however, to progress to the desired solution. Since the a.c. mi-
nority carrier diffusion equation is identical in form to the d.c. equation except 7, =
/(1 + jor,), and since the boundary conditions are identical except [exp(qV,/kT)
— 11> [(gqu /kDexp(gV,/kT)], the a.c. and d.c. current solution must likewise be identical
except for the cited modifications to 7, and the voltage factor. For a p*-n diode we know

1 =qA Bli(eqv,./kr - 1=gqA 22 ﬁ(,qv,/n -n (7.25)
pIFE Lp Np 7 No

Thus, making the noted 7, and voltage factor substitutions, we conclude

) 2
far HogA %m I:_'(%quAIkT) - (%,o,mm)m (7.26)
3 D

or in terms of the ideal-diode low-frequency cond (Eq. 7.15),
ign = GoVT ¥ jar, v, (727
and

S | ... p*en diode (71.28)

P JUNCTION DIODE: SMALL-SIGNAL ADMITTANCE

¥ffp = 10-9 sec, for ple, a frequency independ described by Egs. (7.30)
is expccle.d forf< ll(.201-rp) = 16 kHz. For signal frequencies where @T, & 1, the con-
: while the c d with § freq The relative
change in Gp and Cp p 1o their low-fi 'y values is graphed as a function of
wr,in Fig. 7.10.
(C) Exercise 7.4

P: The IN5472A n*-p abrupt junction diode yielding the reverse-bias C~V data
plotted in Fig. 7.3 and analyzed in Exercise 7.2 has a zero-bias junction capacitance
of Cyp = 120 pF. The V; value affording the best fit to junction capacitance data was
determined to be 0.7 V in Exercise 7.2. From /-V data following the procedure out-
lined in Exercise 6.7, one obtains /, = 8 X 10~'3 A and n, = 1.22. The p-side
minority carrier lifetime is estimated tobe 7, = 5 X 10~7 sec.

(a) Assuming w7, = 0.01, but employing relationships valid for arbitrary values of
@1y compufe and plot the expected C;, Cp, and C; + Cp, versus V,, for the given
diode. Restrict V,, to 0 < V, = 0.65 V. Specifically note the approximate voltage

where Cp = C.
(b) Repeat part (a) setting wr, = 0.1, 1, 10, and 100. Comment on the results.

§: The primary relationships employed in the putation are:

7,Gy "
Cp = VT + 0% - |

G, = k—‘;:loeqvl\ln.kr

The C:, expression is Eq. (7.9) with m = 0. The C,, relationship is Eq. (7.29b) with
with the w external to the square root. G, is the

7, rep by7r,andar,
Eq. (7.15) low-frequency conductance with n, inserted into the cxponent to account
for the nonideality of the diode.

The MATLAB program script and the part (a) computational results are repro-
duced below. Actual forward-bias C-V data derived from the IN5472A using the
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HP4284A LCR Meter (Fig. 7.9) are included on the plot. The junction capBCi'tz{nce is
noted to dominate at low forward biases, with the diffusion cap:.;citance rising l:)
Cp = C,at V, =0.545 V. The same | results are ot d, as exp

for all wr, < 1. With increasing wr, greater than w7, = 1, Cp progressively de-
creases at“all biases and the Cp, = C, point shifts to higher and higher voltages.
Cp = Cyat V, =0.575 V and 0.62 V when w7, = 10 and 100, respectively.

MATLAB program script...

%Exercise 7.4...Forward-Bias Capacitance
%Computational constants

clear

CJO=120e-12;  %farads

Vbi=0.7; %volts

Vth=0.0259; %Vth=KkT/q in volts
taun=>5.0e-7; %seconds
10=8.0e-13; Yoamps

n1=1.22; %ideality factor

wi=input(input the angular-frequency*lifetime product--'),
VA =linspace(0,0.65);

%CJ Computation

CJ=CI0./sqri(1-VA.IVbi);

%CD Computation

GO=10/Vth*exp(VA./(n1*Vth));
CD=taun."GO./(sqn(2)"wt)‘sqn(sqn(l+(wt)“2)-1):

%Measured CD Data

VAm={0.10.2 0.3 0.4 0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58];
CDm=[1.31e-10 1.43e-10 1.61e-10 1.88¢-10 1.97¢-10 2.08¢-10 ...
2.23¢-10 2.46e-10 2.76¢-10 3.46e-10 4.40e-10 6.54¢-10 9.38e-10];

YoPlot

close

semilogy(VA,CJ,"--r'); axis([0 0.7 1.0e-10 1.0e-9)); grid
hold on; semilogy(VA,CD,-g'); semilogy(VA,CJ +CD)
semilogy(VAm,CDm-2e-12,'0")

xlabel('VA (volts)); ylabel(‘C (farads)’)

%Key

semilogy(0.12,7e-10,'0"); text(0. 125,7¢-10,...C-V Data)

x=[0.10.2]; !
yl=[6.1e-10 6.1e-10); semilogy(x,y1,-y"); text(0.21 ,6.1e-10,CJ+CD")
y2=[5.2e-10 5.2¢-10]; semilogy(x,y2." *); text(0.21,5.2e-10,'CJ')
y3=[4.3e-10 4.3e-10); semilogy(x,y3,-.g"); text (0.21,4.3¢-10,CD")
hold off
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are strong fi of the d.c. bias, eventually dominating t]lae observed ad-
mittance as the forward bias is progressively i ‘.At signal frequenc whc& ul-: =
1, the minority carriers have trouble following the a.c. signal and the resulting out-of-phase
oscillations enh: the diffusi at the expense of the diffusion capacitance.

PROBLEMS
CHAPTER 7 PROBLEM INFORMATION TABLE
Complete | Difficulty Suggested Shn.nA
e A';r’;r Level Point Weighting Description
7.1 74 1 16 (2 each part) Quick quiz
72 7.22 2 10 Derive Eq. (7.6)
e73 " 2 12 (a/b-10, c-2) Dimensioned C-V plot
*74 7.2.3 2 15 (plot-5, i-5, ii-5) Deduce Ng, V,, from C-V
1.5 " 3 10 Derive Eqgs. (7.12)/(7.13)
076 " 3 15 Ng(x) versus x
7.7 7.32 i 5 Verify accuracy of Fig. 7.10
®7.8 - 2 10 (prog-8, questions-2) | Relative size of wCp, Gy
7.9 " 2 10 7 measurement
7.1 Quick Quiz.

Answer the following questions as concisely as possible.

(a) What is the physical origin of the junction capacitance?

(b) Sketch the m = — | hyperabrupt profile of an n*-p junction.

(c) Define quasistatically.

(d) Define varactor.

(e) Define profiling.

(f) Make a sketch of the low-frequency conductance of an ideal d?o_de showin.g both for-
ward and reverse bias. Comment as necessary to forestall a misinterpretation of your
sketch.

(g) What is the physical origin of the diffusion admittance?

(h) Why docs the diffusion conductance increase with increasing wr, when w7, = 1?

7.2 Given the one-sided power-law profile described by Eq. (7.5), and gcnc.rally.following
the procedures outlined in Chapter 5, derive Eq. (7.6). Assume a p*-n junction where
Np(x) = Np(x). Why is it necessary to specify m > —27
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7.4 SUMMARY

The chapter was devoted to examining and modeling the small-signal response of the pn
junction diode. The discussion was divided into two parts ponding biasing
and forward-biasing of the diode. When reverse-biased, the pn junction diode is function-
ally equivalent to a capacitor. The cap of the diode can in fact be computed using
the well-known parallel plate capacitor formula (Eq. 7.2). The pn junction diode differs
from a standard capacitor in that the diode ically d with in-
creasing reverse bias. The bias junction capaci arises physically from the in-
and-out movement of the majority carriers about the steady state depletion width in re-
sponse to the a.c. signal. Reverse-bias diodes are employed as capacitors and variable
pacitors ( in circuit appli paci are used
ively in the ch and testing of devices, particularly in determining the
average doping or doping profile on the lightly doped side of a junction. The relevance of
the profile to the use of the diode as a varactor, and parameter extraction/profiling proce-
dures, were noted during the course of the discussion.
When the diode is forward-biased, there is a significant build-up of minority carriers
in the qi [ regions i 1 to the depletion region. The oscillation of
the minority carrier charge in response to the a.c. signal gives rise to an additional admit-
tance component, the diffusion admi An for the diffusion admi was
established by appropriately modifying the ideal diode The diffusi i

P JUNCTION DIODE: SMALL-SIGNAL ADMITTANCE

7.3 (a) Construct a computer program that yields fully dimensioned reverse-bias C-V
curves that can be compared directly with experimental data. The program is to be
specifically designed for comparison with the data from Si p*-n abrupt junction diodes
maintained at 300 K. The diode area (A), the lightly doped side concentration (Ng),
and the largest reverse-bias voltage of interest (| V|, ) are to be input variables.

(b) Employing A = 3.72 X 10-3cm?and Ny = 8.84 X 10'5/cm?, compare your program
output with the experimental data presented in Fig. 7.3. Does the V,; result cited in
Exercise 7.2 have any bearing on the agreement between experiment and theory?—

Explain.

(c) How does the lightly doped side concentration affect the junction capacitance? Sub-
stantiate your answer.
NOTE: Those seeking a greater chall might id lizing the p

program in this problem to handle any one-sided power-law profile.

* 7.4 The 1N4002 is one of the popular 4000-series general-purpose diodes used in auto-
motive and other applications. C-V data from a IN4002 p*-» junction diode is listed in
Table P7.4. Before analyzing the data, subtract 3pF from each capacitance value to account
for the stray capacil hunting the ipsulated diode. A ing the diode profile to be
abrupt and A = 6 X 103 cm?, apply the plot approach described in the text to determine
the lightly doped side concentration and the “best-fit" V,;. Quote the results obtained by
(i) “eyeballing” a straight line through the data and (ji) by performing a least squares fit to
the data. (NOTE: The 1N4002 is not as ideally abrupt as the IN5472A of Exercise 7.2. Do
not be surprised if your plot points deviate somewhat from a straight line.)

Table P7.4 1N4002 Reverse-Bias C-V Data.

V() CpF) A0 C(pF)

0.0 38.709 =50 15.548
=02 33717 —-6.0 14.599
~04 30.567 -7.0 13.834
-0.6 28.319 -8.0 13.189
-0.8 26.598 -9.0 12,639
-1.0 25.170 -10.0 12.163
-14 23.060 -11.0 11.746
-1.8 21.490 —-12.0 11.373
-22 20.254 -13.0 11.037
-26 19.248 —-14.0 10.734
=30 18.405 -15.0 10.458
~4.0 16.762

7.5 Derive Egs. (7.12) and (7.13). HINT: See, for example, p. 43 in reference [3).
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— input and outputs a plot of the
@ 7.6 Construct a computer program that accepls C-V data inpul \
Ng(x) versus x profile based on Egs. (7.12) and (7.13). Test run your program using the

1N4002 data in Table P7.4.

Ve the Fij Compute and simultane the diffusion ca-

A i curacy of Fig. 7.10. Compute and simultaneously plot ¢

-~ i enf);nded?;"usiony Z normalized to their low-frequency values as 3 function
p

of wr,. Limit the computation to 0.01 = w7, = 100.

. A

© 7.8 What is the relative size of the cap n s of the dlﬁu;ﬁ:
admittance at a given d.c. bias and signal freq\l.cn¢:y'.’ To answer this question, first :xal e
Eqgs. {7.29) and (7.30) to determine the limiting values of wCp/Gp when &;)'r.b L
wr. ® 1. Next, compute and plot @Cp/Gp, Versus &7, for 0..01 swr,s1 . o¢: 'y‘n;u
plo‘: approach the correct limiting values? In words, what is the answer to the origl

question?

7.9 Forward bias admittance measurements have been used to determine the minom.y car-
rier lifetime on the lightly doped side of a junction. .Nole from Egs. (7.30) “?;i :x;e:d a
p*-ndiode, Cp/Gp = 7,/2 when wr, < 1. Forward bias C-V data from a lNlS iode
was d in Exercise 7.4. The corresponding Gp~Va data for forward biases between
O.SOrV and 0.58 V are listed in the following table. Dclcx:min: the apparent 7, (:f :;::
IN5472A n*-p diode at each of the listed voltages assuming w7, <€ 1. Also quote

average 7, deduced from the data.

Va(V) Gp(S)

0.50 2.00 X 104
0.52 3.90 X 10~*
0.54 7.15 X 104
0.56 133 X 10~3
0.58 228 x 1073
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Figure 8.1 The turn-off transient. (2) Idealized representation of the switching circuit. (b) Sketch
and characterization of the current-time transicnt. (¢) Voltage-time transient.
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8 pnJunction Diode:
Transient Response

At the beginning of the pn junction diode discussion, we noted that a complete, systematic
device analysis was normally divided into four major segments: modeling of the internal
ics, steady state small-signal resp and i P In this
chapter we address the final major segment of the pn junction diode analysis, the transient
or switching response. In a number of applications a pr junction diode is used as an elec-
trical switch. A pulse of current or voltage is typically used to switch the diode from for-
ward bias, called the “on" state, to reverse bias, called the “off™ state, and vice-versa. Of
prime concern to circuit and device engineers is the speed at which the pn junction diode
can be made to switch states. Generally speaking, it is during the turn-off transient, going
from the on to the off state, where speed limitations are most signifi The sub
d P herefc on the turn-off transient. Moreover, the diode under
analysis is assumed to be ideal. This allows us to convey the basic concepts and principles
of i ion with a mini of matt i i

P F

8.1 TURN-OFF TRANSIENT
8.1.1 Introduction

Consider the idealized rep ion of a hing circuit shown in Fig. 8.1(a). Prior to
£ = 0 the diode is taken to be forward-biased with a steady state forward current, /g, flow-
ing through the diode. At 1 = 0 the switch in the circuit is rapidly moved to the right-hand
position. For use in switching applications, one would like the corresponding diode current
to decrease instantaneously from /. to the small steady-state reverse current consistent with
the applied reverse voltage. What one actually observes is sketched in Fig. 8.1(b). Instead
of a vanishingly small current, the reverse current immediately after switching is compa-
rable in magnitude to the forward current if Vz/Rg ~ Vi/Rg. Subsequently, the current
through the diede remains essentially constant at the large — /g, for 2 limited period of time
before eventually decaying to the steady state value. The period of time during which the
reverse current remains constant is known as the storage time or storage delay time (1,).
The total time required for the reverse current to decay to 10% of its maximum magnitude
is defined to be the reverse recovery time (¢,.), while the recovery time (r, ) is the difference
between 7, and r,. The cited times characterizing the transient are also defined graphicaily
in Fig. 8.1(b).

P JUNCTION DIODE: TRANSIENT RESPONSE

The variation of the instantaneous diode voltage (v, ) corresponding to the i-¢ transient
is shown in Fig. 8.1(c). Specifically note from the figure that (i) the junction remains for-
ward biased for 0 < r < 7, even though the externally applied voltage is such as to reverse-
bias the diode, and (ii) the r = ¢, point correlates with v, = 0.

In analyzing the transient response, we make the assumption that the battery voltages
(Ve and Vi) are large compared to the maximum forward voltage drop (Vo) across the
diode. Under the stated assumption

= VON — VF
Iz = o= R (8.1a)
and
Ve + v4locrm v,
1= 2R Alossn o YR 3
R Re Re (8.1b)
Additionally, the qualitative and analyses to follow focus on the storage delay

portion of the transient. Because the decaying ¢, portion is readily distorted by stray ca-
pacitance in the measurement circuit, it is ¢, that has come to be quoted as the primary
figure of merit in characterizing the turn-off transient.

8.1.2 Qualitative Analysis

In looking at the turn-off transient for the first time, a number of questions undoubtedly
come to mind. Why is there a delay in going from the on-state to the off-state? Or perhaps
better stated, what is the physical cause of the delay? What goes on inside the diode during
the transient? How is it the diode remains forward biased for 0 < ¢ < 1, even though the
applied voltage is such as to reverse bias the diode?

The root cause of the delay in switching between the on and off siates is easy to iden-
tify. Forward biasing of the diode, as we have noted previously several times, causes a
build-up or storage of excess minority carriers in the quasi | regions i iately
adjacent to the depletion region. When the diode is reverse biased, on the other hand, there
is a deficit of minority carriers in the near-vicinity of the depletion region. Simply stated,
to progress from the on-state to the off-state, the excess minority carriers pictured in
Fig. 8.2 must be removed from the two sides of the junction. The storage delay time derives
its name from the fact that the majority of the stored charge is being removed from the
diode during the 1, portion of the transient.

As the charge control analysis of Subsection 6.3.1 indicated, removal of the excess
minority carrier charge in the quasineutral regions can be achieved in two ways. For one,
the carriers can be eliminated in place via recombination. Recombination is of course not
instantaneous; several minority carrier lifetimes would be required to go from the on-state
to the off-state if recombination were the sole means of carrier removal. The other method
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norp
(linear scale)

1

Figure 8.2 Stored minority carrier charge leading to the delay in switching between the on and off
states. The reverse and forward minority carrier ions are plotted si 1y on a lincar
scale with the x coordinates matched at the depletion region edges. The break in the x-axis inside the

letion region ges a di in the forward-bias and reverse-bias depletion widths.
The cross-hatched areas identify minority carriers that must be removed for switching to be complete.

of reducing the carrier excess is by a net carrier flow out of the region. Once the sustaining
external bias is removed, the minority carriers can simply flow back to the other side of the
junction where they become majority carriers. This reverse injection could conceivably
oceur at a very rapid rate. The time required to drift back across the depletion region is
only W/g, ~ 1010 sec, where U, is the avcrage drift velocity in the depletion region.
However, the number of minority carriers removed per second is limited by the switching
circuitry. The maximum reverse current that can flow though the diode is approximately
Vo/Rg = Iy. The smaller Iy, the slower the carrier removal rate. A very rapid transient
could be obtained by replacing Ry with a short, but such a procedure would likely lead to
a current flow exceeding device specifications and damage to the diode. Summarizing,
there are two mechanisms, recombination and reverse current flow, that operate to remove
the excess stored charge. Ncither mechanism can safely remove the charge at a sufficiently
rapid rate to be considered instantancous. Hence one observes a delay in going from the on
to the off state.

We have yet to answer the question how it is the diode remains forward biased during
the 0 < ¢ < 1, portion of the transient. To answer the i ider the progressi
removal of the hole excess on the n-side of a p*-n junction as envisioned in Fig. 8.3. Note
from the figure that during the ¢ < 7, stages of the decay the minority carrier concentration

pn JUNCTION DIODES

All £ > 0 concentration curves must therefore slope upward at x = X, because i < 0.
Moreover, the slopes at x = x, must be the same for all £ > 0 curves in Fig. 8.3 because
i = — I = constant during the 0 < ¢ = 1, portion of the transient.

Exercise 8.1

P: Use the qualitative insight gained into the diode response to predict how key _fac-
tors are expected to affect the observed i~t ient. The of the p!
will be checked after working out the quantitative theory.

The figures after the problem statement contain a base-line sketch of an i1 tran-
sient. Using a dashed line, sketch the expected modification to the base-line transient
if as indicated on the figures:

(a) I is increased to [ £
(b) I is increased to /.
() 7pis decreased (made shorter).

Explain how you arrived at the modified i~ sketches.

[0) i in

I
—lF —lF Jp 7, decreased
' i '
Iy _ iy —— -Ir
.[R' -
(@) (b) (©)

S: The reasoning leading to the graphical answers presented in Fig. E8.1 are as
follows:

(a) Increasing /g increases the stored charge inside the diode. Since the stored charge
is increased and the removal rate is unchanged, it will take longer to remove the
stored charge. f, is expected to increase.

(b) Increasing /o increases the rate at which the stored charge is removed by the
reverse current flow. Thus in this case the storage delay time is reduced.

the carrier ination rate and

(c) A shorter minority carrier lifetime i
will therefore decrease f,.
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Figure 8.3 Decay of the stored hole charge inside a p*-n diode as a function of time for
0srsy,.

at the edges of the depletion region (x = x,) is greater than the equilibrium value. In
Chapter 6 we established depletion edge boundary conditions that tied the minority carrier
concentrations at the depletion region edges to the applied voltage. These same boundary
conditions apply under transient conditions with V,, — v,. Thus a v, > 0 indicates there
is an excess of minority carriers adjacent to the edges of the depletion region. Pertinent to
the present discussion, the reverse is also true—a minority carrier excess above the equilib-
rium value at the edges of the depletion region implies the junction is forward biased.
Or stated another way, it is the residual carrier excess at the edges and inside the deple-
tion region that maintains the forward bias across the junction. It is only when the hole
gt.)al::!nlmtion at x = x, drops below the equilibrium value that the diode becomes reverse
iased.

Finally, a is in order the slope of the Fig. 8.3 curves at x = x,,.

In an ideal p*-n diode, i = AJp(x,) = —gADpdAp,Jdx|,.., or

dAp,|  _ [slope of Ap(x) or po(x)| _ _ _i 8.2)
ar |, versus x plot at x = x, qAD, @2
DIODE: T
i) i)
R —lF  Tydecreased

@) () ©
Figure E8.1

8.1.3 The Storage Delay Time
Quantitative Analysis

We seek a quantitative relationship that can be used to predict and compute the storage
delay time, t,. To simplify the analysis, we treat an ideal p*-n step junction diode and
make use of the charge control approach. The electron charge stored on the p-side of a
p*-n junction is of course negligible compared to the hole charge (Q,) stored on the
n-side. We also know that i = ipep in an ideal diode and, referring to Eq. (6.56) in
Subsection 6.3.1,

a _ Qe
a ! T, @3
Working toward a solution, we note that i = — I = constant for times 0* < r=<¢,,
where ¢t = 0* is an instant after switching. Thus Eq. (8.3) simplifies to
aQ. Qe
—=F = - + =k ... 0t
- (IR - 0t ==, (8.4)

‘The Qp and ¢ variables in Eq. (8.4) can be separated and an integration performed over
time from ¢ = 0* to ¢ = ¢,. We obtain

Qpr) dQ, o

v Ig + QplT, . dr= -1, 8.5)
giving
ertt) -
_ Qp) [l + 0 (0*)/1]
= - ln(l + X2 = 7 In| R el » 26
PN ey 7 Lkt Qeedir, @6
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The Q,(0*) and Q,(¢,) appearing in Eq. (8.6) must be dealt with to complete the
derivation. Q,(0*) proves to be readily expressed in terms of known parametcrs. Because
charge cannot be eliminated instantaneously, Qp(0%) = Qp(0). However, prior to switch-
ing, dQp/d = 0 and i = I It therefore follows from Eq. (8.3) that

Iy = __pr(0-) - &0 £°+) ®7
P P

Q5(1,), the stored charge remaining at r = t,, poses more of a problem. Wishing to err on
the conservative side (i.¢., obtain an estimate of ¢, that is too large), we take Qp(,) 10 be
approximately zero. Eliminating Qp(0*) in Eq. (8.6) using Eq. (8.7) and setting Qp(1,) =
0, we conclude

8.8)

Equation (8.8) is noted to be in total agr with the q predictions of
Exercise 8.1. £, i with i ing Ig, d with i Iy, and is directly
proportional to 7. As a point of information, a more precise analysis, based on a complete
Ap,(x 1) solution and properly accounting for the residual stored charge at 1 = f,, gives!

erf( i—) = —l—l- ®89)
P R
1+

Although considerably different in appearance, the Eq. (8.9) solution is likewise noted to

be in total agreement with the gt p of ise 8.1.

Measurement

In both Eqs. (8.8) and (8.9) 4, is directly proportional to 7,. Moreover, the only other
parameters affecting 1, are the currents Iz and /g controlled by the switching circuitry. This
suggests it should be a relatively simple matter to determine the minority carrier lifetime
on the lightly doped side of an asymmetrical junction by measuring the turn-off i~z tran-
sient, noting the storage delay time, and computing 7, from Eq. (8.8) orEq. (8.9).

A measurement system that can be used to observe the transient response of diodes
with lifetimes in the psec range is pictured in Fig. 8.4. The measurement circuit in combi-
nation with the Tektronix PS5004 d.c. power supply and FG5010 function generator simu-
lates the switching circuit of Fig. 8.1(a). To first order, the d.c. bias applied at the power
supply node determines /¢ Rapid switching of the voltage applied across the test diode is
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Figute 8.5 Sample current-time wm-off transient. Output derived from the Fig. 8.4 measurement
system. (The y-axis display voliage is directly proportional to the instantaneous current through the
diode.)

90

Power
! supply

Function

Scope generator

Figure 8.4 Transient response measurement system.

ded by the negative-going sq pulse derived from the function generator.
Because the charge on the plates of th cannot change i ly, the voltage
drop across the capacitor must remain constant as the output of the function generator goes
from 0 V to the preselected negative value. This forces the voltage on the diode side of the
capacitor to decrease by an amount equal to the peak-to-peak value of the square-wave
pulse. Subsequent current flow will tend to discharge the capacitor, but the circuit RC time
constants are 10~2 seconds or greater, making the discharge negligible during a typical
pulsing period. A voltage proportional to the instantaneous current through the test diode,

pn DN DIODE: T

the i~ transient, is monitored using the Tektronix 11401 Digitizin; i

forms displayed on the 11401 can be analyzed in place, or u:leg scmeﬁ fi):tc;ll::cl;?- e
printer for subsequent examination. ' senttos

A sample i-t ient is reproduced in Fig. 8.5. As extracted

sponse curve, 'n{lr = 1.0 and ¢, = 5.0 usec. One dcdugces a7, = t/ln(l to;l;:ll;!c)r:
72 psec c'mploylng FJ{ (8.8) and a 7, = 22 usec utilizing Eq.p(8.9). A more accillxrale
d'elcrmlnauon of ghc lifetime, and a check as to whether the theory properly models the
diode under test, is o'blained by varying the [p//¢ ratio and choosing the 7, yielding the
best fit to the normalized 1,/ versus Ip/lg plot shown in Fig. 8.6. The dashed and solid
lines in Fig. 8.6 were computed employing Eqs. (8.8) and (8.9), respectively. Experimental

10
\\ ~ He \
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IR/Ie

Figure 8.6 Theoretical and measured i
. > storage delay times normalized to 7 versus the reverse to
;mwar_dcurrcnl ratio. The dashed line was computed using Eq. (8.8) and the sorid line using Eq. (8.9).
xperimental data are from a IN91 Ge diode (M) and a |N4002 Si diode (O). o
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data from a IN91 Ge diode and a IN4002 Si diode have also been added to Fig. 8.6. The
Ge diode data can be very closely matched to the more exacting theory if one employs 7, =
14.5 usec. The Si diode data, however, deviat from the predicted depend No value
of 7, can be chosen to fit both the upper and lower ends of the curve. Si diodes, it must be
remembered, are seldom ideal diodes as assumed in the derivation of Eqgs. (8.8) and (8.9).

8.1.4 General Information

We conclude the discussion of the turn-off transient with a few observations of a practical
nature. First, as a general rule ¢, ~ 7, (or 7,)- Increasing the /p/J;; ratio decreases , below
Tpas s obvious from Fig. 8.6, but more often than not there are constraints that limit the
size of the /p/I ratio. Another approach to achieve a rapid switching response is to build
diodes with short minority carrier lifetimes. Since 7, and 7, are proportional to 1Ny,
where Ny is the R~G center concentration, the minority carrier lifetime can be decreased
by the intentional introduction of R-G centers during the fabrication of the diode. The
reduction of the minority carrier lifetime in Si devices is typically achieved by diffusing
gold into the Si. There is a limit, however, to the R-G center concentration that can be
added to a diode. While a shorter lifetime makes for more rapid switching, it also propor-
tionally increases the R-G current (/g_g & 1/74)—a high R-G center concentration may
increase the off-state current to unacceptable levels. R-G center concentrations approach-
ing the donor or acceptor concentrations also affect the diode electrostatics. In any event,
there is no need for pn junction diodes with extremely large R-G center concentrations.
Other devices with fewer stored carriers, such as the bipolar junction transistor and the
metal-semiconductor diode (both d in later ct ), are available for use when
the application requires sub 1 switching times.

Finally, mention should be made of the step-recovery of snap-back diode. The re-
sponse of the step-recovery diode is special in that the f, portion of the transient is very
short, ~1 nsec. With a storage delay time ~1 psec, the reverse current part of the i~
transient looks like a step, rapidly “snapping back” to the steady state value after reaching
t = ¢,. Step-recovery diodes are used as pulse generators and bigh-order, single-stage har-
monic generators. In fabricating the diodes, a narrow, lowly doped region is sandwiched
between heavily doped p and n regions. Formed by employing epitaxial techniques, the
junctions in this p-i-n type structure are required to be very abrupt. The special doping
profile causes the minority carricr charge to be stored very close to the edges of the deple-
tion region. This facilitates almost complete removal of the charge by the end of the storage
delay time. With little additional charge to be removed after reaching t = ¢, the current
drops abruptly to the steady state value.

8.2 TURN-ON TRANSIENT

The turn-on transient occurs when the diode is switched from the reverse-bias off-state to
the forward-bias on-state. The transition can be accomplished with a current pulse, a volt-
age pulse, or a mixture of the two pulses. Because of its simplicity and utilization in prac-
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Pulx. )

Pro

Figure 8.8 Build-up of the stored hole charge inside a p*-n diode during the turn-on transient.
Solving Eq. (8.12) for Qp(1) gives

Q1) = Ig7,(1 — e7"7) (8.13)
Under steady state conditions the stored hole charge in an ideal diode is

Op = Ipe™p = IgT (VA = 1) ... steady state (8.14)

As a first-order approximation, let us rmake the assumption Qp(2) during tl}e turn-on tran-
sient is described by Eq. (8.14) with Vo= v, This is equivalent to assuming the build-up
of stored charge occurs quasistatically. One can then write

Qplt) = g7y (e™XT — 1) (8.15)
Equating the (8.13) and (8.15) expressions for Qp(1), and solving for v,(2), we arrive at
the solution

un® = Ll 1+ 2a - e-"’-)] @16)
q lo
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i0) VA

Ir

(@) ®

re 8.7 Ti i i=
:Lg;nse 'urn-on transient assumed to start from { = 0: (a) current pulse; (b) voltage-time

tical circuits, we consider hercin the case where a current pulse is used to switch the diode
into the on state.

When the diode current is changed instantaneously from the prevailing reverse bias
value'to a constant forward current /i, the voltage drop across the diode, v,(r), monotoni-
cally increases from the Vg at t = 0 to Vg at 1 = 0. The first stage of Lh: res’ponse from
¢ = 0to the time when v, = 0 is ly short in d The few ity carriers
neeflec.i to raise the junction voltage to zero are rapidly injected across the deplctit;n region
Ma}onty carrier rearrangement also acts quickly to shrink the depletion width to its zcm-.
b!as value. The short duration of the first portion of the transient allows us to act as if the
dl_ode were being pulsed from i = 0 to i = [p at ¢+ = 0 as depicted in Fig. 8.7(a),
Figure 8.7(13)‘ shows the cor ing voltage resp tostartatv, = 0 o

) In seek{ng a quantitative solution for v,(f) = 0, we again take the deviceAunde; analy-
sis to be. an ideal p*-n step junction diode and make use of the charge control approach.
The envisioned growth of the stored n-side hole charge with time is pictured in Fig. 8 8-
Note from the figure that Qp = 0 at 7 = 0 consistent with initiating the transient at v , =.0:

Since i = 1, gl the turn-on t the i i
e ur(::e.s " Eq. (8.3) relationship for the stored hole
aQ [
Wp _, _Le
i (8.10)

3

Separating variables and integrating from 7 = 0 when O, = 0 to an arbitrary time ¢ yields

Qp(n) do, t
— " = ‘=
J; R = J; dr' =t @811

or upon evaluating the Q,, integral

e
= -7, In(l,, - —Q-E)
™

o

o)
= -, ln[] - M] ®.12)
P
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The turn-on response modeled by Eq. (8.16) is similar to the turn-off response in that
the overall length of the ient i with i ing /¢ and 7. This is to be-more or
Jess expected because the charge required to reach the steady state is directly proportional
to I and 7o i.e.,. Qp(®) = Ip7, as deduced from either Eq. (8.10) or Eq. (8.13). Perhaps
the most interesting feature of the turn-on transient is an initial rapid rise in v,(¢), with
v, (1) increasing to a large fraction of V,,, in a very short period of time. If, forkexa’mple
T=300 K and Voy = 0.75 V or I/ly = 3.77 X 10'2, y,() increases to (0.84)V, after
only t = O.Q l:r.,. By way of contrast, the final approach to the steady state is consiz';mbly
slower, requiring a period of time equal to several 7,,.

(C) Exercise 8.2

TIIG.CP.G (C : ion Plot G ion) program that follows is intended as a vi-
suahz‘atlon and learning aid. The program plots out curves of A p(x’, 1)/A P, Ver-
sus x'/Lp = (tt = x,)/Lp at select t/7, for both the turn-off andntum-on tr;nm:i‘ents‘
The_congputa_tlons are based on the direct solution of the time-dependent minority
carrier dlﬂ'umqn equation for an ideal pn step junction!¥). The user chooses the type
of plot to be displayed from an opening menu. Menu choices are linear or semilog
plots of .'.hc turn-off transient concentrations and linear or semilog plots of the turn-
on transient concentrations. In the turn-off plots ¢ is stepped from 0.14 to ¢, in 0.1¢,
increments. In the turn-on plots ¢ is stepped from 0.17, to 27, in 0. l-rl inc’rements‘
The user must specify the Ip/I; ratio when a turn-off plot ips desimdp. We shoulci
mention that Figs. 8.3 and 8.8 were drawn based on the CPG program output.
Possible uses of the program are: ’

(1) Visualize the stored-charge decay during wrn-off.
(2) Visualize the stored-charge build-up during turn-on.
A3) ine and cor

% P

ing linear and semilog plots.

(4) Confirm that the x = x, slope of the linear turn-off curves are all the same for
0 < 1=, (Are the slopes the same on the corresponding semilog plot? Are the
x = x, slopes or curves on a semilog plot related to the current?)

(5) Examine the effect of /p//;; on the decay of the stored charge.

(6) Ascertain wh).' the approximate 7, result of Eq. (8.8) becomes less and less accu-
rate as I/l is increased. (Look at the stored charge remaining at 1 = t; as a
function of J/l.) )

(7) Check the of lh'e quasistatic approximation employed in the derivation
of Eq. (8.16). (On a semilog plot the turn-on curves should all be parallel to the
t = e curve if the build-up proceeds quasistatically.)

(8) Compare the turn-on v,(¢) computed employing Eq. (8.16) and the v, () values

deduced from the turn-on plot.
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Hopefully the user will not be fimited by the cited s\fggesti:gf. ti::t ::B lt;ccl fre:l
to experiment on his/her own. The user might also consx.dzr m > :oyobfni oA smgmpedﬁC
to better display a given output, to extend the computations, !

output such as v (f) versus f.

MATLAB program script...
%Exercise 8.2--Tumn-off/Turn-on Concentration Plot Generator

%Determine type of desired plot
clear

l . " * .
‘s:::enu(‘Choose the desired plot’,OFF-Linear’, OFF-Semilog'....

'‘ON-Linear’,ON-Semilog’);

%Compute ts/taup if turn-off plot is desired
S aer ratio=IR/TF and TS =ishaup
t Iratio= an = . .
z’::o— input(‘Please input the IR/IF ratio: IRIF=");
if Irati 0, %Catch if IR=0
TS
else
TS=(erfinv(1./(1+Iratio))"2;
end
else
end

%Set values of X and T to be computed for desired plot
%X=x'LP and T=ttaup

X=0:0.03:3;

T=TSN0:TS/10:TS;
else

X=0:0.03:3;

T=[0.1:0.1:2};
end

%Plot steady-state curve, set axes-labels

yo=exp(-X;

ifs==1]s .
plot(X.y0,'8)
axis({0301)

el

se
semilogy(X.y0.'g)
axis([0 3 1.0e-3 1))
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are produced by properly tailoring the doping pmﬁle._ Mgasumnem o.f the n:im—ogf ;::s;n;
can also be used to determine the minority carrier lifetime on u_\e hgltx’tzic ope of

hing a
junction. Overall, the focus of the chapter ha§ h.een on b
-:)uf transient operation and providing physical insj ght, know‘ledge ".haz v{xll pmvei ;I:;y useful
in treating one of the pre-eminent switching devices, the bipolar junction transistor.

PROBLEMS
CHAPTER 8§ PROBLEM INFORMATION TABLE ;
i Short
lete | Difficulty Sugge:red_ ort.
Problem Co[;;::: Level Point Weighting Description
8.1 8.3 1-2 I5 (anc-2, dith-1, it-2) Quick quiz -
8.2 _'_--8'._1.-2 l 6 (2 each part) | Interpret Pa(x, ) plot |
'3 8.1.3 2 8 Improved Qy(1,) approx. |
% 8 2 2-3 10 (anc-3,d-1) Open circuit voltage decay
3; . 2 6 Compute turn-on times
8'6 ” 10 (a-3, b-7) Pulse g, t0 Iy > Iy
57 " 2-3 | 10 (a6, b-4) Combined turn-off/turn-on
'Ts‘a 1 " 3 15 (a-10, b-5) | Compare turn-on v, (1)

8.1 Quick Quiz. )

Answer the following questions as concisely as possible.

(a) Define storage delay time.

(b) Define recovery time (t,)- o

(c) Is it possible for the pn junction to support a reverse current even though v,
Explain. ,

(d) What is the root cause of the delay in switching from the on-state to the ol'I-sme.

(¢) Name the two mechanisms that act to remove the excess stored charge during the turn-
off transient.

: >0.

(f) Trueor false: If Ap,(x, 1) > 0,v, N

(g) True or false: If i > 0, the slope of a linear p(x, ) versus X plot must be positive (p,
increases with x) atx = x,. . L

(h) What is special about the electrical and physical properties of a step-recovery dlod:‘.

(i) True or falsc: Increasing both /g and Iy by a factor of 2 will have no effect on the
storage delay time. Indicate how you arrived at your answer. .

(j) True or false: Recombination actually acts to rela_rd the build-up of stored carrie
during the turn-on transient.—Indicate how you arrived at your answer.

o DIODE: T

end
xlabel('x"/LP"); ylabel('Apn(x" t)/Apnmax')
grid; hold on
FoPrimary
j=length(T);
fori=1;j,
A=exp(-X).*(1-erf(X./(2*sqrt(T(i)))-sqri(T(i))):
B=exp(X).*(1-erf(X./(2*sqrt(T(i)))+sqrt(TG))));
yon=(A-B)/2; %yon=Apn(x'ty/Apnmax during turn-on
ifs==3,
plot(X.,yon);
clseif s==1,
yoff=exp(-X)-(1+Iratio).*yon; %yoff= Apn(x't)/Apnmax during turn-off
plot(X,yoff),
else
end
ifs==4,
semilogy(X.,yon);
elseif s==2,
yoff=exp(-X)-(1+Iratio).*yon;
semilogy(X.yoff);
else
end
end; hold off

putations and time-dependent plots

8.3 SUMMARY

In this chapter we d the ¢l p and internal carrier response of pn
junction diodes subjected to a large rapid change in the applied voltage or impressed cur-
rent, a change intended to switch the diode from the forward-bias on-state to the reverse-
bias off-state, or vice-versa. During the turn-off transient the excess minority carriers stored
in the quasineutral regions must be removed before steady state conditions can be re-estab-
lished. The diode initially remains forward biased and a large, constant, reverse current
flows through the diode until the carrier concentrations decrease to their equilibrium values
at the edges of the depletion region. This takes place in a period of time known as the
storage delay time, ¢,. 1, is the primary figure of merit used to characterize the transient
response of pn junction diodes. The storage delay time increases in relation to. the initial
store of carriers, decreases with the rate of carrier removal by the reverse current, and is
directly proportional to the minority carrier Jifetime. The storage time is decreased by add-
ing R—G centers to the semiconductor during device fabrication, and step-recovery diodes

Pn JUNCTION DIODE: TRANSIENT RESPONSE

8.2 The hole concentration on the n-side of a pn step junction diode at a given instant of
time is as pictured in Fig. P8.2.

Pul, 1)

Figure P8.2

(a) Is the junction forward or reverse biased? Explain how you arrived at your answer.
®) If pyp = 10%cm? and T = 300 K, determine v,.

(c) Is there a forward or reverse current flowing through the diode? Explain how you ar-
rived at your answer.

@ 8.3 The approximation Qp(t,) = 0 was used in deriving Eq. (8.8). Researchers have sug-
gested the alternative approximation,!s!

= L7
Qe(t,) = m}fm

which leads to the revised charge control expression

+ 2
=T lnu”m
POl L+ 2

Determine whether the revised ¢, expression is a significant improvement. Construct a plot

of 1 /7, versus I/l similar to Fig. 8.6 using the revised charge control expression in place
of Eq. (8.8). Briefly comment on the resuit.

8.4 An ideal p*-n step junction diode carrying a forward current I;; is suddenly open-

circuited at 1 = 0.

(a) Sketch the expected variation of p,(x,f) versus x at progressively increasing times
after open-circuiting the diode. (Check your answer using the CPG program in Exer-
cise 8.2.)

(b) Derive an expression for the stored hole charge, QP(IS. inside the diode at times ¢ > 0.
Be sure to express Q4(0) in terms of known parameters.
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(c) Assuming a quasistatic decay of the hole charge, derive an expression fo; v ;Sl{. ’;nlke
the v, voltages of interest to be greater than a few kTlg; ie., exp(q.u AIll( )@l “::)
use the fact that Ig/lp = exp(qVon/kT) = 1 = exp(gVon/kT) to simply your resuit,

(d) Does the part (c) result suggest anything? Explain. (For further information see Sub-
section 8.5.2 in Schroder®.)

i junction diode is swi ith a current pulse from / = 010 Iy =
.5 An ideal p*-n step junction diode is switched with

? mA:t| xc: g Calcull::e the time necessary for the diode voltage to reach 90% and 95%
of its final value. Let 7, = 1 psecand [ = 107 A,

8.6 Anideal p*-n step junction diode initially forward biased at 7y, is pulsed to a constant

curremuflm>lnau=0. o T

(a) Sketchthe expected variation of p,(x, r) versus x at progressively increasing times aftcr
t=0. ‘

(b) Assuming a quasistatic build-up of the stored charge, derive an expression for v, (1).

= «.n diode is switched from [ = ImAtoi= —Jp =
8—.71 ::P: '/—\f(:ct:‘T ijsen::\[g“:el:lgl’l):llsjc i: :plplied to switch the diode back toan /g = 1 mA.
Assume the diode to be ideal with 7, = 1 usec.
(a) Sketch the i(r) through the diode as a function of time.
(b) Establish an expression for v, () at times 1> 1 psec.

#8.8 (a) The turn-on curves drawn by the CPG progmm_in Exercise 8.2 correspond to /7,
values stepped from 0.1 to 2 in 0.1 increments, Noting

Apy(0.) _ AT — |
AP nonx T TeaVonliT — 1

appropriately modify the program to obtain v,/ Vo at the stepPed values of 1/7,. Let
Von =05V and 7 =300 K in performing a sample computation. »
i the (a) exact solution with the Egq. (8.16) §olutmn
®) EOT\I:::: the vA(:):erlved fmmtu:“P:n“r 45 quasistatically, The comparison as-
suaming Voy=05Vand T = 300 K may be presented in either a plot or point-by-
point format. Note that 1/l = exp(gVon/kT) — 1.
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9 Optoelectronic
Diodes

9.1 INTRODUCTION

To round out the discussion of pn junction diodes, we consider in this chapter special diode
structures that are specifically designed and built for optical applications. Many of the
diodes to be di involve a semicond or semi other than Si. The reader
is thereby given a glimpse of the larger semiconductor picture where more and more ma-
terials are being used in the fabrication of sophisticated special-purpose devices. Semicon-
ductor photodevices quite g y fall into one of three functional categories. Two groups
of photodevices convert photo-energy into electrical energy. If the purpose of the photo-to-
electrical conversion is to detect or determine information about the photo-energy, the de-
vice is called a photodetector. If the purpose of the photo-to-clectrical energy conversion is
to produce electrical power, the device is called a solar cell. The third type of photodevice
converts electrical energy into phot gy and includes light emitting diodes (LEDs) and
laser diodes. Herein we survey one sct of devices from each of the three categories: pn
junction and related photodiodes bel to the photod family, pn junction solar
cells, and LEDs.

The commercial marketplace has experienced a virtual explosion of optoelectronic
diode applications in recent years. The bar code reader now common at check-out counters,
the digital disk reader in audio systems, and the laser printer in the office all make use of
LED:s or laser diodes as a ph Photod: in combi with LEDs or laser
diodes are used in circuit isolators, intruder alarms, and remote controls. In addition, the
optical signal is generated using a laser diode and detected using a photodiode in modern-
ized ication networks employing optical fibers. Solar cells are used to power
hand-held calculators, battery chargers, and communication satellites. Although slow to
find significant use in Jarge-scale power generation, the U.S. National Photovoltaics Pro-
gram calls for an installed solar-cell capacity of 200— 1000 megawatts by the year 2000 and
10,000-50,000 megawatt capacity by 2010-2030. Clearly, the variety and scale of opto-

1 ic diode applications can only be expected to i with time.

As an aid in the discussion, the visible and adjacent wavelength regions of the optical
spectrum are identified in Fig. 9.1. The relative response of the human eye plotted in the
upper part of the figure is correlated with the major color bands shown spanning the
roughly 0.4 um to 0.7 um visible portion of the spectrum. Note that the relationship
between the optical wavelength (A) and the associated photon energy (£, = hv) is

OPTOELECTRONIC DIODES
given by
¢ _ he hc
A===—=— |, . c= i .
v wE, ¢ = speed of light 9.0)
or, if A is expressed in um and EyineV,
9.2)

The wavelength at which the photon energy is equal to the semiconductor band gap energy,
Ag = 1.24/Eg, is also cited in Fig. 9.1 for some of the more important optoclectronic
materials.

9.2 PHOTODIODES
9.2.1 pnJunction Photodiodes

A pn junction photodiode is just a pn junction diode that has been specifically fabricated
and encapsulated to permit light penetration into the vicinity of the metallurgical junction.
The absorption of light inside the diode creates electron-hole pairs, as pictured in Fig. 9.2.

Recombines before
reaching junction

Recombines before
: reaching junction

Vv ML Annr A L
N AN AN
T PR W VR S WE v
Wi OWE W S
AR B AN i y
Figure 9.2 Vi of light absorption, electron-hole creation, and the light-induced current

in a pn junction photodiode.

e
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On average, minority carriers created in the quasineutral regions within a diffusion length
of x = —x, (p-side)or x = X, (n-side) live long enough to diffuse to the depletion region,
These carriers, and carriers photogenerated within the depletion region, are subsequently
swept by the B-field to the opposite side of the junction, thereby contributing an added
reverse-going component to the current through the diode. If the photogeneration rate (G, )
is assurfied to be uniform throughout the diode, the added component due to light (7,)
should be equal to — g times the el hole pairs p d per second in the
volume A(Ly + W+ Lp), or

1= Igq t 1L 9.3)
with
I = —qA(Ly + W+ Lp)Gy 9.4

A modified derivation of the ideal diode equation and the R-G current relationship with
G, # 0 confirms the foregoing result (see Problem 6.8).

Examining Eqg. (9.4), we note that the depletion width W in a pn junction diode is
typically small compared to Ly + Lp. if Wis gligible, /, b independent of the
applied bias. The light-on I-V¢h istics are fi pected to be ially iden-
tical to the dark /-V characteristic, except the light-on curves are translated downward,
moved in the — / direction, along the current axis. Moreover, because /, % G, the down-

ward lation of the ct istics should i in proportion to the intensity of the
incident illumination. The described form of the photodiode /-V ct istics are illus-
trated in Fig. 9.3.

An important istic of any photod is its spectral or wavelength re-

sponse—how the observed I , for example, varies with the wavelength of the incident
light. A spectral response curve representative of Si pn junction photodiodes is reproduced
in Fig. 9.4. The pictured photodiode response, like those of all photodetectors, spans only
a limited range of lengths. The upper h limit in most photodetectors is tied

Gu=Cp
G =2Gg

G =4G

Figure 9.3 Photodiode 1~V characteristics.
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recombine before they can diffuse to the depletion region. The net result is a progressive
duction in the resp with d ing A-

Another property employed in p d t ization is frequency response—
how rapidly the detector can respond o a time-varying optical signal. In this regard the
d pn junction pt diode exhibits limited capability. Photogenerated minority car-
riers must diffuse to the depletion region before an electrical current is observed externally.
Diffusion being a relatively siow process, the maximum frequency response of pn junction
photodiodes is at best in the tens of MHz. This resp is quite low pared to the

inable with photodiodes described in the next subsection.

1 Y Tesp

9.3.2 p-i-nand Avalanche Photodiodes

p-I-n Photodiodes

A p-i-n diode is a three-region structure in which an “intrinsic” (actually lightly doped) i-
region is sandwiched between heavily doped p- and n-regions. In the p-i-n photodiode.
shown schematically in Fig. 9.5(a), an opening is made in the surface metallization to admit
tight, the top semiconductor region is kept very thin to minimize absorption in the region,
and the i-layer width is specifically tailored to achieve the desired response characteristics.

Because of the low doping, the i-layer is totally depleted under zero bias or becomes
depleted at small reverse biases. Furthermore, the heavy doping of the outer p- and n-
regions causes the depletion widtlis in these regions to be very narrow. Thus as pictured in
Fig. 9.5(b), the depletion width inside the device is effectively equal to the i-layer width
independent of the applied reverse bias. The energy bands in Fig. 9.5(b) are linear functions
of position and the %-field is approximately constant in the i-region because of the Jow
semiconductor doping. It should also be noted that the heavy doping of the outer p- and n-
regions means the minority carrier diffusion lengths in these regions will be relatively
small. As a result, the greater part of the photocurrent flowing inap-i-n photodiode arises
from carriers generated in the central depletion region.

Operational advantages of the p-i-n photodiode that have made it one of the most
widely employed photodetectors stem from the existence and tailorability of the i-region.
For one, the diode can be optimized for resp at a given gth by making the i-
layer width equal to the inverse of the absorption coefficient (1/a) at the specified wave-
length. Second, with most of the photocurrent arising from light absorption in the i-region,
the freq is greatly d over that of a pn junction photodiode. The large
@-field in the depleted i-region leads to the rapid collection of photogenerated carriers and
a maximum frequency response,

1

—_—— 1

= : - =— (9.5)
Srxe carrier transit Wilvm

time across W

where W, is the width of the i-region and v, is the saturation drift velocity (see
Subsection 3.1.2). Typically v, = 107 cm/sec. If W, = 5 um, for example, then fyu, =
20 GHz. We should note that W; cannot be made arbitrarily smali to improve the frequency

i
i
1
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02 / \

04 05 06 07 08 09 1.0 1.1 1.2
Wavelength (um)

Fligure 9.4 Spectral response of a Si pn junction photodiode. The photo-power incident on the
pnj h
somewhat with diode construction.

d:mclly to the f;micondgctor band gap. Photons are absorbed and electron-hole pairs are
p , 'm a d if EP,‘ > Eg. When EP,, < Eg, on the other hand, the
ctor is all but to the light. The semicond spectral there-
fo.re cs.scnually cuts off at Ag = 1.24/E;. For §i, Eg = 1.12eV at 300 K and, consistent
with Fig. 9.4, one expects a minimal response at wavelengths greater than A, 'E 1.1 gm.
Two reasons can be cited for the decrease in the spectral response at sfloncr.wave:
Iengt!:s. First, as is common practice, the photo-power was held constant in accumulatin;
the Fig. 9.4 data. Since the photon energy i with i the fl X
of photons striking the semicond pondingly d Thus part ofathe re;uc:z
;sszor:z.al shorter wavelengths is simply due to the fact that there are fewer photons to be
The remaining decrease in the spectral response is associated wi i
ahsqrplion of light inside the diode. During thzodiscussion of p:o:;gn:lr:;;lmil:l?ﬁ
section 3.3.3, the liAght intensity was noted to fall off exponentially with distance from the
surfaf:e of the e d The decay corresponding to the inverse of the ab-
sorption cc.eﬂ‘icxem (1/a) represents the average depth of penetration of light into a mate-
rial. As A is decreased below Ag, e increases rapidly (see Fig. 3.20) and the light is
absc.zrbed closer and closer to the d surface. E ily the majority of gen-
c.mu?n takes place on the side of the junction adjacent to the surfa:c. Carriir rccombgina-
tion is greater near the surface and an increased number of the photogenerated carriers

OPTOELECTRONIC DIODES

Insulator ——

Antireflection
coating i . 44

n+

(@)

—p* i-layer t—
®)
Figure 8.5 p-i-n photodiode. (a) Cross section. (b) R bias energy band di;
BT

the i-region and picturing photogeneration.

response. The RC time constant associated with the internal seri i

junction capacitance (C; = Kge,A/W))i with ‘m sc'msvr/eilxsl:ia“cc ey

the response time of the diode. I
The ent : .

q Y resp of the p-i-n photodiode makes it a prime candid:
for u: as the phntodftcctor in optical fiber telecommunications. By and Iafge silica-l::asact:
optic fibc:r systems installed prior to 1990 operated at the 1.3 um wavelengﬂ; where chro-
matic dispersion* in the fibers is at a minimum. More advanced high bit rate systems, on

limits

' BN - :
Chromatic dispersion is a spreading out of a light pulse causcd by different wavelengths of light traveling at

slightly different velocities. The "
sion minimum. use of multiwavelength photosources requires opesation at the chromatic dispor-
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Figure 9.6 Band gap energy versus lattice constant of select TH-V compounds and alloys. The line
connecting two compounds specifies the Eg versus lattice constant for alloys made of the two com-
pounds. In most cases the lattice constant is a linear function of the x-value in going from compound-
A to compound-B. Thus, for example, IngsGag,P would have a lattice constant of 587 A -
0.2(5.87 A — 5.45 A) = 5.79 A, and an Eg; = 1.5 ¢V is deduced from the line connecting InP and
GaP. Solid and dashed lines identify alloys that are direct and indirect semiconductors, respectively.

the other hand, employ singl length ph and operate at 1.55 um, where
fiber loss is at a minimum. In either case the wavelength of operation is beyond the 1.1 um
cutoff of Si, thereby necessitating the use of some other semiconductor. The material sys-
tem of choice for fiber optic applications is the alloy Iny 5;Gag i;As deposited on an InP
substrate. As shown in the Fig. 9.6 band gap plot of common IL-V alloy systems,
Ing 53Gag 47As has an Eg = 0.75 €V (Ag = 1.65 um) and is lattice matched to InP. Lattice
matching, having exactly the same lattice constant, facilitates the deposition of quality
Ing 53Gag 47As layers on commercially available InP substrates.

Figure 9.7 shows the cross section of an InGaAs p-i-n photodiode. The wide band gap
InP with a Ag = 0.95 sum acts as a “window™ through which 1.3 gm or 1.55 pm light is
readily transmitted to the absorbing Ing ;Gag i;As i -layer. Defects in the InGaAs layer
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special structural feature is the guard ring around the junction periphery. As noted in
Chapter 6, junction curvature leads to early breakdown about the junction periphery. The
guard ring the edge breakdown problem. Uniformly doped low-defect material
and minimization of defect creation during device processing are also required to achieve
uniform breakdown across the face of the junction.

The primary ad ge of the avalanche photodiode is a photo-signal gain leading to
improvement in the signal-to-noise (S/N) ratio. As a general rule, amplification of a signal
is accompanied by amplification of the noise and added noise from the amplifier. Signal
gain therefore typically leads to a reduction in the S/N ratio. Inside an avalanche photodi-
ode, | , avalanche multipli amplifies the photo-signal without amplifying the
typically dominant receiver circuit noise. Thus there is an improvement in the S/N ratio
until the added avalanche-related noise t comparable to the circuit noise.

Avalanche photodiodes made from InGaAs on InP and from Ge provide alternatives to
the p-i-n photodiode for use in fiber optic telecommunications.

9.3 SOLARCELLS
9.3.1 Solar Celi Basics

A variety of device structures can and have been employed in constructing solar cells, By
far and away the most common cells are in ¢ssence just large-area pn junction photodiodes.
Solar cells are designed of course to minimize energy losses, whereas photodiodes arc
routinely designed to achieve a specific spectral response or a rapid time response. Design
differences notwithstanding, the solar cell /-V characteristics are of the same general form
as the photodiode characteristics of Fig. 9.3. Note that power is derived from the illumi-
nated device if the d.c. operating point lies in the fourth quadrant where / is negative and

Vs positive. Fourth-quad P can be achieved, for ple, by simply placing a
resistor in series with the illuminated solar cell.
Und dably, the fourth-quad istic is of prime interest in evaluating

and applying solar cells. It is thex;-.fore common practice to show only the fourth-quadrant
portion of the characteristics and to orient the — / axis upward on the plot as illustrated in

Fig. 9.9. Figure 9.9 also graphically defines the following solar cel p of interest:
V,e . - - the open circuit voltage
I . . . the short circuit current
Vi T - - - the operating point voltage and current yielding the maximum power

output.
V,, is obviously the maximum voltage that can be supplied by the cell for a given photoin-
put, and 7, is the maximum current that can be derived from the cell. It follows that P, =
1,V < 1.V, In assessments of solar cell performance, one often encounters

FF= IP_“_;L = —;%ﬂ (9.6)

i
i
A
|
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Figure 9.7 Cross scction of an InGaAs p-i-n photodiode.

are minimized by the prior d of an InP buffer la i

: p yer. The wide band gap InGaAsP
cx.:pjlayer is added to reduce surface-related dark currents. Finally, the ins\jatli)ng silicon
nitride layer generally protects the surface and izes surface binati

Avalanche Photodiodes

Avalanche photodiodes are specially constructed p-i-n, pn, or even metal-semiconductor
(see Chapter 14) photodiodes that are op d near the avalanche breakds point. A

dard Si lanche photadiod, "

[: is displayed in Fig. 9.8. One obvious

Passivation coating

. n conta
Antireflection i
coating

// g ﬁ(
Guard o n*t
ring P

P
Pp contact

Figure 9.8 Si avalanche photodiode. (From Yang'®l, ©!
re | 3 |, ©1988 b; -Hi i
Peminion of Gk S g y McGraw-Hill, Inc. Reprinted by
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Fligure 9.9 Inverted fourth-quadrant /-V characteristic of a solar cell under iliumination with key
solar cell id along the dinate axes,

FF is known as the fill factor and is of course always less than unity. The ultimate measure
of solar cell performance, the power conversion efficiency (%), is determined from the
current—voltage parameters employing

P, 1.V, FFI_V,
o= e o Imom o ke ©.7)

P, P P,
where P;, is the photo-energy incident per second or input power.

9.3.2 Efficiency Considerations

A key issue with solar cells is efficiency ing the maximum amount of
available solar energy into electrical energy. The higher the efficiency of the cells, the lower
the cost and collection area required to achieve a desired electrical output. A number of
facl‘ors enter into the overall efficiency exhibited by a cell and involve both material and
design considerations.
Any discussion of conversion efficiency logically begins with the output from the sun.
The spectral distribution of the sun's energy reaching the earth is plotted in Fig. 9.10. The
AMO (air mass zero) curve is the measured radiant energy just outside the earth’s atmo-
sphere and is of interest in orbiting satellite applications. The AM1.5 curve, normalized to
yleld‘a total spectral power density of 100 mW/cm?, is representative of average terrestrial
co.ndltions in the United States. In either case, most of the spectral power is in the visible,
with a long tail extending into the infrared. When considering materials for use in solm:
cells, the area under the spectral curve beyond the A of a semiconductor yields the incident
power that is lost or wasted because it cannot be absorbed. Si, with a slightly larger cutoff
wavelength, has an advantage in this regard compared to GaAs: ~20% and ~35% of the
incident energy is not absorbed in Si and GaAs, respectively. However, it would be incor-
rect to conclude the overall conversion efficiency increases with decrcasing band gap. If
photon absorption at A < A wavelengths is examined, one finds that only the E portion
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Flgure 9.10 Solar spectral irradiance.

of the photon energy is used profitably in producing electron-hole pairs. The E,, > Eg
portion of the photon energy adds to the kinetic energy of the photogenerated carriers and
is y dissipated as heat. Calculations indicate that ~40% of the absorbed photon
energy is unavoidably wasted, dissipated as heat, in Si. The corresponding loss is only
~30% in GaAs because of its-larger band gap. Clearly, a trade-off exists between the two
cited loss mechanisms, giving rise to an optimum band gap where the energy conversion is
at a maximum. Rather fortuitousty, the band gaps of Si and GaAs, the semiconductors with
the most advanced technologies, both lie very close to the theoretical maximum.

Given a specific semiconductor material, the next task is to design and fabricate the
solar cell to minimize further energy losses. In discussing device-related loss mechanisms,
we will refer to the high-efficiency Si solar cell pictured in Fig. 9.11. Observe first of all
that the contact to the top (light-incident) side of the ccli is made through narrow *“fingers.”
The fingers, all connected together along one edge of the cell, are a design compromise.
Zero-width fingers o fingers only along the cell edges would allow maximum light pene-
tration to the underlying silicon. However, a series resistance of only a few ohms can seri-
ously degrade the efficiency of a solar cell. The farther apart the fingers, the longer the
current path through the narrow n-region at the top of the cell, and the greater the series
resistance. Metallization and contact resi can become imp if the fingers are
too narrow. The chosen finger size and spacing are calculated to provide an optimum trade-
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9.3.3 Solar Celi Technology

Solar cells fall into three general categories: thin-film, single-crystal, and concentrator. The
light-absorbing semiconductor in thin-film cells is a deposited amorphous qr polycrystal-
line film. Thin-film amorphous Si cells are commercially available, while CdTe and
CulnSe, cells are under develop Almost all single-crystal cells are made of either Si
or GaAs. The cell described in the preceding section is an example of a single-crystal Si
cell. Single-crystal GaAs cells often contain AlGaAs or other alloy layers, with the active
GaAs layer being epitaxially deposited on GaAs, Ge, or Si substrates. (;oncfnlriftor c.e!lsv
designed to operate under light intensities equal to 100 suns or more, again primarily utilize
Si and GaAs, aithough highly efficient cells have also been constructed using InGaAsP and
I1nP/InGaAs. The great strides made at improving solar cell efficiencies in recent years.
including the best solar efficiencies attained to date in each category, are summarized in
Fig.9.12.

S Deposited thin-film solar cells are of interest because they can be made cheaply and in
large area configurations. C: jal hous-Si (a-Si) modules have been prod ‘ d
with areas up to 1.2 m2. Amorphous-Si cells are produced by vapor depositing Si onto tin-
oxide coated glass substrates. The tin oxide is a transparent conducting material that func-
tions as the front or illuminated-side contact. An i or silver layer is deposited over
the a-Si to form the back contact. The ~1 um thick amorphous Si is appropriately doped
during deposition to achieve a p-i-n-lype structure. The maximum efficiency of a-Si cells
in the y is ~13%; the efficiency of ia) units is often a factor of two lower.
In addition, the output from a-Si cells decreases by 10%-15% during the first year of
operation; exposure to light apparently breaks passivating bonds, giving rise to addi.tionnl
traps and enhanced recombination. Nevertheless, amorphous-Si accounts for a significant
fraction of worldwide solar-cell shipments, most of the a-Si cells being destined for usc in
consumer products. Thin-film CdTe cells, having recently attained an efficiency of 16% in
the laboratory and 11% in the ficld, are likely to provide effective competition in the ncar
future.
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Finger “Inverted” pyramids

Rear contact Oxide

Figure 9.11 Sch ic di f 2 high i ¢ sinolen
ctal™, ©1990 [EEE,) agram of a higl Si single-crystal solar cell. (From Green

off between residual “shadowing,” blocking of some of the light that strikes the cell, and
cell series resistance. '

Anolhcr. y signifi loss mechanism is the reflection of light at the Si sur-
fa.ce. Approximately 30% of the light striking a bare planar Si surface at normal incidence
wll! be reflected. To minimize losses due to reflection, the top surface of solar cells are
typically “_textnred" and covered with an antireflection coating. Texturing of the surface,
the ff)rmanon of the inverted pyramids in Fig. 9.11, decreases the reflected light by fnminé
the llgh'l to strike the Si surface two or more times before escaping. Texturing is achieved
by placing the Si in an anisotropic etching solution, an etch that preferentially removes Si
atoms along certain crystalline planes. Having an index of refraction intermediate between
air and Si, the top SiO, layer in the pictured cell, or y a deposited antireflecti
coating with optimized parameters, further reduces the reflecti S(:Iar cells
in the described manner have attained a net reflection of less than 1%.

On_oe the light has entercd the semiconductor, the focus shifts to maximizing the light
absorpuon. . In the Fig. 9.11 solar cell the bottom surface oxide and metallization cffectively
form a mirror that reflects light back into the silicon. Long wavelength light literally
b?um:cs back and forth between the top and bottom surfaces of the cell. This “light trap-
pmg”'dmmazica]ly enhances the long (A ~ Ag) wavelength absorption.

) F{nally, the cell must be designed and built to collect as many of the photogenerated
minority ca‘rriersas possible. This i inimizing carrier ination through-
out the d‘ev;oe structure. Very long minority carrier lifetimes are the rule in modern single-
crystal Si cells, yielding diffusion lengths greater than the width of the cell. With the top
and bottom surfaces also idized to minimize surface carriers
genera'[ed almost anywhere in the cell volume have a high probability of diffusing to the
depletion region and being swept to the opposite side of the junction before they
recombine.

OPTOELECTRONIC DIODES

Concentrator cells are obviously intended for high-power applications. The basic
premise leading to the development of the cells was that a mirror or concentrating lens
system would be less expensive than an equivalent area of solar cells. Providing somewhat
of a bonus, the higher current and voltage levels in concentrator cells also leads to more
efficient cell operation as is evident from Fig. 9.12. The stacking of concentrator cells—
placing for example a Si cell or a GaSb (A = 1.7 um) cell under a GaAs cell to absorb

wavelengths not processed by the GaAs—is expected to lly yield efficiencies in
excess of 35?0. Special concerns with the design and operation of concentrator cells include
heat dissij 1 d device temp , and high current densities.

9.4 LEDs

9.4.1 Generai Overview

Basic operation of the LED is relatively easy to explain utilizing information about semi-

d and diode operation p din earlier chap ‘We know that forward biasing
a pn junction diode causes large numbers of majority carrier electrons on the #-side to be
injected over the reduced potential hill into the p-side quasineutral region. Holes on the p-
side are similarly injected into the n-side quasineutral region. These injected carriers sub-
sequently bine. As i in ion 3.3.2, using E-k diagrams, the crystal

of the el and holes are decidedly diff in indirect semicond like
Si. This makes it difficult to conserve momentum in band-to-band transitions. The recom-
bination in indirect | herefore takes place predomi y through R—-G cen-

ters, and the energy relcased during the ion process is dissipated as heat. In
direct semiconductors like GaAs, on the other hand, the crystal momenta of the electrons
and holes are about the same, and a significant portion of the injected carriers is eliminated
via band-to-band recombination. As visualized in Fig. 9.13, the energy released in the band-
to-band recombination process is in the form of photons and, upon escaping from the diode,
becomes the light produced by the LED.

In the discussion of the carrier distributions in the conduction and valence bands

[ele]
o

Figure 9.13 Production of light in an LED resulting from carrier injection in a forward-biased pn
junction diode and band-to-band inati
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(Subsection 2.4.3), it was noted that the distributions peaked very close to the band edges.
The distribution maxima are in fact readily shown to be k772 from the band edges in a

deg icond: The bination of cond band el and va-
lence band holes is therefore expected to produce a photon distribution with a spread in
energies comparable to T and a peak energy slightly greater than Eg. In some cases the
photons are actually created by an electron falling from a band gap center slightly below
the conduction band edge and/or excitons are formed prior to recombination. (An exciton
is an clectron and a hole that become electrostatically coupled and function as a unit.)
When this happens, the peak photon energy can be slightly less than E. In any event, the
peak photon energy is typically close to Eg, and the peak output wavelength is at roughly
Ag = 1.24/E. For the light produced to be visible, the output light wavelength and thus
Ag must lie in the range 0.4 um < Ag < 0.7 um, which implies 1.77 eV < E; < 3.10eV.

From the operational description and the energy/wavelength considerations, we con-
clude a semiconductor used to produce visible LEDs is subject to three requirements. The
semiconductor should be direct, have a band gap energy intermediate between 1.77 eV and
3.10 eV, and be amenable to the formation of pn junction diodes. Surprisingly, very few
semiconductors meet all three requirements. Si and Ge are excluded immediately. GaAs
would be ideal except that its band gap is too small. Examining either Fig. 9.1 or Fig. 9.6,
we conclude the [TI-V compounds GaP and AlAs have band gaps in the desired range, but
both GaP and AlAs are indirect. Figure 9.1 also indicates the IV-IV compound SiC has a
band gap of the correct size. Unfortunately, SiC is also indirect. Several II-VI compound
semiconductors including ZnSe cited in Fig. 9.1 are both direct and have band gaps in the
desired range. However, until recently it has been impossible to form pr junctions in most
of the [1-VI compounds. Native defects in the II- VI compounds tend to compensate either
the n- or p-lype dopants introduced to form a junction. With no elemental or compound
semiconductors meeting the three requi it is und dable why d
alloys and special “light-enhancing™ centers have come to be employed in producing com-
mercially available LEDs, as detailed in the next subsection.

9.4.2 Commercial LEDs

A summary of relevant inf about ially available LEDs is p din
Table 9.1. Individual table entries are discussed briefty below.

GaAs,sPos

GaAs is a direct semiconductor, but its band gap is too small to produce visible light cmis-
sion. GaP has a A in the visible range but is indirect. Individually neither compound mcets
the LED material requirements. However, referring to Fig. 9.6, a combination of these two
compounds—the GaAs, _,P, alloy—is both direct and has a light-producing £ for x-
values in the range 0.28 < x = 0.45. GaAs (P, with an x = 0.4 is specifically used as
the light-emitting material because it yields an output that appears brightest to the human
eye. The external efficiency ( = photo power out/electrical power in) of a GaAs, _ P,
LED decreases by about a factor of 10 as x is increased from x = 0.28 to the direct-indirect
transition at x = 0.45. However, as x is il d, the output ) h and the
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Figure 9.14 LED cross sections: (2) GaAs,sPg 4 red LED, (b) GaP:N green LED, (c) AlGaAs
“high-brightness™ red LED, and (d) AllnGaP LED. (Adapted from Craford!®-101)

GaAS,ssPoss: N, GaAS14Poes: N, GaP: N

As recorded in Table 9.1, orange-red, yellow, and green LEDs are made from GaAs, _ P,
materials with x-values ranging from x = 0.65 to x = 1. Technically, all of these materials
are indirect. However, doping with nitrogen as indicated by the **:N"” designation makes
these materials pseudo-direct. Nitrogen, it should be noted, is a Column V element like As
and P. Because nitrogen replaces another Column V element when it is added to the
GaAs, _ P, lattice, it does not act like a dard dopant. No additional e\ or holes
are produced. Rather, the ni introduces an el ic level, an electron trapping level,
approximately 0.1 eV below the conduction band edge. This special center is called an
isoelectronic trap because it is formed from an element with the same (iso = same) valence
structure as the atom it replaces. Of importance to LED operation, an electron attracted to

|
{
|
!
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Table 9.1 Characteristics of Commercial LEDs. (Adapted from Craford!9),)
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r.S'emicondm-mr Color Peak Mpum) Lternal Effciency | Performance

%) (lumens/watr)t
Established Materials

GaAsyePo 4 Red 0.650 0.2 0.15

GaAsy35Py¢s:N | Orange-Red 0.630 0.7 |

GaAsg 4 Poge'N Yellow 0.585 0.2 1

GaP:N Green 0.565 04 25

GaP:Zn-O Red 0.700 2 0.40

Recent Additions

AlGaAs Red 0.650 4-16 2-8

AlinGaP Orange 0.620 6 20

AllnGaP Yellow 0.585 5 20

AllnGaP Green 0.570 1 6

SiC Blue 0.470 0.02 0.04

GaN Blue 0.450 2 0.6

Luminous performance of a visible light source is measured in terms of the lumens derive m the device per
ui ed from the
watt of clectrical power input. Lumens are calculated by multiplying the radians output (in watts) times the relativi
. y multiplying ¢ ) times the c

human eye response increases by a factor of ~50. The product of the LED efficiency and
(lih:v ::ye response exhibits a maximum at x = 0.4, the value used in producing commercial
ices.

The low-cost red LEDs made of GaAs, P, 4 were the first solid state lamps to be
successfully mass marketed. They were used in the displays on watches and hand-held
ca.lc.ulnl_ors manufactured in the early 1970s. Subsequently, of course, they were replaced
by liquid crystal displays that permitted longer battery life. Exhibiting rather low bright-
ness, 1:h= GaAs P, 4 diodes primarily function as indicator lamps in indoor applications.

Figure 9.14(a) shows the cross section of a GaAs, 4Py, LED. Starting with a GaAs
Eubslr?lej a laytf.r .wi!h x systematically increased or “gmded;‘ from x = 0to x = 0.4 is first

P to ize lattice h problems. Because of the large difference in the
la}uce constants of GaAs and GaAs,, P, ,. direct deposition of GaAs, P, , on GaAs would
yield a material with a large number of defects. Next the GaAs,¢P, 4 layel: and then another
_gracllcd layer with x increased from x = 0.4 to x = 0.6 is added to the structure. Finally, Zn
is diffused into the upper layers to form the p-side of the junction. The increased x of' the
top layer produces a wider band gap, thus allowing light generated in the GaAs, (P, , ma-
terial to pass through the top layer with minimum reabsorotion. oces
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the trap becomes highly localized in space, which in turn causes a large spread in the
allowed momentum of the trapped electron. Matching the momentum of holes in the va-
lence band, the trapped electron has a d Ily enh d probability of making a hole-
annihilating transition that results in the production of a photon. In essence, the isoelec-
tronic trap acts as a conduit for the relatively efficient radiative recombination of electrons
and holes.

The GaAs,;5Poes:N and GaAs, 4Py gs:N LEDs are similar in construction to the
GaAsgPg4 LED except the devices are formed on GaP sut The GaP:N
pictured in Fig. 9.14(b) is different in that a substrate grading layer is not required and both
the active n- and p-regions of the diode are formed epitaxially. Because the light resulting
from the nitrogen center transition in any of the structures has a Ay, > Ag (Egy < Eg),
there is very little reabsorption in the epitaxial layers. M , the GaP sub is also
transparent to the LED light. Thus even downwardly directed light is reflected and may
eventually escape without being reabsorbed. This yields higher external efficiencies and
brighter devices. The orange-red, yellow, and green LEDs described here, along with the
GaP:Zn-0 red LED described next, presently command the largest share of the LED
market.

GaP:Zn-0

Zn alone acts as an acceptor and O alone acts like a donor in GaP. When added in approxi-
mately equal numbers and after proper ing, b , the Zn repl; Gaand the O
replacing P tend to form on adjacent lattice cites and function together as an isoelectronic
trap. The Zn-O trap complex differs from N in that the trap level lies deeper in the GaP
band gap, approximately 0.3 eV below the conduction band edge. Light produced by tran-
sitions through the complex is red in color with A, = 0.700 um. Fabrication of GaP:Zn-
O LED:s parallels that of the GaP:N LED shown in Fig. 9.14(b).

AlGaAs

Introduced in the latter half of the 1980s, the AlGaAs LED is a relative newcomer to the
ial marketplace. It is sold as the “high brightness” red LED, exhibiting

a luminance up to 20 times greater than the more common GaAsP:N and GaP:Zn-O red
LEDs. Notable applications of the AlGaAs red LED, which has captured roughly 10% of
the market, includes use in the spoiler or third automobile tail light and as the heel light on
athletic tennis shocs. The cross section of an AlGaAs LED is shown in Fig. 9.14(c). Light
is derived from recombination in the narrow active region which has an £ = 1.9 eV. The
adjacent confining layers have a slightly wider band gap to minimize reabsorption of the
generated light and to imi ion of randomly directed light from the structure.
In the brightest AlGaAs devices, a thick (100—200 wum) epitaxial layer is grown under the
bottom confining layer and the Eg < E,,, GaAs substrate is removed. Note from Fig. 9.6
that an AlGaAs alloy with £ < 2 eV s a direct semiconductor. Moreover, all AlGaAs
alloys have almost exactly the same lattice constant, are lattice matched, to GaAs. The
ination of minimal diative bination due to the perfection of the lattice-
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matched layers and the production of light via direct recombination (which is about an
order of magnitude more efficient than bi through i: ic traps) leads to
the high-efficiency/high-brightness of the structure.

AlinGaP

AlInGaP LEDs were first offered for sale in 1992. Involving a rather unusual alloy con-
sisting of three Column HI elements and one Column V element, AllnGaP technology is
still in its infancy. Nevertheless, AllnGaP LEDs alrcady significantly outperform estab-
lished orange, yellow, and green devices. In the long run, AlinGaP may eventually become
the domi high-p LED technology for all colors from red through green.
The cross section of an AllnGaP LED is shown in Fig. 9.14(d). Like the AlGaAs LED, the
confining and active layers are lattice matched to the GaAs substrate and recombination
in the active region is direct. Different colors are derived of course from structures with

active layer posi GaP is presently used as the top contacting/window

layer because it provides a much higher el i ivity than that attainable with
p-type AllnGaP.

SiC

The SiC story is a rather i ing one. E was first reported from a SiC

sample in 1907 that undoubtedly d built-in pn j . SiC LEDs werc intensely
researched in the 1960s and briefly offered for sale in the early 1970s. These initial offer-
ings were very inefficient (77 ~ 0.001%), and the light output was unacceptably low. Fol-
lowing a breakthrough in the formation of high-quality SiC substrates, and given the estab-
lished need for a blue LED, SiC LEDs were again offered for sale in 1990. Although
significantly improved to 0.02%, the external efficiency remains low in the new offering
because LED operation still relies on low-probability radiant recombination in an indirect
material.

GaN
GaN is a direct TI-V semiconductor with an Eg = 3.36 eV. The GaN blue LED was first
offered for sale in April 1994. The /hat surprising of the GaN LED by

a chemical company with no cxpertise in manufacturing semiconductor devices was made
possible by a breakthrough in forming pn junctions in GaN and GaN alloys. The light-
produci diati bination actually takes place in an Eg = 2.75 eV InGaN film
sandwiched between wider-band-gap AlGaN layers. It is projected that the more efficient
GaN LED will rapidly surpass the SiC LED in sales and become the blue LED of choice.
Providing the “missing” color component, the GaN blue LED makes possible full-color
LED-based outdoor video displays that operate at reasonable power levels.

9.4.3 LED Packaging and Photon Extraction

A cross-: | sketch of the dard LED package is p d in Fig. 9.15. The LED
chip, typically measuring approximately 250 zm on a side, is placed in a reflective cavity.
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Figure 9.16 Light reflection and transmission at an interface between two dielectric materials. The
light is shown incident at an angle 8 from the normal in material number 1.

transmitted as pictured in Fig. 9.16. For normal incidence (§ = 0), the fraction of the light
transmitted, Ty is given by

T = 9.8
NS0 Ry 55
where n, = n,/n, is the index of refraction ratio. n, is invariably greater than unity
(n, > n,) for light being tr itted from a semi into another media. Whenever
n, > ny, light incident at angles greater than a critical angle, 8, will experience total
internal reflection (T = 0). The critical angle is computed from

mm=? ©9.9)
1

Accounting for total internal refiection, assuming the incident light is uniformly distributed
in all angles and randomly polarized, the usual case at the top surface in LEDs, and sum-
ming over all angles, the overall fraction of the light transmitted, 7, is determined to be

2

m (9.10)

= in 8.)2
Tﬁ(ﬂ"_f)_rn=

In performing a sample computation, let us ider light t at the GaP-air
interface. GaP with a refractive index of 3.4 is fairly rep ive of the

used in LEDs. Setting #,(GaP) = 3.4 and n,(air) = |, one computes Ty = 70%. However,
8. = 17.1° and T = 3.0%!! A huge percentage of the light is subject to total internal
reflection. The epoxy, with an index of refraction intermediate between air and the semi-
conductor, allows a much larger fraction of the light 1o escape from the LED chip. The
conically shaped dome of the LED package in turn makes it possible for much of the light
to arrive at the epoxy-air interface within the critical angle.
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Epoxy dome

| Reflecting
cup

Lead

Figure 9.15 Cross sction of the standard LED package.

The reflective cavity is used because a portion, in some cases a large portion, of the light

actually escapes from the sides of the chip. One of the diode leads is connected to the cavity,
while a wire bond is made from the top contact on the chip to the second diode lead. The
chip and lead frame are embedded in an epoxy that holds the lead frame together and (as
will be explained) facilitates photon extraction from the chip. The dome-like shape of the
epoxy encapsulant optimizes light transmission through the top of the package.

Getting generated light out of the LED chip poses more of a problem than one might
suspect. We have already noted that wider band gap material overlays the light-emitting
l?yers in the GaAs, ¢Py ¢, AlGaAs, and AllnGaP LEDs. The wider band gap material acts
hlfe a window, allowing light to reach the surface of the diode without being reabsorbed. A
window material is not necessary in the nitrogen or Zn-O doped LEDs because the emitted
photons have an energy at least 0.1 eV below the band gap energy of the host material.
Ideally it is also desirable to have Eg > E,, material below the light-emitting layer. Half
of the generated light is initially directed downward and some light reflects off the top
surface. With Eg > E,, material below the light-emitting layer, the light can bounce
arot,nd inside the entire structure with a minimal probability of reabsorption, thereby dra-

lly i ing the p age of the light striking the semiconductor surfaces.

i Just because light makes it to the semiconductor surface, however, doesn’t mean the
lthl will exit the LED chip. Let us review some basic optics. When light traveling in a
dxcle_ctric media of refractive index n, impinges upon the interface with a second dielectric
media of refractive index #,, the light in general will be partially reflected and partially

PART IIB

BJTs AND OTHER
JUNCTION DEVICES

367



10 BJT Fundamentals

Chapters 5-8 were devoted to the detailed analysis of the pn junction diode. As a logical
extension of the diode analysis, the devel next prog from the junction/
two-terminat diode to the two-ji ion/th ‘minal i In this chapter we initiate
v o the discussion of the bipolar junction transistor (BJT), The chapter contains a collage of

¢ i d y BIT informati d ion of terms and symbols, qualitative operationat
X concepts, key relationships, and so on. In combination, the information forms the required
knowledge basc preparatory to a detailed device analysis.

10.1 TERMINOLOGY

The BIT is a semicond device ining three adjoining, alternately doped regions,
with the middle region being very narrow compared to the minority carrier diffusion length
in that region. pnp and npn junction pi d sch lly in Fig. 10.1. As
indicated in the figures, the narrow central region is known as the base, and the outer two
regions are referred to as the emitter and collector. It might appear from a cursory inspec-
tion of Fig. 10.1 that the outer two regions are i h However, in [ 1
devices the emitter has a different geometry and is typically more heavily doped than
the collector. Interchanging the two terminals therefore significantly modifies the device
characteristics,

Standard circuit symbols for the pnp and npn versions of the bipolar junction transistor
are presented in Fig. 10.2. Symbols for the d.c. terminal currents and voltages, plus current
and voltage polarities, are also noted in the figure. The “+" and “—" signs used to visu-
ally specify the voltage polarities in Fig. 10.2 are actually redundant; the double subscript
7 on the voltage symbol likewise denotes the voltage polarity. The first letter in the double
H: subscript identifies the (+) terminal and the second letter identifies the (=) terminal. Vgg,
for example, is the d.c. voltage drop between the emitter (+) and base (—). Observe that
the positive current flow directions specified in Fig. 10.2 are in some cases contrary to IEEE
convention, which always takes the current flowing into a terminal to be positive. Given
the chosen polarities, however, all terminal currents are positive quantities when the tran-
sistor is operated in the standard amplifying mode. The chosen polarities thereby avoid
unnecessary complications and are much more convenient in treating the physical opera-
tion of the transistor.

Although all three currents and voltages shown in Fig. 10.2 are used in specifying the
transistor characteristics, only two of the currents and two of the voltages are independent.
The current flowing into a device must be equal to the current flowing out of a device, and
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Emitter |Base | Collector c
P N I4
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B B
@ prp ) npn
Figure 10.1 Schematic representation of the (a) pnp and (b) npn BIT showing device regions and [ (a) Common base (b) Common emitter (c) Commen collector
the terminal designations. .
Figure 10.3 Circuit configurations: (a) common base; (b) common emitter; and (¢) common
- collector.
fo, Ve L
E c In most applications a signal is input across two of the BJT leads, and an output signal
is extracted from a second pair of leads. Since the BJT has only three leads, one of the
+ + leads must obviously be part of both the input and output circuitry. The terms common
Ves_ l’B Ves base, emitter, and lector are used to identify the lead common to th
input and output and to specify the corresponding circuit fi i il d in
B Fig. 10.3. The common emitter is the most widely employed configuration, with the com-
® (b) npn mon base finding occasional utilization. The common collector is seldom if ever used and
e will be hi th negl Inspecting Fig. 10.3, we see the circuit configuration suc-
Figure 10.2 (a) pnp and (b) nipn BIT circuit symbols. The d.c. terminal currents, voltages. and N cinctly identifies the currents and voltages of interest. In the common emitter arrangement,
reference polarities are also noted in the figure. for example, /o and Vg are clearly the relevant output variables. Idealized sketches of the
common base and common emitter output characteristics are presented in Fig. 10.4 for
. . future reference.
the voltage drop around a closed loop must be equal to zero. Thus, by inspection from
Fig. 10.2(a) or (b),
5
IS4 mA
(10.1) | . pS4mA
!
LT i
and E i
T, k o
== 102 | :
o™ 710 “r | ;
f L i 426
If two of the transistor currents or voltages are known, Eq. (10.1) or (10.2) can always be "o 10 5 10 15 20
used to determine the third terminal current or voltage. ) . X " ~Veg (volts) Vi (volts)
Because more than one current and one voltage are involved in the Dpel:a“_"f' of the
BJT, the device characteristics are inherently multidimensional. For the description of the (a) Common base (b) Common cmitter

characteristics to be tractable, it is necessary to focus on the currents, voltages, a{nd Polari~
ties of primary interest in a particular application. This is p by specifying the

Figure 10.4  Idealized sample sketches of (a) the common base and (b) the common emitter output
basic circuit configuration in which the device is connected and the biasing mode.

characteristics of a pnp BIT.
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Table 10.1  Biasing Modes.

Biasing  Biasing Polarity Biasing Polarity
Mode E-B Junction C-B Junction

Saturation Forward Forward

Active Forward Reverse

Inverted Reverse Forward

Cutoff Reverse Reverse

The biasing mode helps to further specify transistor operation in a given application
by identifying the voltage polarities of primary interest. Specifically, the biasing mode tells
one the polarity of the bias (forward or reverse) being applied to the two transistor junc-
tions. In all, there are four polarity combinations as summarized in Table 10.1 and
Fig. 10.5. Active or forward active biasing, where the E-B junction is forward biased and
the C—B junction reverse biased, is the most widely encountered of the opérational modes.
Almost all linear signal amplifiers, such as operational amplifiers, are active mode biased.
Under active mode biasing the transistor exhibits its largest signal gain and smallest signal
distortion. Saturation, when both junctions are forward biased, and cutoff, when both junc-
tions are reverse biased, give rise respectively to the on-state (high current flow, low volt-
age) and off-state (low current flow, high voltage) iated with operation of the
as a switch. In digital circuits these low-voltage and high-voltage states correspond to the
“zero” and “one” logic levels, respectively. Finally, in the inverted or inverted active
mode, the C—B junction is forward biased and the E-B junction is reverse biased. Effec-
tively, the roles of the emitter and collector are thereby interchanged or inverted relative to
the forward active mode.

Throughout most of the develop to follow, the device under analysis is taken to
be a pnp BIT. Although the npn BJT is used in a far greater number of circuit applications
and IC designs, the pnp BIT is a more convenient vehicle for establishing operational
principles and pts. It is d the reader can readily modify the pnp development
and results so they are appropriate for an npn BJT.

10.2 FABRICATION

An idealized pseud di 1 model for the BIT similar to Fig. 10.1 is used both
in qualitative discussions and to obtain first-order quantitative results. BJT fabrication is
briefly described here to provide some insight into the actual physical nature of the device
structure and to indicate the correlation with the one-dimensional model. In many ways the
fabrication of the bipolar is justa ghtforward ion of the diode fabri-
cation described in Chapter 4. The major difference, of course, is that two pn junctions
must be formed in close proximity.

Cross sections of a typical discrete, double-diffused pnp transistor and an integrated
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Figure 10.6 Cross sections and simplified models for (a) a typical discrete, double-diffused pnp
BIT and (b) an integrated circuit npr BIT.

performed yielding the n-type base. With the p-type dopant boron replacing phosphorus or
arsenic, the procedure is next repeated to form the p*-emitter. Finally, aluminum is depos-
ited on top of thc water and patterned to create the emitter and base contacts. It should be
noted that the geometrical features in Fig. 10.6 are not drawn to scale. A betier idea as to
the true relative size of the is obtained by expanding the figure by about a factor
of 50 in the horizontal direction. !

The npn integrated circuit transistor pictured in Fig. 10.6(b) is similarly fabricated by
performing a p-type diffusion and then an n-type diffusion into a high-resistivity n-type
epilayer. In the IC case, however, the epilayer has a doping type opposite to that of the
substrate and diode isolation of the npn transistor is completed by a deep p-type diffusion
around the transistor periphery. The most negative potentiaf in the circuit is applied to the
p-type substrate. Being at a higher p ial, the n-epitaxial region is therefore electrically
isolated by a reverse-biased pn junction from other devices on the IC chip. In more ad-

e S T T
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()

Figure 10.5 .(aj Combinations of the BJT input and output voltages resulting in the four biasing
m:ges. (b) Regions of the BJT common emitter output characteristics associated with the four biasing
modes. ’

circuit npn are shown ively in Figs. 10.6(a) and (b). Starting with a heavily
dol?cq ?‘-Si wafer, the first step in forming the discrete pnp is the deposition of a high-
resistivity (lightly doped) p-type Si epilayer. This layer, typically 5 to 10 um thick, ulti-
mately contains the transistor proper. The starting wafer merely provides mechanical sup-
port .and al path to the coll; contact on the bottom of the wafer. After
growing an oxide and opening oxide windows, a phosphorus or an arsenic diffusion is
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Flg;ev'e 1(').7 S?ekchcs of the electrostatic variables in a pnp BIT under equilibrium conditions.
(a) pleuo'n regions, (b? energy band diagram, (c) electrostatic potential, (d} clectric field, and (¢)
charge density. The transistor regions are assumed to be uniformly doped with Nxg  Nog > ¥,
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vanced designs the lateral pn junctions have been replaced by silicon dioxide isolation. The
n* buried layer shown in Fig, 10.6(b) is formed by diffusion prior to depositing the epi-
layer. The buried layer serves as a low-resistance path between the active collector region
of the transistor and the top-side collector contact.

10.3 ELECTROSTATICS

Paralleling the pn junction diode analysis, we begin the BIT analysis by looking into the
electrostatic situation inside the transistor. Fortunately, under equilibrium and normal op-
erating conditions, the BJT may be viewed electrostatically as nothing more than two in-
dependent pn junctions. The pn junction electrostatics established in Chapter 5—relation-
ships for the built-in potential, charge density, electric field, electrostatic potential, and
depletion width—may be applied separately, without modification, to the E-B and C-B
juncti Thus, for i ing the istor regions 10 be uniformly doped and
taking Ng(emitter doping) 3 Npg (base doping) > Nac(collector doping), the usual casc
in a standard pnp transistor, the equilibrium energy band diagram and electrostatic vari-
ables based on the depletion approximation are concluded to be as pictured in Fig. 10.7.

Upon examining Fig. 10.7, note that the depletion widths are consistent with the as-
sumed N,g > Npg > N, doping profile. Specifically, almost all of the E-B depletion
width (Wgg) lies in the base while most of the C-B depletion width (Wcg) lies in the
collector. W > Wi since the lightly doped side of the C-B junction has a lower doping
than the Yightly doped side of the E-B junction. Also note that Wy is the total width of the
base and W is the standard symbol for the portion of the base that is not depleted; i.e., for
a pnp transistor,

W= Wy = Zgs — Fuca (10.3)

where X,z and x,cg are respectively the portions of the E-B and C-B depletion widths
lying inside the n-type base. The W in BJT analyses, referred to as the quasineutral base
width, should not be confused with the diode depletion width that was associated with the
symbol W in earlier chapters.

Exercise 10.1

P: Draw the energy band diag h: izing: (a) an npn under equilib-1
rium conditions; (b) a pnp transistor under active mode biasing. Take the transistor
regions to be uniformly doped and assume a standard doping profile wherc the emit-
ter doping 3> base doping > collector doping.

S: (a) Given the complementary nature of npn and pnp transistors, the energy band
diagram for an npn istor can be obtained from the equivalent pnp diagram by
merely flipping the pnp diagram upside down. Thus, either by flipping Fig. 10.7(b)

upside down or by appropriately combining the equilibrium band diagrams of an np

BJTs AND OTHER JUNCTION DEVICES

program draws the equilibrium energy band diagram for a pnp BIT with Npg = 108/
em3, Npg = 10'8/cm?, Ny = 10'3/cm3, and Wy = 1 sm. The doping parameters
and total base width can be modified by changing the DOPING and WIDTH entries
on program lines 5 and 6. n-type dopings are input as negative values.

10.4 INTRODUCTORY OPERATIONAL CONSIDERATIONS

To provide insight into the operation of the bipolar transistor, let us consider a pnp transis-
tor under active mode biasing and initially focus on the activity of the holes in and adjacent
to the base region. As pictured in Fig, 10.8, the primary carrier activity in the vicinity of
the forward-biased E-B junction is majority carrier injection across the junction into the

pposite-side quasi al regions. Ily, the p*-n nature of the junction leads to many
more holes being injected from the emitter into the base than electrons being injected from
the base into the emitter. The key to transistor action is what subsequently happens to the
carriers that are injected into the base. If the quasineutral base width were much larger than
a minority carrier diffusion length, the injected holes would simply recombine in the n-
type base and there would be no interaction between the two junctions. The structure would
be nothing more than two back-to-back pn junctions. However, by definition, the BIT is a
structure where the base is narrow compared to a minority carrier diffusion length. Thus,
the vast majority of injected holes diffuse completely through the quasineutral base and
enter the C—B depletion region. The accelerating electric field in the C-B depletion region
then rapidly sweeps these carriers into the collector. The narrow width of the base thereby
leads to a coupling of the E-B and C-B junction currents, with carrier activity being de-
cidedly different from two back-to-back pn junctions.

In addition o citing the carrier activity underlying transistor action, the foregoing
helps to explain the naming of the transistor regions. When active mode biased, the emitter
functions as a source of carriers, emitting carriers into the base. Conversely, the collector
portion of the reverse-biased C-B junction acts like a sink, collecting the cmitted carriers
after they pass through the control or base region.

)

oo
oo — 00_/
o — O

Figure 10.8 Carrier activity in a pnp BIT under active mode biasing.
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and a pn junction, the equilibrium energy band diagram for an npn transistor is con-
cluded to have the form shown in Fig. E10.1(a).

Flgure E10.1(a)

(b) Under active mode biasing the E-B junction is forward biased and the C-B junc-
tion is reverse biased. Thus, referring to Fig. 10.7(b), the Fermi level on the base side
of the E-B junction is raised relative to the emitter-side Fermi level and both the
E-B depletion width and p ial hill are d d. C ly, reverse biasing the
C-B junction lowers the Fermi level on the base side of the junction relative to the
collector-side Fermi level and both the C-B depletion width and potential hill are
increased. The deduced energy band diagram is sketched in Fig. E10.1(b).

EC

Figure E10.1(b)

{C) Exercise 10.2

P: F"a_ralleling Exercise 5.4, construct a MATLAB (computer) program that draws the
equilibrium energy band diagram for a nondegenerately doped Si pnp or npn BJT.
Assume that the transistor regions are uniformly doped and the BJT is maintained at

room temperature.

S: A BIT “diag; " is included on disk as file BJT_Eband. The student-

produced code for the program is reproduced in Appendix M. As supplied, the
BJT FUNDAMENTALS
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Figure 10.9 Spatial visualization of the diffusion currents flowing in a pnp BJT under active mode
biasing.

For a more complete picture, let us next expand the discussion with the aid of
Figs. 10.8 and 10.9 to include all of the diffusion currents flowing in the BJT. (Paralleling
the diode analysis, the R~G currents associated with the depletion regions are initially
neglected.) In Fig. 10.9 the hole diffusion current flowing across the E-B junction, the
current associated with the holes injected into the base, is identified as Jp,. Similarly, the
hole diffusion current flowing across the C-B junction, a current almost e)?clusively re;ult-
ing from the injected holes that successfully cross the base, is labeled /. As indicated
previously,.very few of the injected holes are lost by recombination in thepbase of a well-
made transistor. Thus, /¢, = Jp,. The total emitter and collector currents are of course

Ig = Ig, + Iy, (10.4)
and

Ie =gy + ey (10.5)

Ig, is _(hc current d with electron inj from the base into the emitter. Corre-
sp'ondmg to the diffusion current on the heavily doped side of a pn junction, /g, <€ Ig,. /,
arises from the minority carrier electrons in the collector that wander into the C-B fivepl:.-l
tion region and are swept into the base. Being a reverse bias current, I, <€ /g,,. Since both
the emitter and coll electron p are small compared to the specti hole
components, and since Ioy, = Iy, it follows that /. = /;. Thisisa wcll-knownrpmpcny of
the transistor terminal currents. [z, on the other hand, is popularly known to be smail
compared to I and /c under active mode biasing. This is consistent with the fact
Iy = Iy — I. A direct inspection of Fig. 10.9 also leads to the conclusion that Iy is
expected to be relatively small. The three components of the base current, /g, = Jg,, /, e
Tear and Iy, equal to the current flowing into the base to replace electrons lost by re:ém-
bination with holes injected from the emitter, are all small.
Finally, a few words are in order on how the BJT manages to amplify a signal. When
connected in the common ermitter configuration, the output current is /¢, the input current

a9
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Figure 10.10 Schematic visualization of amplification in a pnp BIT under active mode biasing,

is Iy, and the d.c. current gain is [c/ly. Ip. an clectron current in a pnp BJT, and I¢,
predominantly a hole current, are tied together through the operation of the E-B junction;
that is, increasing /p proportionally increases I¢. Control of the larger I by the smaller [y
is made possible by the coupled junction arrangement that physically divides the smail
electron and large hole currents ing the E-B j into two sep. current loops
(see Fig. 10.10).

10.5 PERFORMANCE PARAMETERS

Several p are ly used to ize the performance of a BJT as an
amplifier. They include the emitter efficiency and the base transport factor, which relate to
the internal operation of the device, and the d.c. current gains, which relate to the external
operation. In this section we survey the itions and the inter ionships of these im-
portant performance parameters in preparation for the quantitative analysis to be presented
in the next chapter.

Emitter Efficiency

Increasing the hole current injected across the E-B junction in Fig. 10.10 while holding
the total emitter current constant would clearly decrease the electron current and increase
the overall current gain. Thus, thinking of g as the emitter input and Ig, as the useful
emitter output, the emitter efficiency is defined to be ‘

...pnp BIT (10.6)

Obviously 0 <y = | and the current gain in a BJT is maximized by making vy as closc as
possible to unity.

BJTs AND OTHER JUNCTION DEVICES

Eq. (10.11) is significant in that it relates the external gain of the BJT to the internal per-
formance parameters. Also note frorn Eq. (10.11) that 0=a,=<1
Common Emitter d.c. Current Gain

When d in the emitter config!
put characteristics (see Figs. 10.4D and 10.5b) is app

the active mode portion of the out-
ly modeled by the relationshi

Ie = Baels *+ lcen (10.13)
where B, is the comumon emitter d.c. current gain and Icg, is the collector current that
flows when / = 0. A second relationship between I and I can be established by substi-
tuting Ig = I + g into Eq. (10.8). One obtains

Ie = aglc + 1p) + Icno (10.14)
or, after rearranging and solving for /¢,
e = LT emo (10.15)
1 - ag 1 - a,
Comparing Egs. (10.13) and (10.15), we conclude
(10.16)
and
Iogo = eso (10.17)
1 - ay
Also note from Eq. (10.13) that
Ie
Bs = (10.18)
Is
if, as is the usual case, Icgo is igibl , d to /¢ at the specified operati point.

Equation (10.16) is signiﬁm?ll;ecauée it indicates that B, can always be deduced once
aq, is known. Since ay, is typically close to unity and /¢ > Iy, aBy » listobe expected
based on either Eq. (10.16) or Eq. (10.18).
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Base Transport Factor

The fraction of the minority carriers injected into the base that successfully diffuse across
the quasineutral width of the base and enter the collector is known as the base transport
factor (ar). In a pnp BJT the number of carriers injected into the base from the emitter is
proportional to /g, ; the residual number of carriers entering the collector is proportional to
Icp- The fraction making it across the base is therefore

Ig
ar = Iep ...pnp BIJT (10.7)

Nole' that 0 = ap = 1. The smaller the loss of injected carriers via recombination in the
qua'smcum.:l base, the §maller the degradation of BJT performance and the larger ay. Here
again maximum amplification occurs when the performance parameter, @y, is as close as
possible to unity.

Common Base d.c. Current Gain

When d in the base configuration, the active mode (— Vg > 0) por-
tion of the output characteristics sketched in Fig. 10.4(a) is accurately modeled by the
relationship

Ic = aylg + Icpo (10.8)

where ay, is the common base d.c. current gain and Icy, is the collector current that flows
when Z = 0. Making use of Egs. (10.6) and (10.7), we can alternatively write

Icp = aply, = yaglg (10.9)

and
Io = Iy + Iey = varly + Ig, (10.10)

Comparing Egs. (10.8) and (10.10), we conclude

oy = Yoy (10.11)

and
leso = Icn (10.12)
BJT FUNDAMENTALS

10.6 SUMMARY

In this chapter we covered very basic'information about the bipolar junction transistor.
Much of th\e circuit-related information was probably already familiar to the reader. We
noted terminal current and voltage symbols, polarities, and ionshi iewed the
BIJT circuit configurations and biasing modes, and cited the general farm of the output
characteristics. Transistor fabrication was briefly described to obtain insight into the actual
physical nature of the device structure and to indicate the correlation with the one-dimen-
sional model appearing in subseq 1} Only ami 1 effort was also required to
establish a rather complete picture of device electrostatics. Under equilibrium and normal
operating conditions, the BIT can be viewed electrostatically as nothing more than two
independent pn j}xncﬁons. Some insight into how the device works was provided by ex-
amining the carrier activity and currents inside the structure under active mode biasing.
Finally, parai used toch ize the perf of the device as an amplifier—the
emitter efficiency, the base transport factor, and tﬁextema] current gains—were defined

}
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and interrelated. /
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" 11 (a-1,b-1,¢-3,d-2, .
10.10 2 (e-2, £1, gc-l) B npn parameter calculations
10.11 " 3 10 Icpo thought problem
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10.1 Quick Quiz.
Answer the followi ions as isely as possibl

{a) What is the name of the circuit configuration where Jg is the input current and /. is the
output current?

06) What is the name of the circuit configuration where I is the output current and Vg is
the output voltage?

(£) Name the four biasing modes.
@) What is the purpose of the “buried layer” found in intcgrated circuit BJTs?
(/v) In a standard pnp BJT, what arc the relative sizes of Nyg, Npa, and Npe?

) What is the standard symbo! for the width of the depletion region in a pn Jjunction
diode? What is the standard symbol for the quasineutral width of the base in a BJT?

/(,g) The base region in a BJT is narrow. What is the precise definition of “narrow” ?

();) Why is it necessary for the base region in a BJT to be narrow?
(i} Define in words (no equations) what is meant by “emitter efficiency.”
g) Define in words what is meant by “base transport factor.”

10.2 Complete the tables below by indicating the polarity (+ or —) of the input and output
voltages associated with each of the four biasing modes.

(@) pnp (b) npn
Mode Ves | Ves Mode Vae | Vac
Active Active
Inverted Inverted
Saturation Saturation
Cutoff Cutoff

103 A Si pnp BIT with Nyg = 5 X 10'7/em3, Npg = 10'3/cm3, N = 10'4/em?, and
Wp = 3 um is maintained under equilibrium conditions at room temperature.

(a) Sketch the energy band diagram for the device, properly positioning the Fermi level in
the three device regions. (The Exercise 10.2 BJT_Eband program might be used to
check your answer.)

(b) Sketch (i) the electrostatic potential, setting V = 0 in the emitter region, (ii) the electric
field, and (iii) the charge density as a function of position inside the BJT.

(c) Calculate the net potential difference between the collector and emitter.
(d) Determine.the quasineutral width of the base.

(e) Calculate the maximum magnitude of the electric fields in the E-B and C-B depletion
regions.

BJTs AND OTHER JUNCTION DEVICES

10.10 Given an npn BIT where Ig, = 100 uA, Ig, = 1 pA, Ig, = 99 pA, and /¢, =

0.1 pA, calculate:

(@) ar

®) v

©) lg,Ic, Iy

() ay and B,,

(&) Icggand Icgy

(F) Ic, is increased to a value closer to 100 A while all other current components remain
fixed. What effect does the I, increase have on B, ? Explain.

@® lg,is increased while all other current components remain fixed. What effect does the
I, increase have on B, ? Explain.

10.11 Explain why the /cg, given by Eq. (10.12) is devoid of a hole component. Specifi-
cally, shouldn't there be a component associated with minority carrier holes in the base that
wander into the C-B depletion region and end up being swept into the collector?

103
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- 10.4 A Si npn with Npe = 10'8/cm3, Nyg = 10'S/cm?, Npe = 10'5/cm3, and Wy =
2 pm is maintained under equilibrium conditions at room temperature.

(a) Sketch the energy band diagram for the device properly positioning the Fermi level in
the three device regions. (The Exercise 10.2 BJT_Eband program might be used to
check your answer.)

(b) Sketch (i) m; electrostatic potential, setting V = 0 in the emitter region, (ii) the electric
field, and (iii) the charge density as a function of position inside the BJT.

(c) Calculate the net p difference b the
(d) Determine the quasineutral width of the base.

(2 Calculate the maximum magnitude of the electric fields in the E-B and C-B depletion
regions.

and emitter.

g "‘,. I"t : ~

10.5 }Biges of Vgg = 0.5 Vand Vg = —2 V are applied to the Problem 10.3 BJT.

(a) Sketch the energy band diagram for the device, properly positioning the Fermi level in

the three device regions. 7
perimposed on the respective sketch d in resp to Problem 10.3,

sketch the electrostatic potential, electric field, and charge density as a function of

position inside the biased BJT.

(b)

10.6 l:'or a typically doped Si npn transistor, sketch the cnergy band diagram, electrostatic
potential, electric field, and charge density inside the device as a function of position under
active mode biasing.

10.7 A pnp BIT is saturation biased with /; > 0. Construct figures similar to Figs. 10.8
and 10.9 showing the carrier activity and diffusion currents inside the transistor.

10.8 An npn BJT is biased into cutoff. Construct figures similar to Figs. 10.8 and 10.9 that
show the carrier activity and diffusion currents inside the transistor.

10.9 Given a pnp BIT where Ig, = | mA, Ig, = 0.01 mA, Ic, = 0.98 mA, and I, =

041 pA, calculate:

{a) oy o

®) y o™\

© I lefy Y

@ agandfy, 6 o L

(&) Icggand Iy, gen

(f) Ig, is increased to a value closer (o 1 mA while all other current components remain
fixed. What effect does the L, increase have on B, ? Explain.

® Ig, is increased while all other current components remain fixed. What effect does the
Ig, increase have on B, ? Explain.

-‘\‘1\‘)\ r L r\b\b\’
HT

11 BJT Static Characteristics

This chapter is primarily devoted to modeling the steady-state response of the bipolar junc-
tion transistor. The development is divided into three major segments. Building on the
introduction in the preceding chapter, we first perform an ideal transistor analysis that
closely parallels the ideal diode analysis. 1i lationships are established for com-
puting the BIT performance parameters and for constructing the BJT static characteristics.
The second portion of the chapter compares the ideal theory with experiment and syste-
matically examines the noted deviations from the ideal. Some of the deviations are ex-
pected from the diode analysis while others are unique to the transistor. The third and final
segment provides information about the polysilicon emitter BJT and the heterojunction
bipolar transistor (HBT). These are recently implemented special transistors that offer per-
imp: over the standard BJT.

11.1 IDEAL TRANSISTOR ANALYSIS
11.1.1 Solution Strategy

The derivation of first-order relationships for the BJT performance parameters and terminal
currents invol ptions and solution proced very similar to those employed in
the derivation of the ideal diode equation. There is of course an increase in complexity

d with the exi of a third q | region of finite extent and the simul-
taneous handling of three (E, B, C) current-voltage expressions. We summarize here the
general solution strategy. Included are listings of the basic assumptions, the material pa-
rameters employed in the derivation, the differential equations to be solved along with the
associated regional boundary conditi and ional i for the currents
and parameters of interest.

P P

Basic Assumptions

(1) The device under analysis is taken to be a pnp BJT with nondegenerate uniformly
doped emitter, base, and collector regions—the E-B and C-B junctions are modeled
as step junctions.

(2) The transistor is being operated under steady-state conditions.

(3) The transistor is one-dimensional.

(4) Low-level injection prevails in the quasineutral regions.

(5) There are no processes other than drift, diffusion, and thermal recombination—genera-
tion taking place inside the transistor. Specifically, G, = 0.
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(6) Thermal bination—generation is negligible throughout the E-B and C-B deple-
tion regions.

(7) The quasineutral widths of the emitter and collector are much greater than the minority
carrier diffusion lengths in these regions. (The emitter and collector are effectively
taken to be semi-infinite in extent.)

Note that thermal recombination-generation is nof ignored in the quasineutral base region

and that initially no restrictions are placed on the width of the base.

Notation

The symbols for material parameters to be employed in the analysis are listed by region in
Fig. 11.1. Note that regional subscripts (E, B, C) are used to identify the minority carrier
parameters in a region as opposed to the pi iously employed carrier type (n, p) subscripts.
This is itated by the exi of two istor regions with the same doping type.
In addition, for i y in a single regional subscript is used instead of a
double subscript to identify the doping concentrations. ngy = nf/Ng, pgo = n/Ng, and
neg = n¢IN are compact symbols for the equilibrium minority carrier concentrations in
the emitter, basc, and collector, respectively.

Diffusion Equations / Boundary Conditions

Under the stated assumptions, the minority carrier diffusion equations can be used to solve
for the minority carrier ions in the quasi 1 regions of the transistor. The
boundary conditions needed to complete the solutions are anal in form to those em-
ployed in the ideal diode derivation. Specifically, since the g | widths of the emit-

Ne = Nac
D¢ = Dy
Tc="T
Lo =1y

Aoy = N

Ng = Nag N = Npp

Dg = Dy Dg = Dp

TE =Ty B=Tp

Lg =Ly Lg=Lp

Rgo = Ny PBO = Pno
Figure 11.1 Coordinate systems and material parameter symbols (in bold) employed in the ideal
transistor analysis.
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Computationai Reiationships

Once solutions have been obtained for Ang, Apg, and Anc, the electron and hole current
components flowing across the E-B and C~-B junctions—the /g, Jgp» Icns and I, intro-
duced in the previous chapter—are readily computed. For ple, with inati

4 i d to be negligible in the E-B depletion region, the /g, in a pnp transis-
tor can be equated to the minority carrier diffusion current in the emitter evaluated at
x"=0,0r

dAng|
Iy, = —qAD, aLn
En E dx" o
Similarly,
dbpy
I, = —qAD, 11.8)
= ° dx x=0
dApy
Ie, = —gAD, (1L9)
@ R P
and
dAn
Iy = gAD, < (11.10)
Cn C d_x' -0
Finally, exp for the perf factors and the terminal currents are established
ploying the foregoing solutions for the internal current components and the following
relationships: .
J! (11.11)
= —ie
/7 Igy + g, (same as 10.6)
I (11.12)
£ 7:: (same as 10.7)
- 113
P = YoT (same as 10.11)
o % (11.14)
Pe=1= g, (same as 10.16)
Iy =g+ Iy (11.15) -

(same as 10.4)
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ter and collector are taken to be much greater than minority carrier diffusion lengths in
these regions, the perturbed emitter and collector carrier concentrations (Ang and Anc)
must vanish as one moves away from the E-B and C-B junctions, respectively. Likewise,
the “law of the junction” (Eq. 6.12) can be invoked to give the boundary conditions at the
E~-B and C-B depletion region edges. Appropriately expressed in terms of the coordinate
systems defined in Fig. 11.1, the region-by-region equations to be solved and the corre-
sponding boundary conditions are summarized below.

Emitter Region
The diffusion equation to be solved is

_ d*Ang  Ang
0 =D o aLy
subject to the boundary conditions
Ang(x" = ©) =0 (11.2a)
Ang(x” = 0) = ngy(e?eshT — 1) (11.2b)
Base Region
The diffusion equation to be solved is
= p, $Ary _ Apg
0= Dy e o (11.3)
subject to the boundary conditions
Apg(0) = pgyle?'sshT — 1) (11.4a)
Apg (W) = pgo(et¥eshT — 1) (11.4b)
Collector Region
The diffusion equation to be solved is
_ , d*Anc.  An,
0= D¢ - T—CC (11.5)
subject to the boundary conditions
Ang(x' =» ®) =0 (11.6a)
Ang(x' = 0) = ngy(etVeltT — 1) (11.6b)
BJT STATIC CHARACTERISTICS
Ie=Igy + Icy (11.16)
(same as 10.5)
L=l I (11.17)

(same as 10.1)

11.1.2 General Solution (W Arbitrary)

mpl ing the solution procedure outlined in the preceding sut , we perform here
the ical manipulations leading to ions for the performance parameters and
the terminal currents. Before proceeding, the reader may find it helpful to review the ideal
diode derivation in Subsection 6.1.3 and the treatment of the narrow-base diode in Subsec-
tion 6.3.2.

Emitter/Coil

In the emitter quasineutral region the general solution of the minority carrier diffusion
equation (Eq. 11.1) is

Region

Ang(x") = Aje~*le + Ajexile (11.18)

Because exp(x”/Ly) =  as x” — o, the Eq. (11.2a) boundary condition can be satisfied
only if A, is identically zero. With A, = 0, application of the Eq. (11.2b) boundary condi-

tion yields A; = Ang(x"=0). Thus

Ang(x") = ngy(etVeslkl — 1)e=lle (11.19)
and applying Eq. (11.7),
— e
Iey = gA z ngy(evenltT — 1) (11.20)

Similarly, in the collector quasineutral region the solution of Eq. (I1.5) subject to the Eq.
(11.6) boundary conditions yields

Ang(x') = nep(etVeshT — 1)e=stic (11.21)

Utilizing Eq. (11.10), one then concludes

D,
Ion = —gA ZC neo(e?VeatT ~ 1) 11.22)
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As should have been anticipated, except for and the minus sign
in Eq. (11.22), the current solutions here are identical to the p-side contribution to the idcal
diode equation, The minus sign arises in Eq. (11.22) because the collector current is defined
10 be positive for current flowing from the a-base to the p-collector; i.c., the positive flow
direction is defined opposite to that in the diode.

Base Region Solution

Whereas the emitter and collector solutions are nothing more than one-sided ideal diode
solutions, the base region solution and the associated currents are expected to differ from
previous results. M Hy, this exp ion stems from the observations that the base
is finite in extent and the perturbed carrier ion does not ily vanish at
eitherx = 0orx = W.

Proceeding with the derivation, we note that the general solution to the base region
diffusion equation (Eq. 11.3) is of the usual form,

App(x) = Aje~*la + Ayeila (11.23)

However, applying the Eq. (11.4) boundary conditions gives

Bpg(0) = pgoled¥ent™ — 1) = A, + A, (11.24a)
Apy (W) = pgole?VeshtT — 1) = Aje~Wits + AqeWitn (11.24b)
If Eqgs. (11.24) are solved for A, and A,, and the 1ti p t d back into

the general solution, we obtain

Wiy — ((wfxvto)

Apg(x) = Apg(0) ( Wila — g-Wilp

etlis — g-xiln
+ AW () (1129)

or more compactly in terms of the sinh function

inhf( W /. sinh(x/Lg)
Apy(x) = Apy® %‘,ﬁ + Bpg(W) s_,erh_(xW/—l:,) (11.26)
where
) et — et
sinh(¢) = 2 (11.27),
396 BJTs AND OTHER JUNCTION DEVICES
Also
1
ag = yap = (11.33)
cosh(WiLg) + (Z—z 2 %:) sinh(W/Lg)
and
By = —— = ! (11.34)

ol 1 cosh(WiLg) + (—EI—‘! ) sinh(W/Lg) — 1

Expressions for the total emitter and collector currents are next obtained by simply adding
their respective n and p components.
Dg D, cosh(W/Lg)
= =E 4+ =B — B qVealkT — |
fe ”"[(LE " ¥ 7y P Sinh(WiLy)) )

- & ———1——' Veo/kT — ]
(L, Peo sinh(W/Ln)) (et — 1) 1135

- De 1 ) avewri —
le qA[(l, pmsinh(WIL,,)) (er'e h

D¢ Dy cosh(W/Lg)

- |== + =2 —————F ) (etVestT — | 11.36,
(LC oo ¥ 7 P Sinh(wiLy) ) Y (138
Finally, if desired, an explicit expression for the base current could be established employ-

inglg=1Ig — Ir.

Exercise 11.1

P: (a) Show that the expressions for the emitter and collector terminal currents reduce
to the ideal diode equation in the limit where W Ly.

(b) Show that setting Vg = 0 in the Eq. (11.35) expression for the emitter current
leads to the /- V relationship established for the narrow-base diode.

S$: (a) In the limit where W > Ly or W/Lg — ,

cosh(W/lg) _ e¥is + e~Wia

= e
sinh(W/Lg) eWils — e—Wis
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Please note that if Vg = 0, App (W) = 0 and Eq. (11.26) reduces to the narrow-base diode
solution, Eq. (6.65). This must be the case, of course, since the two problem specifications
are identical when Apg (W) = 0.

With the Apg(x) solution in hand, we can now compute the hole currents flowing
across the E-B and C-~B junctions. Applying Egs. (11.8) and (11.9), and explicitly dis-
playing the voltage dependencies of Apg (0) and Apg (W), we conclude

Dy cosh(W/ly) Ven/kT 1 Ve kT
= =B P R E4 R | L E— Y | -
lep = AT P "I:sinh(WILB) (e )~ Showiny € D
YY)
= & __l — Vep/AT — - _COSh(W/LB) VealkT — |
I, = A Ly pn[sinh(W/Ln) (eoVen D} sinh(WiL) (edVen n I
- )
where
€ + o=t
cosh(f) = =~ (11.30)
Performance Parameters/Terminal Currents
In establishing relationships for the performance p the istor was implicitl

assumed to be active mode biased. Under active mode biasing, Vgg > Oand Vg <Oina
pnp i This biasing makes the [exp(gVp/kT) — 1] term in Egs.
(11.28) and (11.29) small compared to the [exp(qVgg/kT) — 1] term. Thus, neglecting the
[exp(qVep/kT) — 1] term in the Iy, and Ic, expressions, substituting the current expres-
sions into Eqs. (11.11) and (11.12), and noting ngy/pgy = Ng/Ny, we obtain

y= ! a1.3n
1 + (e Ls Np) sinh(WiLy)
Dy Lg Ng/ cosh(Wily)

1
ar = m (11.32)
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1 2
e SR(WiLy) — et = emwi 0

When the above limiting values for the hyperbolic functions are substituted into Egs.
(11.35) and (11.36), the result is

D D,
Ig = qA(—E ngy, + —2 p, ) (es¥enhkT — 1)
E I " T L, PR
D, D
o= — A(—C Ny + =2 ) (e?YenthT — |
c 9AL L Mot T P )

Except for differences in notation and the minus sngn in the lc relationship, the fore-
going are clearly ideal diode eq As pr Ly ined, the minus sign
arises from the n-to-p definition of positive current flow i in the C-B junction. The
manipulations here confirm an earlier statement that a structure where W » Ly is
nothing more than two back-to-back diodes.

(b) If Vg = 0, the [exp(qVcg/kT) — 1] term vanishes and Eq. (11.35) reduces to

D D, h(W/Lg
e '?A(: fg + In Pso ;o:h((WILB)) (e9VentT — 1)

Given the p*-n nature of the E-B junction, the term involving ng, (the term arising
from Ig,) may be neglected. Except for notational differences, the above equation is
then identical to the narrow-base result [Eqs. (6.68) and (6.69)]. In general, with the
collector and base tied together or Vg = 0, the ideal transistor is functionally equiva-
lent to the previously analyzed narrow-base diode.

11.1.3 SImplIﬂed Relationships (W < Ly)

The rel ped in the last subsecti itute a solution for the
transistor parametcrs and currents. They could be used directly in performing calculations
and constructing characteristics. However, simplified or modified versions of the solution
help to provide insight and allow one to more readily manipulate the solution. In this sub-
section we examine the simplifications resulting from the fact that W <€ Ly in a typical
transistor.

The cited narrow width requirement could have been imposed much earlier in the
development to simplify the solution for the mmomy carrier dlstrlbunon in the quasineutral

base. This would have automatically simplified all subseq p ! 1y,
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the early application of the narrow width i preclud ining other limiting
case solutions, does not permit investigating special case (W ~ Lg) solutions, and, most
importantly, leads to the loss of significant terms in some expressions. We should also
mention that more compact relationships could have been developed through the use of
additional hyperbolic functions such as coth(§) = cosh(¢)/sinh(£). It was felt preferable,
however, to deal exclusively with the sinh and cosh functions. In what follows, we make
use of the sinh and cosh small-argument limits first noted in the narrow-base diode discus-
sion and repeated here for the reader’s convenience.

sinh(¢) - ¢ W<€ (L3
and
cosh(§) = 1 + -E £<i (11.38)
2 . .
Ape(x) in the Base

Since 0 < x = W, the (W-x)/L and x/Ly, arguments in Eq. (11.26) will be much Jess than
unity for all values of x if W/Ly <¢ 1. In the specified limit all the sinh(¢) functions in
Eq. (11.26) can therefore be replaced by their and one obtains

Bpa(x) = Aps(©) (1 - %,) +Aps(W) a139)

Apg(x)

App(0)

Apg(W)
0 w

Figure 11.2 Perturbed carrier concentration {pg — Pgo) in the base of a pnp BIT. The pictured
distribution corresponds to active mode biasing (Ve > 0, Vg < 0).
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Tabie 1.1  Sample Set of A d and C d Material P for a pnp BIT
Operated at 300 K.
Emitter Base Collector
Ne = 10%/cm? Ny = 10'/cm? Ne = 10'%/cm?

Mg = 263 cm¥/V-sec

g = 437 cm?/V-sec

i = 1345 cm?/V-sec

Dy = 6.81 cm?/sec

Dy = 11.3 cm?/sec

D = 34.8 cm?/sec

7p = 10~7 sec

75 = 10-6sec

7c = 10~8 sec

L; =825 X 10~*cm

Ly =336 X 10"3cm

Lo =590 X 10-3cm

Wa=2x10"%cm

‘material parameters recorded in Table 11.1 and 2 W = Wj. Substituting the listed material
parameters into the performance relationships gives

DeNa W _ 46 x 10-
Dy Ng Lp
2
1(1) =177 x 10
AV
and -
y = 09985
ar = 0.9982
ay, = 0.9968
By = 310

Even though emitter dopings are typically greater than the assumed 10'8/cm? (roughly the ~
upper limit imposed by the nondegenerate nature of the theory), the computed results are
fairly rep ive of actual In modern high-performance transistors, however,
ay is likely to be closer to unity and the gain primarily limited by the emitter efficiency.

Exercise 11.2

P: The Eq. (11.40) linear dependence of Apg (x) in the W < Ly limit should not have
come as a surprise. As previously encountered in Problem 3.17 and the narrow-base
diode analysis, the negligible thermal bination—g fon in regions much
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\.\
Bpa(x) = Bpa®) + [8p5(W) — Bpp(O)] (1140)
Eq. (11.40) indicates that the perturbed carrier ion in the quasis ! base

becomes a simple linear function of position in the W < Ly limit. The straight line distri-
bution runs from Apy (0) = py, [exp(gVea/kT) — 1] at the base edge of the E-B depletion
region to Apg (W) = pgo[exp(gVg/kT) — 1] at the base edge of the C—B depletion region
as pictured in Fig. 11.2. Tt is left to the reader as a problem to verify that the distribution
remains fairly close to linear even for W/Ly ratics as large as unity.

Performance Parameters

If we keep at most terms to second order in W/Ly when imposing the W/Ly <€ 1 limit, the
general solutions for the performance parameters (Eqs. 11.31-11.34) simplify to

1
ye BN (1141)
Dy N Le
1
Oy = ———— (1142)
(2
1+ o=
2\Lg
1
gy w——— (11.43)
+2¢ﬂ1+1(1)
Dy Ng Ly 2Ny
i
Bp=————————— (11.44)
N &ﬂ!g(ﬂ)’
Dy Ng Ly 2\Lg
Examining Eq. (11.41), we note that, consistent with previous qualitative discussions, an

Ng » Ny leads to an emitter efficiency near unity. Likewise in agreement with our under-
ding of i P Eq. (11.42) indicates a W < Ly is required to achieve a
base transport factor close to unity.
The Eq. (11.41)-Eq. (11.44) results are sufficiently simple that sample calculations
can be readily performed. Suppose a pnp BJT operated at 300 K is characterized by the
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shorter than a diffusion length automatically leads to a linear dependence. Specifi-
cally show that Eq. (11.40) is the solution to the minority carrier diffusion equation
if thermal recombination-generation is taken to be negligible in the quasineutral base
of a pnp transistor.

§: With thermal ccombinati i d to be negligible, the Eq. (11.3)
base-region diffusion equation reduces to

d?Ap,
0= dx,“

which has the general solution
Apg(x) = A, + Ayx

Applying the Eq. (11.4) boundary conditions then yiclds

Apg(0) = A,
and
Apg(W) = A, + A,W = Apy(0) + A, W
or
A, = [Apg(W) — Apy (/W

Finally, substituting the deduced A, and A, back into the general solution gives the
expected result,

Bpy(d) = Apa (@) + [Ap(W) — Aps(O)] 3,

Exercise 11.3

P: Consider a prp transistor (W <€ Ly) biased into saturation. Employing a linear
st_:ale. and using the same set of coordinates, sketch the perturbed minority carrier
distribution normalized to the equilibrium carrier concentration (An/ng or Ap/p,) in

the quasineutral regions of the emitter, base, and collector.
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S: Since the approximate Ap, (x) solution is a li i

4 : inear function of x, dA, i
same for all x in the quasineutral base. It therefore follows from EI;;(?X/;‘;“ o
(11.9) that Ig, = Jg, and B and

S: Equations (11.19) and (11.21) allow us to write
-x"iLy

Ang(x")ingy = (7@ = 1) ¢

Anc(x'Yingy = (eVeohtT — 1) e iLe

When saturation biased, Vgg > 0 and Vcy > 0. Thus the distributions in the emitter N B
and collector are similar. Moreover, the distributions have the same general form as Vi n.aq = 1 implies none of the injected carriers are lost by recombination i i
the carrier excess in a forward-biased pn diode. There is a pileup of the carriers ] the quasineutral base. The result is consi with ch ":‘fm crossing
immediately adjacent to the depletion region edge and an exponential decay of the "‘°‘T{b‘"a“°n‘8$nel’}lﬁ0n in the base region, the key assumption invoked in the
carrier concenteation as one proceeds deeper into the quasineutral region. Exercise 11.2 derivation of Eq. (11.40). Clearly, terms of order (W/Lg)? are lost in
At the edges of the quasineutral base, we infer from the Eq. (11.4) boundary computing the performance parameters using the linear A pg (x) relationship.

conditions that

Apy©)pge = (€7 = 1) i
: gF 11.1.4 Ebers~Moli Equations and Model

= (eWVerlkT — . .
Apg(W)lpgy = (€7 1 it In this subsection we shift our interest from the performance parameters to the terminal
f currents. We begin b; ini - i
With Vgg > 0and Vg > 0, thereisa carrier excess at both edges of the quasineutral q Eq. (11.35), theg mm);ir:i:; a:“artm:? y_lli::s. (1“12‘3 2 a,:‘d (11.36). If Vg is set equal to zero in
basf. Moreover, note that the 'norma.'lized carrier €Xcess at tl)e base edge and the = equation for the E-B junction. Likcwis::l if “‘,’n i:ss:l:c ge:lcra.l fc@ of an ideal diode
emitter edge of the E-B depletion region are precisely equal. Similarly, Apg(W)/pgo ol remaining part of the equation has the ’enemlﬂaf Faua io 2o In Eq. (11.36), the
= Anc(:v’=0)/n0, Finally, we know the distribution in the base must be approxi- Al C-B junction. It is reasonable therefore ‘5 o o;’ﬂ"“m "rf;::c ll::;’itl’ [dlode equation for the
mately linear because WLy i . i Eq. (11.35) and the prefactor to [exp(gVeg /kT) — 15’. exp(qVep/kT) — 1]in
The desired sketch is concluded to have the general form displayed below. saturation currents and to introduce @ in Eq. (11.36) as effective diode
E C D, D,
Ip= qA(—E ngy + =2 p, . osh(W/La))
(Vs > Vs >0 L Ly 7% sinh(WiLg) (11.459)
D D (W)
Io = qA(—q + D5, cosh(Wilg)
L "® ™ Ty 7™ Siah(WiLy) (11.45b)

Next compare the Vg terms in the /; i
h e and I equations. Since the pref:
[l:;xi;‘»l(qE‘;c.(/lk]T;G; 11 ln‘Ecll;é 11.35) is smaller than Jg,, the prefactor of [exp(:‘r’ec:/(;:;; n-f
. (11.36), one is to view the Vi term in Eq. (11.35) as the fracti f
. (11. th

:\,::le:;((’zs\:;,ltl;‘? ‘—, 1] :urrent fxg:\ the C-B junction that makes it to the E—Bf;:r::tione

A es term in Eq. (11.36) may be viewed as the fracti :
Ieolexp(gVeg/kT) — 1] current from the E~B junction that makes it to the C‘:—ijlunoéti::vhne

Exercise 11.4 his suggests the introduction of
P: Work out an expression for the base transport factor using the Eq. (11.40) approxi- 1 agl, I, Dy Pe
. sl = @ = g4 B —£B0
mation for Apg (x). Comment on the result. P wipo = ¢ T sinh(WiLy) (11.46)
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S: Dividing the left- and right-hand sides of Eq. (11.46) by the corresponding sides

Iy Ir
— - of Eq. (11.45a) gives
E ¢ [ Ip=ln(ee D) qa 2o __Peo
’_E. _E. = Tro(e?VCBHT _t) o = Ly sinh(W/Lg)
R - (P2, 4 D, cosh(Wily)
i |1 adle 7 (Ls e T T, PR San(WiLy)
"
_ 1
B . Dg Ly
cosh(W/Lg) + D L—E;Eg sinh(W/Lg)
B BO,

Figure 11.3 Large signal equivalent circuit for a pnp BT based on the Ebers—Mol! equations.
Since "so_lﬁao = Ng/Ng, the second form of the above a equation and the (11.33)

where o and ay are the forward and reverse “gains,” respectively. @plpo is to be used in g ay eql are seen to be idi 1.
Eq. (11.35) and agp/g in Eq. (11.36). Rewriting Eqgs. (11.35) and (11.36) explicitly incor-
the newly introduced p yields
Ie = Ip(etmhT = 1) = aglpo(eesT — 1) (11.473) Exercise 11.6
P: In Ch i i ; .
Io = aplp(e?@iT = 1) = Tpo(eTesT = 1) (11.47b) ; b :m napter 10; lfi:’aiss pointed out that q\eJa;;wl; emode.pomgn of the common-base
1 y P

Equations (11.47) are known as the Ebers-Moll equations. Computer-aided circuit I = auly + lono (same as 10.8)
analysis programs, such as SPICE, often use these equations, or a modified form of the Show that the Ebers-] . . . .
equations, to solve for d.c. operating point variables and to construct the BIT device char- expression. rs—Moll equations can be manipulated to obtain an equivalent
acteristics. Although established here from first principles, the Ebers—Moll equations may
alternatively be viewed as empirical relationships where the four parameters are deduced S: Under active mode .
from a match to experimental data. Actually, only three of the parameters need to be deter- Moll equations mduceoll:)emmn (Ves > 0, Vep < 0, exp(gVcg/kT) < 1) the Ebers—
mined, since the fourth can always be computed from the aplp = agIgo requirement of
Eq. (1 1.46). J = Ves/kT —

From a circuit viewpoint the Ebers-Moll equations and /g = Ig — Icare nothing more. fg = Ie® D+ aplyo
than node equations for the three BIT inals. Associating circuit symbols with the in- L= -
dividual terms in the Ebers—Moll equations leads to the large signal equivalent circuit in o = aplp (el — 1) + Ig,
Fig. 11.3. (The reader should convince himself/herseif that the equations and the Fig. 113 . X .
circuit are indeed equivalent.) The equivalent circuit is imes useful in circuit analyses Solving the I, equation for the voltage factor yields
and in treating more complex device structures such as the PNPN device family.

(etVmltT — ) = I~ aglyy
I
Exercise 11.5 I .
which when substituted into the /. equation gives

P: Show that the forward current gain in the Ebers-Moll formulation is equal to the
common base current gain; i.e., &g = Xgc-

Ie = aglg + (I — agag)lpy
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Since ap = ag,, the above and the originally cited equation are seen to be identical
if one identifies /cgo = (I — apag)lro-

(C) Exercise 11.7

P: Utilizing the Ebers~Moll eq and subsidiary .‘ ionships, construct a
MATLAB (comp that lates and plots the input and cutput cha.rac-
terisiics of a pnp BIT operated in both the common base and the common emitter

fi ions. In performing a sample comp assume room lemperature op-
emi:n, a device area A = 10-4 cm?, W = W, and material parameters similar to

those listed in Table 11.1. |

) prog|

S: The base input ic is a plot of /g versus V"-.“ with the output
voltage Vg taking on sclect stepped values. Convenient construction of the charac-
teristic requires an equation where /g is expressed as a function of Vg and Vg, or
one requires an equation of the form I = lg (Ves, Vce)- The Ig Ebers—Moll equa-
tion, Eq. (11.47a), is precisely of this form and may be used directly to c‘on.\pute the

base input istic. To any of the other chamctmst1C§. how-
ever, it is first necessary to combine and/or rearrange the Ebcxs-Moll eq.uallor}s to
obtain a computational equation of the proper form. The algebraic manipulations,
similar to those in E 11.6 but hat more i d, yield the set of com-
putational relationships:

(1) Common base input [fg = Ig (Vgn, Vea))
Iy = Igg(es'e™T = 1) — o€t — 1)
(2) Common base output [/ = Ic (Veps 1))
Ie = aplg — (1 — aPaR)IRO(E;VquT - i
(3) Common emitter input (/5 = 5 (Vep. Vec)]
Iy = [(1 — aplgy + (I = ag)lgge~aVecliT) esVes/tT

— (1 ~ ap)lgp + (1 — ag)lge]

(4) Common emitter output [/c = Io (Vec, 1p)]

_ (aglgp — Ipge™ VM) Ip + (1 — apdlgg+ (1 = ar)rol

+ Igp — ag/,
(1 = el + (1 = ap)lgge o™ oo

Ic
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Figure 11.4 Common base pnp BIT characteristics: (a) ideal theory and [_I:) ‘experimental input
characteristics; (c) ideal theory and (d) i d outpat ch istics, Koom temp data
derived from a 2N2605 pnp BT and primarily recorded employing a Hewletr-Packard 41458 Semi-
conductor Parameter Annlyzer. The — Ve = 110 V portion of () is an idealized sketch of the
characteristics observed on a curve tracer. The theoretical curves were gensrated assuming W = Wy
mdenployinsﬂncwmmmnmmdfwsxmiulll

js a rapid increase in the oulput current (J.) starting at sightly negative — Veg vahm.. and
apearly perfect leveling-off or constancy of the output current for — Vieg > 0. Thearerically
there is no limit to the — Vg voltage thit can be applied to the transistor. On the other
hand, as might be expected from the diode analysis, the real-device output vollage is limited
to a maximum value of Vi, by some sort of breakdown phenomenon.

The common emitter input characteristics shown in Figs. 11.5(a) and (b} are, for the
most part, in excellent agreement. The Vg = O characteristic appears by itself in both the

BJT STATIC CHARACTERISTICS

The MATLAB program BIJT, included on disk and listed in Appendix M, com-
putes the BJT char istics employing the f ing relationships. The desired
characteristic is chosen from an opening menu. After running the BIT program with
the sample set of parameters, the user may wish to investigate the effect of changing
the device parameters. Constants, material parameters, and the W = Wj Ebers-Moll

eters are specified or computed in a subsidiary program, BJTO. Modify the
appropriate BJTO program line to change the dopings, lifetimes, base width, and/or
device area. The BJTO program automatically computes the mobilities, diffusion co-
efficients, and diffusion lengths based on the input dopings and lifetimes. A Wy =
2.5 um, Ng = 1.5 X 10'%/em3, and N = 1.5 X 10'%/cm?, values slightly different
from those in Table 15.1, were i d in the as-p; to afford a
closer match to the experimental characteristics presented in the next section. Axis
specifications, it should be noted, are optimized for the sample set of parameters and
may have to be revised if the parameter set is modified.

1
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A side-by-side comparison of experimental BIT ch g
ideal-theory characteristics is presented in Figs. 11.4 and 11.5. Figure 11.4 displays com-

11.2 DEVIATIONS FROM THE IDEAL

As demonstrated in Exercise 11.7, the ideal i lationship
ceding section can be used to generate the expected form of the BJT statistic characteristics.
In this section we compare the ideal-device ch
and explore reasons for the noted deviations from the ideal. We first concentrate on the

bad i

in the pre-

istics with d ch istic:

underlying phi leading to di in the general form of the predicted and ob-
served characteristics. Sub; ideration is given to ph such as base resis-
tance and depleti gion bil 8 which affect the precise degree of
numerical agr b the puted and observed values.

1.2.1 Ideal Theory/Experiment Comparison

istics and the cor

407

Figure 11.5 Common emitter pnp BIT characteristics: (a) ideal theory and (b) experimental input
characteristics; (c) ideal theory and (d) 1 output ch istics. Room data
derived from a 2N2605 prip BIT and recorded employing a Hewlett-Packard 4145B Semiconductor
Parameter Analyzer. The th ical curves were d ing W = W; and utilizing the com-
puter program constructed for Exercise [1.7.

theoretical and experimental plots, while characteristics associated with an output voltage
of Ve > few kT/g are grouped together and displaced positively along the input voltage
(Vgg) axis.

The greatest deviation between theory and experiment can be found in the common
emitter output characteristics displayed in Figs. 11.5(c) and (d). First, whercas the theoreti-
cal characteristics are perfectly flat (Vg independent) under active mode biasing, there is
a very perceptible upward slope to the experimental curves even at relatively low output

’
mon-base input and output ch istics; Fig. 11.5 display emitter input and
output characteristics. The experimental characteristics were derived from a 2N2605 pnp
BIJT maintained at room temperature. The theoretical curves were generated assuming
W = W; and employing the as-provided BJT program described in Exercise 11.7.
The predicted and observed base input ch istics of Figs. 11.4(a) and
(b) are secn to be of the same general character; namely, the input current (/) exponentially
3 % ! increases with increasing input voltage (Vg ). The theoretically characteristics are essen-
i tially independent of the applied output voltage (Vg). Experimentally, however, the input
current at a given input voltage noticeably increases with increasingly negative values
of Vegp.
Turning to the base output ch istic played in Figs. 11.4(c) and (d),
we find 11 g b theory and experiment. In both cases there
BJT STATIC CHARACTERISTICS 409
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voltages. Moreover, at large output voltages the experimental characteristics turn sharply
upward. Finally, some sort of breakdown phenomenon clearly limits the maximum low-
current output voltage, Vg, that can be applied to a transistor.
Overall the agreement between the ideal theory and experiment is surprisingly good.
Deviations from the ideal that must be explained include the strong dependence of the
base input istics on the output voltage, the initial quasilinear slope and
subsequent upward curvature of the common cmitter output characteristics, and the Vg,
mdvcm.. . imp d by bi 4 ph 1+

11.2.2 Base Width Moduiation

By setting W = Wj in the computations leading to the theoretical characteristics in
Figs. 11.4 and 11.5, we implicitly dWtobca independent of the applied
ltages. In truth, the quasi ] width of the base is not a constant independent of the
applied biases. Changing Vg and/or Vg changes the depletion widths about the E-B and/
or C-B junctions, thereby shrinking or expanding W as illustrated in Fig. 11.6. Note that
even small variations in the depletion widths can be significant because of the narrow
physical extent of the base. This phenomenon, the variation of W with the applied voltages.
is known as base width modulation or the Early effect (named after J. Early who first
gnized the pt ). The practical importance of base width modulation can best
be appreciated by referring to Egs. (11.41)-(1 1.46). Inspection of these equations reveals
the performance and Ebers—Moll parameters are all functions of W, Thus, they also vary
with the applied voltages. Two of the deviations cited in the previous subsection are direct
results of this bias dependence.

Re-examining the equation used (o g the base input ch istics
we can wrile
De Dy cosh(WiLg)\  vonr (D, Pao )]
= ped 3 st ) — B — )+ (2R
fe qA[(li g0+ 7 Pe0 Gon(WiLy) (’ )+ \ 7, Smh(WiLy)
(11.48)

assuming — Vg > few k7/g. Moreover, if one keeps only Jlowest-order terms in the W/Ly
< 1 expansion of the hyperbolic functions and neglects the ty pically small Dgngo/Ly term,
the defining equation for the base input ct istics reduces to

D.
Ic=qA # Pro €7 (11.49)

When the reverse bias applied to the C-B junction increases, the C-B depletion width
and Wd Thus, ding to Eq. (11.49), Iz at a given Vgg is expected to

? Vo and Vg are abbreviated forms of the Viaricao and Vigpyceo SYmbols often employed in transistor specifi-
cation sheets to identify the zero-input-current breakdown voltages. BV g and BV g, found in the early device
literature have subsequently becn supplanted by the noted symbols.

BJTs AND OTHER JUNCTION DEVICES

where, as previously established (Eq. 11.43),

1

Qg = — ;.2
l+2§&!+1(!)
Dy Ne Lz 2\Lg

In a well-mad the W-dependent terms in the of the @, exp

are small compared to unity. As 2 result, even large changes in W give rise to an almost
imperceptible change in &y.. Likewise, the /cgo appearing in Eq. (11.51) can be shown to
be ially W-independent (and is gligible in most i Base width
modulation is therefore conctuded to have little effect on the common base output charac-
teristics. It is left as an exercise to show that a similar argument can be applied to the
common emitter input characteristics.

A is in order ing how the dopings and the biasing mode
affect the sensitivity to base width modulation. In a standard istor Ng > Ng > Nc.
Thus almost all of the E-B depletion region lies in the base and most of the C-B depletion
region lies in the collector. Under active mode biasing the E-B junction experiences only
a small forward bias and plays a negligible role in modulating the quasi 1 width of the
base. The C-B junction, on the other hand, is routinely subjected to a large reverse bias.
The effect of base width modulation is minimized, however, because most of the C-B
depletion region lies in the collector. The opposite is true if the same transistor is operated
in the inverted mode. In the inverted mode a reverse bias is applicd across the E-B junc-
tion, the associated depletion width extends almost exclusively into the base, and the stan-
dard istor is inl ly quite to base width modulation.

11.2.3 Punch-Through

Punch-through might be viewed as base width modulation carried to the extreme. Specifi-
cally, it refers to the physical situation where base width modulation has resulted in
W = 0. That is, the base is said to be punched through when the E-B and C-B depletion
regions touch inside the base as illustrated in Fig. 11.7. Once punch-through has occurred,
the E-B and C-B j become el ically coupled. As pictured in Fig. 11.8, an
increase in — Vg beyond the punch-through point lowers the E-B potential hill and allows-

E-B depletion  C-B depletion
region \ region \

Figure 11.7 Visualization of punch-through (W — 0).

BJT STATIC CHARACTERISTICS

E-B depletion C-B depletion

Figure 11.6 Base width modulation, Decrease in W resulting from an increase in the reverse bias
applied across the C-B junction.

increase with increasing — V. This is precisely the behavior exhibited by the experimen-
tal characteristics presented in Fig. 11.4(b).

Base width modulation is also responsible for the quasilinear increase in the common
emitter output current recorded in Fig. 11.5(d). Under active mode biasing the Exer-

cise 11.7 equation used to the tt 1 itter output characteristics
reduces to

Ie = Bals + Ice (11.50)

(same as 10.13)

where, as previously established (Eq. 11.44),

1

e = T .2
&w_ul(z)
Dy Ng Ly 2\Ls,

Since W decreases with increasing reverse bias across the C-B junction, 8, systematically
increases with increasing Vgc. Thus, with base width modulation taken into account, the
I at a given I, under active mode biasing is likewise expected to i with i i
Vee- It should be noted that base width modulation does not explain the sharp upturn in 7
as the output voltage approaches Vg,.

The ining experi 1 ch istics—thy base ouiput characteristics

a:!d the emitter input ch ics—were found to be in fairly good agreement

with the h isti d ing W = Wy . The question may arise:

HOW.IS.K that the base output ch istics and the emitter input char-

are ively i itive to base width modulation? To answer this question, we

note that the active mode portion of the base output ch: istics is ly
modeled by (see Exercise 11.6),

Ic = aglp + Iepgy (11.51)

(sae as 10.8)

BJT STATIC CHARACTERISTICS

Change induced here
by increase in -Vp

Figure 1.1 .8 Energy band diagram explanation of why a post-punch-through increase in the output
voltage gives rise to a large increase in the output (collector) current.

a large (exponentially increasing) injection of carriers from the emitter directly into the
collector. Only a slight increase in — V5 gives rise to a large increase in /¢. If it occurs,
punch-through limits the maximum voltage (Vg O Vegy) that can be applied to a transis-
tor. We say “if it occurs” because a rapid increase in output current at output voltages
approaching Vegg or Vcgy could alternatively be caused by avalanche multiplication.
Simply stated, the phenomenon that occurs first determines the “breakdown” voltage.

Exercise 11.8

P: Consider a pnp BJT with the material parameters listed in Table 11.1. If Vgg =0
and T = 300 K, determine the C-B junction voltage that will lead to punch-through.

S: In general, restating Eq. (10.3),
W= Wp ~ xugp — Xecn

where for step junctions as inferred from Eq. (5.37)

&
5

2Kse, N " AT
X = —— > -— . = e
res [ g NoWg+ Ny o = Ve | o Ve = '“( "

)

>

=

2K;¢, N, " T
- S50 C - . P NC B
XacB [ 7 Moot NB)(V"“C" Vcs)] b Yeem = P ‘“( 7
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At the punch-through voltage, W = 0 and one can write

"
2K €, N,
0= W — Xus ~ [_s"o Vyicemy ~ VCB)]

q Ng(Nc + Np)
or on solving for Vg
- - (Wg - -‘Eun)l
Vs = Yhiem ~ 7. & N,
g Np(Ng + Ng)

.. . at punch-through

Computations employing the parameters in Table 11.1 give Vygq) = 0835V,
Vocny = 0656 Vi xg5 = 329 X 10-5 cm, and a punch-through voltage of

11.2.4 Avalanche Muitipiication and Breakdown

Common Base

IfaBJTis din the base confi and active mode biased to a larger
and larger — Vg, the carrier activity within the C-B depletion region of the BT is very
similar to that occurring in a simple pn junction diode. A growing number of the carriers
crossing the C-B depletion region gain enough energy to create additional carriers by the
impact jonization of semiconductor atoms. A point is eventually reached where a carrier
avalanche occurs and the collector current increases rapidly toward infinity. In terms of
carrier multiplication, M — o at the breakdown point, where M is the multiplication factor
i d in Subsection 6.2.2. A Janche breakd takes place before punch-
through, the maximum magnitude of the voltage that can be applied to the output of the
BIT under common base operation, Vg, is clearly just the breakdown voltage of the
C-B junction.

Common Emitter

The common emitter case is far more intercsting. The output voitage applied o a transistor

din the emitter ion is Ve = Vg — Vg Under active mode
biasing, the E~B junction is forward biased and Vgg is typically quite small, less than a
volt in Si BITs. Thus for output voltages exceeding a few volts, Vee = — Vg With
Vee = — Vg, it is reasonable to expect a Vegy = Vcgo. However, examining the experi-
mental characteristics from the same device displayed in Figs. 11.4(d) and 11.5(d), one
finds a Vg, considerably smaller than Vepg; Vego = 90 V, whereas Vegg = 120 V!

This unexpected result can be explained qualitatively with the aid of Fig. 11.9. The
initial injection of holes into the base, labeled @ in the figure, leads to the holes labeled
m entering the base-side of the C—B depletion region. Although the C-B junction is biased
far below breakdown, a few of these holes gain a sufficient amount of energy to impact
jonize semiconductor atoms and creatc extra holes and electrons @ . The added holes drift

BJTs AND OTHER JUNCTION DEVICES

To model the process quantitatively, we note that the injection-related component of
the collector current in a pnp BIT increases o Ig, = Maylg,, or ar — Moty and oy, =
Ma,,, when carrier multiplication in the C-B depletion region is taken into accouat. In
other words, previous relati can be adjusted 1o account for carrier multiplication by
replacing a,, and ap(= @) by Ma,. and Mag.

Referring to Eq. (10.15), the implified expression for the
characteristics under active mode biasing transforms to

emitter output

Ma, Icpo
. e p o4 11.
=12 Moy, Ly v 1:52)

Note from Eq. (11.52) that, for any and all input currents (even Iy = 0), IE — © when
M- l/a;; . Typically a,, is only slightly less than unity. M need therefore increase to
only slightly greater than unity before reaching the M = 1/a, point. This is expected to
occur at an output voltage far below the M — o breakdown voltage of the C-B junction.
Specifically, making use of Eq. (6.35) with Vg = Vcao:

! - L a5y

Mlvm =

or

Veeo = Veno(l — ag)Vm = Ba .:m;)uu (11.54)

where as previously defined, 3 = m = 6. From the latter form of Eq. (11.54), it is imme-
diately obvious that Vegy < Vegg-

In the context of BIT operation the mechanism we have just described and modeled
must be viewed as detrimental. The maximum voltage one can apply 10 the transistor_
is reduced because of the carrier multiplication and feedback. H in other device
contexts the mechahism plays a positive, if not crucial, role. For one, as explained in
Chapter 13, the i in carrier iplication and feedback with bias helps to trigger
switchiing from the off-state to the on-state in the Silicon Controlled Rectified (SCR) and
other PNPN devices. The mechanism is also used to amplify the photosignal in a photo-
transistor. Phototransistors (or photo-BJTs) are BJTs constructed so that incident light can
penetrate to the C~B junction. When operated as a photodetector, the photo-BIT is typi-
cally active mode biased with either the base floating or the base current held constant.
(Some ph i are even produced without a base lead.) As depicted in Fig. 11.10,
roughly B, + 1 carriers enter the collector for each electron-hole pair created by the b~
sorption of a photon in the C-B depletion region.

110
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of the carrier

Figure 11.9  Step-by-step and feedback h

o initial hole injection; [1] injected holes entering the C—B depletion region: (2 electron-hole pair

:]ecmms iul.zy ::;pn(:i o I % electrons being swept into the base; [4] excess base
jected into the emitter; [ 5 holes injected from the emitter into th i

step 4 electron injection. 40 h hams i aeporis o e

along with the injected holes into the collector; the added electrons are swept into the base
[3]. The extra electrons in the base create a majority cacrier imbalance that must be elimi-
nated. The most efficient method of removing the excess would be for electrons to simply
flow out of the base lead. This is precisely what happens when the BJT is connected in the
: base config When the istor is din the emitter con-
ﬁgurano'n. however, the base current is held during the of the com-
mon emitter output ch istic—the extra el are not allowed to flow out the base
lead. Conscquently, the carrier imbalance in the base can only be alleviated by injecting
electrons from the base into the emitter [4]. As was ized in the early jonal
discussion of the transistor, electron and hole injection across the E-B junctimrz are inti-
mately }ie.d together. Every electron injected from the base into the emitter is accompanied
by t_h.e injection of Ig,/Iy, added holes from the emitter into the base @ Thus for each
additional electron-hole pair created in the C-B depletion region by impact ionization,
Tepllgn + l =141 — y) = B, + 1 additional holes flow into the collector. '
Effectively, the carrier multiplication in the C—B depletion region is internafly ampli-
fied under common emitter operation. Moreover, the process we have just described is
re'gen.emtive; i.e., it feeds back on itself. With added injection there is added carrier multi-
plication in the C-B depletion region and an even larger enhancement of the collector
current. (Alternatively, the B, of the transistor may be viewed as being enhanced by the
process.) This all leads to an instability point where /. — % at a V. far below the ava-
lanche breakdown voltage of the C-B junction. Ec
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Figure $1.10 Photosignal amplification in a phototransistor.

Exercise 11.9

P: Tv{o pnp BITs are similar except N » N in Transistor A while Ny <€ Ng in
Transistor B. The doping profiles in the two transistors are graphed below.

1018 10'8 10'8

& 10 10

E

< 101

4 -

&

-

3

B0

2 PIN|P PN P
E B C E B C
Transistor A Transistor B

(a) Which transistor is expected to have the larger punch-through voltage under active
mode biasing? Explain.

®) _If limited by avalanche breakdown of the C-B junction, which transistor will
exhibit the larger Vg, ? Explain. '

S:(@) will have the larger punch-through voltage under active mode
Plasu_xg. For a given Vi > 0 the portion of the base depleted adjacent to the E-B
junction (x,gg) will be precisely the same in both transistors. On the other hand, the
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depletion width associated with the reverse biased C-B junction (referring to
Eq.537)is

[
g = | HsB0 (&) View = ch)] ... in Transistor A
gNs \Np,

and

n

P [ﬂ(s—‘ﬂ (Vco = VCB)] . . . in Transistor B
qNg

Since (No/Np)lrmnsisiora = 1/100 and Viicapia < Viicayin: %ocs it Transistor A <

X,cp/10 in Transistor B for the same applied — V. Assuming the. base widths (Wy)

are the same in the two transistors, a larger — Vcp is clearly required to completely

deplete the base of Transistor A.

(b) _imm will exhibit the larger Vcgo if avalanche breakdown of the C-B
junction is the limiting ph The avalanch kd voltage of an asym-
‘metrically doped pn junction is determined by the doping on the lightly doped ~s:d(:
of the junction. This means that N¢ = 10 14/cm3 and Ny = 10'6/cm? are the dopings
of relevance in Ty A and Transistor B, respectively. Further noting that Vgg
varies roughly as the inverse of the doping on the lightly doped side of a pn junction
(see Fig. 6.11 or Eq. 6.33), Transistor A is concluded to exhibit the larger Vego-

(C) Exercise 11.10

P: Modify the ise 11.7 puter p so that base width modulation and
carrier iplication due to impact ionization can be included in the ion of
the BJT characteristics. As a sample application and employing the set of parameters
specified in Exercise 11.7, pare the emitter output characteristics ob-

tained when (i) base width modulation and carrier multiplication are ignored, (ii) 7
only base width modulation is included, and (iii) both base width modulation and
carrier multiplication are taken into account.

§: The MATLAB program BJTplus, included on disk and listed in Appendix M per-

mits the optional inclusion of base width modulati and carrier multipli due
to impact ionization when the BJT istics. Subprogram BJTO,
which inputs and material p and subprogram BJTmod, which

performs computations related to base width modulation, are run-time requiremcms;
The req! d putational results, the emitter output characteristics pro=
dulation and carrier multiplicati

gressively showing the effects of base width p N
are displayed on the facing page. Note that base width modulation leads to a moderate

BJTs AND OTHER JUNCTION DEVICES

11.2.5 Geometrical Effects

Up to this point in the analysis we have d the bipolar istor to be “one-dimen.
sional,” with all currents primarily restricted to flowing in one direction. From the cross
sections of actual BJTs presented in Fig. 10.6, it is obvious the current flow patterns must
be decidedly more complex. This leads to several deviations from the ideal of a geometrical
nature. Included under “geometrical effects” are internal voltage drops directly associated
with the three-dimensional character of the current.

Emitter Area # Collector Area

In the ideal model, carriers injected from the emitter into the base arc assumed to travel in
a straight line to the collector. The current flow path in an actual transistor can have a
considerable lateral component. This is illustrated in Fig. 11.11(a) using the cross section
of a discrete planar transistor. The spread in current can be approximately taken into ac-
count by employing different effective areas for the emitter and collector,

Effective cmitict area
B §i0,

-
Figure 11.11 Dlustration of gcometrical effects in a discrete planar transistor. (a) Current spread-
ing and crowding. (b) Base and collector series resistances. The dashed line region in (b) identifies
the “intrinsic transistor,” the “heart™ of the device.

BUT $TATIE CHARACTERISTICS
quasuioearnﬁgmm output current with increasing output voltage. Also consistent
with the text ion, the addition of carrier multiplication gives rise to a sharp
upturn in the output current at output voltage apy g Vg The computed char-
acteristics taking into account both effects compare very favorably with the observed
characteristics presented in Fig, 11.5(d).
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Intrinsic
transistor

Figure 11.12 BIT equivalent circuit including the emitter (rg), base (rg), and the collector (r¢)
series resistances.

Series Resistances

The base current flowing between the base contact and the “heart” of the transistor (the
dashed line region in Fig. 11.11b) must pass through a resistive bulk region. There is also
a small resistance associated with the base contact itself. This means the voltage drop across
the E-B junction is somewhat less than the Vg terminal voltage. Although typically quite
small in magnitude, the voltage difference is often significant because the E-B junction is
forward biased under active mode operation and the emitter current is an exponential func-
tion of the junction voltage. To account for the voltage difference, one introduces a base
serfes resistance, rg, equal to the sum of the bulk and contact resistances. If ry is the only
series resistance of importance, then the V,5 in previous theoretical relationships is simply
replaced by Vgg, where Vg is computed from Vig = Vgg — Igrg.

In general, one may view p: ly derived relationships as only applying to the
“heart” or central portion of the transistor, often called the “intrinsic transistor.” As pic-
tured in Fig. 11.12, individual series resi connect the | internal '
of the intrinsic transistor to the external of the physical In each case
the series resistance is the sum of bulk and contact resistances. The voltages at the terminals
of the intrinsic transistor are deduced from the applied voltages by accounting for the Ir
drop across the relevant series resistance(s). The values of the series resistances are usually
ded from subsidiary

Current Crowding

‘We have already noted the base current flows laterally from the heart of the transistor to the
base contact. It also flows laterally across the face of the emitter, giving rise to a voltage
drop in the base from the center to the edges of the emitter. The voltage applied across the
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Figure 11.13 igitated b-like contact. d in power i 1

current crowding. (Top view of the tran.istor.)

E-B junction and the iated inj current from the emitter to the collector are
therefore greatest at the edges of the emitter. A higher density of current lines was placed
near the emitter edges in Fig. 11.11(a) to illustrate the effect. This phenomenon, a larger
current flow around the emitter periphery, is called current crowding. Current crowding
and the onset of localized heating can become particularly detrimental at high current lev-
els. To minimize the problem, power BJTs are constructed with cmitters that have a large

periphery-t a ratio. This is achieved by several narrow, long, emitter con-
tacts into a comb-like and i igi the emitter with base

as sketched in Fig. 11.13.

11.26 R binatlor lon Current

Thermal ation was d to be negligibl ghout the E-B and

C~B depletion regions in the ideal transistor analysis. Contrary to the assumption and by

analogy with the diode, one might expect to find significant R-G current components ina

Si BJT maintained at room temp Indeed, under active mode operation with a small

forward bias applied to the E-B junction, the R~G current from the E~B junction is likely

to be the dominant component of the base current. This leads to a lower emitter efficiency”
and a reduced gain at low current levels (small Vigg). Also, when the input is open circuited,

the reverse-bias R—G current from the C—B junction adds to and is likely to dominate the
observed output leakage current (/cgo O Jego)- Unlike the diode, however, the ideal tran-

sistor ct istics are only inally affected by the inclusion of the R-G curent. Un-

der most active-mode operating conditions, the input bias and current (I or Ig) are such

that the diffusion component dominates the input current. Moreover, at other than Jow input
current levels, the output current extracted from the reverse-biased C-B junction is com-
prised primarily of the injected (diffusion dominated) current from the emitter.

-

Y The emitter efficiency in a no BIT becomes ¥ = Inu/(lpn + g + Ia.g) when the R-G current is included.
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ial, we can write

Assuming the doping profile can be app d by a simple exp

Ny(x) = Np(0)e~*ar (11.57)
and
dNg(x) = _N,,(O) o - e = _M (11.58)
dx Xgire Xairt

Finally, substituting into Eq. (11.56), we arrive at the result

_ kg

Xaifr

¢ L..0sxsW (11.59)

The exponential doping variation gives rise to a constant electric field in the quasineu-
tral region. The magnitude of the built-in field can be quite substantial. If, for example, the
doping decreases by two orders of magnitude in spanning a base width of Wp = 2 pm, then
Xgr = 434 X 1075 cm and @ = 600 V/cm at room temperature. More importantly, how-
ever, the field is directed so as to assist the transport of minority carriers across the quasi-
neutral width of the base. This holds for both the emitter-injected holes in a pnp transistor
and the emitter-injected clectrons in an npn transistor. (8 < 0 in an npn transistor.) The
drift-enhanced transport of carriers across the base decreases the transit time and thereby
reduces recombination in the base. The reduced recombination in turn increases the trans-
port factor and the current gains above the values computed from the ideal theory. The
built-in electric field and attendant decrease in the carrier transit time also lead to an im-
proved high-frequency response. The graded doping in the base is one deviation from the
ideal that is clearly beneficial.

11.2.8 Figures of Merit

We conclude the section with a brief examination of special “figures of merit.” These arc
plots that can be quickly interpreted to determine the extent of deviations from the ideal
and other information about the transistor under test. Research papers on new or revised
BIT structures invariably contain one or both of the figures to be examined.

The first, called a Gummel plot and illustrated in Fig. 11.15, is a simultaneous semilog
plot of I and I as a function of the input voltage Vgg. The output voltage is set at some
convenient value, typically a few volts, during the measurement. 1deally, both the 73 and /¢
plots should be straight lines with the same g/kT slope. In reality, as discussed in
Subsection 11.2.6, the R-G current typically contributes to the observed base current at
small Vgg biases. At large Vgg biases the collector current plot begins to slope over. The
slope-over is most likely caused by high-level injection, possibly aggravated by current
crowding. Paralleling the diode, series resi is a probable contributing cause if a si-
multaneous slope-over occurs in both the /g and I, plots. Note that, assuming /ey is neg-
ligible. the ratio of I~ to I at a given Vig yields By, at the chosen operating point. The
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11.2.7 Graded Base

A short description of

distribution that falls off more or less exp ially with di into the semicond

c 0 fabrication employing ive diffusions to form the
base and emitter was presented in Section 10.2. Each of the diffusions gives rise to a dopant

A r})ugh skeu:h. of the mfullmt emitter and base doping profiles following the double dif-
fusion process is shown in Fig. 11.14. The point we wish to make is that the doping within
analysis. Rather, the base doping
cal ¢ p i at the E-B junctio:

to a minimum at the C—-B junction. The base is said to be “graded” or to possess a gradecrll

the baseisnota as
is typically a strong function of

d in the ideal
ition, d ing from a

(non-constant) doping profile.
‘When treating semi~ond fund Is, we bl

N (x) be the donor doping in the base of a pnp BIT. B it =

. By definitionp = g(p — n + Np) =
0, and therefore n(x) = Ny (x), within the quasineutral portion (0 = x < b
Moreover, under equilibrium conditions ° (O = x=Wolthebuse

dn
Iy = quan® + gDy 7o =0 (11.55)

which when solved for % yields

s _ _Dydnfdx _ kT dNg(x)ldx
g(x)__T:-—-=-——& L..0sxs W (11.56)

n 7 M®
o0
iR
.g N\
a Ne
\ Distance
from surface
%,
[~ T2
—+—x
0w

Figure 11.14  Sketch of the doping profiles inside a double-diffused transistor.
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High-level injection,
current crowding,
and/or series resistance

s

Ic and I (log scale)

/ R-G component

Ves

Figure 11.15  Sketch illustrating the usual form and interpretation of the Gummel plot.
deduced By, is ideally a constant independent of Vg Due to nonidealities, however, the /.
to I ratio clearly decreases at both low and high values of Vg

The second figure of merit is a log-log plot of B, versus I with the output voltage
held constant. A sample plot derived from experimental data is presented in Fig. 11.16.

1000
100 /—‘. .
/
Bae
10
1
0.1
100 108 107 106 05 10¢  10® 10 107

Ic(A)

Flg_urs 11.16 Measured common emitter d.c. current gain as a function of the output current, Data
derived from a 2N2605 pnp BIT. Vg =5 V.

o t g | ronductor d the fact that a doping
variation wnh. position will give rise to a built-in electric field. It follows there must be a
bfult-m e]ectn.c field throughout the quasineutral width of the graded base in a double-
diffused transistor. Seeking additional information about the built-in electric field, let
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Truthfully, this plot is merely a continuous record of the same S, information that can be
deduced in a point-by-point fashion from the Gummel piot. Again B, is seen to fall off at
low I (smail Vi) values because of the increasing importance of /p_g. At high /o (large
Vgg) values the decrease in gain is caused by high-level injection, current crowding, series
resistance, or a combination of the listed effects.

11.3 MODERN BJT STRUCTURES

This section is primarily intended to expose the reader to recent and ongoing developments
related to the continued evolution of the bipolar junction transistor. The discussion of
“modern” BJT structures also provides an opportunity to make use of the previously estab-
lished concepts and information, particularly those associated with nonidealities. The
structures to be examined are the polysilicon cmitter BJT and the heterojunction bipolar
transistor (HBT). The former structure is presently employed in a number of integrated
circuits, including the most recent versions of personal computer CPUs.!!!! The com-
pound icond HBT is p d for initial use in high-frequency/high-speed
applications.!'?!

11.3.1 Polysilicon Emitter BJT

Complementary MOS or CMOS is presently the preferred larg le IC technology be-
causc of its low power dissipation and high packing density. [Chapters 16— 18 are devoted
to MOS (metal-oxids icond ) and devices.] A BJT, however, can
supply several times the drive current of an equal size MOS transistor. A larger drive cur-
rent transates into the faster switching of large capacitive loads. To take advantage of this
fact, modified IC designs have been introduced where bipolar transistors are incorporated
into the high-load speed-sensitive portions of predominantly CMOS circuitry. The hybrid
bipolar-CMOS technology is referred to as BICMOS. An idealized cross section of the npn
BJT formed by the Intel 0.8 .m BiCMOS process is reproduced in Fig. 11.17.

Carefully examining Fig. 11.17, you will note that a polycrystalline Si film lies be-
tween the metallic emitter contact and the silicon proper. The emitter is formed by depos-
iting a polysilicon film over the intended emitter area, n* doping the film with arsenic, and
then diffusing some of the dopant from the film a short distance into the underlying crys-
1alline Si. The resulting emitter configuration, a shallow layer in the Si proper contacted by
a similarly doped polysilicon thin film, has been named a polysilicon emitter.

Polysilicon emitters offer several advantages over emitters formed in the usual manner.
From a fabrication standpoint the polysilicon emitter contacts are especially suited for pro-
ducing the shallow emitter/base junctions required in modern ICs. In addition, they are
compatible with seif-aligned p ing techniques that minimize the parasitic resi
and capacitances of a BJT. Of particular relevance to the present discussion, there is also
an operational advantage. Specifically, the common emitter current gain of a polysilicon
emitter BJT is much larger than a BJT with a shallow all-crystalline emitter of equivalent
thickness.
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Collector

(b) Polysilicon emitter

Figure 11.18 Normalized minority carrier distribution under active mode biasing in (a) an all-
crystalline emitter BJT and (b) a p emitter BIT. Q 1 widths in the base and emitter
are assumed to be much smaller than the respective minority carrier diffusion lengths.

the emitter will be linear functions of position. At the polysilicon/Si interface in an npn
BIT, the minority carrier hole concentration (or equivalently Apg) and the hole current
must be continuous. With different mobilities in the two regions, the continuity of the hole
current in turn requires

Dy, 28281 _ op, P y_polysilicon; 2-Si (11.60)
dx dx
or
dbpgy _ D dope; _ iy Py 16

dx Dg dx Mgy X

Equation (11.61) indicates the linear slope of the minority carrier concentration musl'hc
greater in the polysilicon portion of the emitter as illustrated in Fig. 11.18(b). Co{npar.mg
Figs. 11.18(a) and (b), we note that the net result of employing a polysilicon emitter is a
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Silicon portion
of emitter
n-Well (Collector)

Figure 11.17 Idealized cross section of the triple-diffused npn polyemitter BJT produced by the
Tatel 0.8 um BiCMOS process. (From Gupta and Bohr!!'!. Reprinted with permission.)

Before pursuing the origin of the cited polysilicon emitter gain enhancement, we need
to explain that the emitters in modern BJTs are routinely made very thin to achieve high
operating speeds. Unfortunately, reducing the emitter thickness ultimately leads to a reduc-
tion in gain. In high-performance BJTs the quasineutral width of the emitter (W) can be
less than a minority carrier diffusion length (Lg). If W/L; < 1 in a standard all-crystalline
emitter, mbi may be neglected in the emitter and, like in the base, the minority
carrier distribution becomes a linear function of position as pictured in Fig. 11.18(a). As-
sociated with the modified minority carrier distribution in the emilter, there is a significant
increase in the base-to-emitter injection current under active mode biasing. The cmitter
efficiency therefore decreases and the gain likewise decreases. Quantitatively, as verified in
Problem 11.11, Wg <€ Lg simply replaces Lg in the Eq. (11.41)—(11.44) performance pa-
rameter relationships.

The use of a polysilicon emitter comp in part for the d in gain due to the
shallow nature of the emitter. Although the actual si is rather complex, and di
theories apply depending on the precise nature of the polysilicon/Si interface!'?], to first
order the polysilicon portion of the emitter may be modeled as merely low-mobility silicon.
A lower mobility in the polysilicon is reasonable, since one would expect additional carrier
scattering from the grain boundaries, the disordered regions between the small crystals or
“grains” in the polycrystalline film. Assuming the quasineutral widths of both the poly-
crystalline and crystalline portions of the emitter are much smaller than the respective mi-
nority carrier diffusion lengths, bination will be negligibie throughout the emitter,

and the minority carrier distributions in both the polycrystalline and crystalline portions of
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reduced Apg slope at the emitter edge of the E-B depletion region, and thus a smaller
current back-injected from the base into the emitter. A smaller base current of course sig-
pifies improved emitter efficiency and enhanced gain.

11.3.2 Heterojunction Bipolar Transistor (HBT)

In Section 11.2 we noted several deviations from the ideal that were associated one way or
another with the base doping. Specifically, base-width modulation, the extrinsic base resis-
tance (rg ), and the voltage drop across the face of the emitter leading to current crowding
are all decreased by increasing the base doping. Unfortunately, increasing the base doping
also decreases the emitter efficiency, which in turn decreases the gain of a standard transis-
tor. There is an unavoidable trade-off between gain and the noted deviations from the ideal
in designing a dard bipolar tr

The situation is different in a heterojunction bipolar transistor where, as a general rule,
the base is the most heavily doped region. A heterojunction is, in general, a junction be-
tween two dissimilar materials. However, when applied to the HBT, it is understood to be
a junction between two dissimilar semiconductors. The emitter in an HBT is made from a
wider band gap semiconductor than the base. In most semiconductor combinations this sets
up a built-in barrier impeding forward-bias injection from the base to the emitter and giving
rise to a high injection efficiency even when Ng < Ny. Although being touted here as a
“modern” BJT structure, the heterojunction idea was actually described by W. Shockley
in the initial patent on the bipolar junction transistor filed in 1948! The successful fabri-
cation of HBT structures only became possible, however, with the more recent develop-

ment of d film growth such as molk beam epi-
taxy (MBE)#41,
A key issue in dealing with h is the band alig Band alig is

how the respective conduction band edges and valence band edges of the two semiconduc-
tors line up relative to each other at the interface between the two materials. Although
reasonable estimates are possible from th ical id highly band
alignments for systems of interest are usually determined from experimental observations.
Example alignments for some of the most extensively researched systems are pictured in
Fig. 11.19. It should be emphasized that the Fig. 11.19 diagrams are not true heterojunction
band di; but merely infi ional di: drawn ing charge lity pre-
vails throughout the semiconductors. Band bending in the component materials exists ad-
Jjacent to an actual heterojunction. We should also mention that in each of the pictured cases
the p icondi have id | lattice Employing two
semiconductors with the same lattice di allows the I to be formed
with a minimum of interfacial and bulk defects. Almost all HBTs have been made utilizing
lattice-matched systems.?

! An important exception is the Si/Si, . ,Ge,/Si HBT that employs a pseudomorphic Si, _ , Ge, layer for the base.
Pseudomorphic layers are thin films (typically < 1000 A) that conform to the lattice pattern of the underlying
substrate. Such layers must be kept thin because, if grown thicker than a certain critical value, the stressed film
relaxes, creating numerous defects and a lautice constant different from that of the substrate. For information
about the current status and recent applications of Si/SiGe HBTs, see D. L. Harame et al., “Si/SiGe Epitaxial-
Base Transistors,” TEEE Trans. on Electron Devices, 42, 455-482 (March 1995).
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Figure 11.19 Hetcrojunction band alignments for the (a) Aly;Gag,As/GaAs, (b) GaAs/Ge.
(c) InP/Ing 53Gay 47 As, and (d) Alg gIng s, As/InP lattice-matched systems. (Data from Tiwari and
Frank!'3)

AlGaAs/GaAs is the most ively hed and technologically ad d of the
junction systems. The idealized cross section of an Al, ;Gag, As/GaAs Npn HBT is
shown in Fig. 11.20. (By convention, an uppercase letter, the N in Npn, is used to identify

the wider band gap side of a junction.) The required n*-GaAs subcollector, n-GaAs
collector, p*-GaAs base, and N-Aly ,Ga, , As emitter films are deposited in succession on
a i-insulating (S.1.) GaAs sut The S.1. GaAs substrate and the S.1. sidewalls, the

latter formed by deep proton implantation into the deposited layers, dielectrically isolate
the HBT from other devices on the wafer. The structure is completed by the appropriate
etching of layers and the deposition of metal contacts.

If the E-B heterojunction is assumed to be abrupt, the Aly,Gag, As/GaAs Npn HBT
can be modeled to first order by the equilibrium energy band diagram in Fig. 11.21(a).
Except for the wider emitter band gap and the band discontinuities at the E-B interfacc.
the abrupt-junction HBT diagram is seen to be nearly identical to the energy band diagram
of an equivalently doped BIT. lly, since Ny <€ N » N, the E-B and C-B depletion
regions lic almost exclusively in the emitter and collector, respectively. Although modern
deposition techniques are capable of growing heterojunctions that are abrupt on an atomic
scale, it is very common to enhance device performance by intentionally growing a

positionally graded junction; i.e., the position is slowly ch d from GaAs to
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taken over directly if appropriate modifications are made to account for the different n;
values of the HBT emitter and base. Specifically, Eq. (11.31) and later relationships were
written in a simplified form by noting ngy/pgo = Np/Ng in a standard BJT. In an HBT,
however, ngy/pge = (n/Ng)/(n%/Ng); the Ny/Ng in BIT relationships must be replaced
by (Ng/Ng)(nk/n3). Assuming W < Lg, the emitter cfficiency of the graded HBT then
becomes
1
-
T 4+ DeWNynk (e
Dy Lg Ng n

The Nz <€ N in an HBT is offset by the fact that g of the narrow gap base is much greater
than g of the wide gap emitter. Even though Ng/N, ~ 100, for exafnple. ﬂfe n?EInﬁ,_ra(io
in a typical Alg;Gag7As/GaAs HBT is — 10 -5, yielding a theoretical emitter efficiency
very close to unity.

As a practical matter it should be noted that emitter efficiencies in actual HBTs tend to
be below the value computed from Eq. (11.62). The emitter efficiency is lowered by a
significant Jp_g contribution from the E-B depletion region, particularly from exposed
surface regions of the E-B junction periphery. Proper surface passivation in GaAs devices
poses more of a problem than in Si devices. Nevertheless, HBTs are now produced with
hed high-frequency performance.

very resp gains and

11.4 SUMMARY

In this chapter we took on the task of modeling the steady-state response of the bipolar
juncti i Initially permitting the q 1 width of the base to be arbitrary, an
ideal transistor analysis paralieling the ideal diode analysis was performed to obtain gencral
relationships for the minority carrier distribution in the base (Eq. 11.26), the performance
parameters (Egs. 11.31-11.34), and the terminal currents (Eqgs. 11.35 and 11.36). Subse-
quently the generalized relationships were simplified, making use of the fact that the quas-
ineutral width of the base is typically much less than a minority carrier diffusion length in

a well-mads i The resull pression for the minority carrier distribution in the
base (Eq. 11.40) was noted to be a linear function of position. The performance parameter
relationships appropriate for a well-mad istor were ded as Eqs. (11.41)—(11.44).

Simplified handling of the expressions for the terminal currents was accomplished by intro-
ducing the Ebers—Moll model (Fig. 11.3) and equations (Egs. 11.47).

Several deviations from the ideal were noted in comparing theory and experiment.
Bias-di d iation of the q 1 width of the base, referred to as base width

modu]a{ion, causes a number of deviations including the quasilinear upward slant of the
common emitter output characteristics. Punch-through (total depletion of the base) or ava-

fanche breakdown of the C—-B junction, whichever occurs first, limits the maximum.outpul
voltage that can be applied to the istor under acti d base op As
de i

far as acti tter operation is concerned, carrier multiplication and an
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Semi-insulating GaAs
substrate

Figure 11.20 Idealized cross section of an Al 3Gag, As/GaAs Npn HBT.

E,

(a)

.

()

Figure 11.21 Equilibrium energy band diagram for the Aly;Gao,As/GaAs Npn HBT assuming
the E-B heterojunction is (a) abrupt and (b) compositionally graded.

A‘lv_,Gao‘.,As over a di of a few hundred ang; This elimi the sharp band
discontinuities and gives rise to the modified energy band diagram in Fig. 11.21(b).
The basic operational analysis of an HBT with a compositionaily graded E-B junction

is ially identical to that of a BIT. In fact, the BJT analytical results may be
BJT STATIC CHARACTERISTICS
internal feedback mechanism can combine to make Vg, < Vego. Other cited phenomena

leading to deviations from the ideal include the series resistance external to the “intrinsic”
transistor, the voltn_ge_ flrop in the base across the face of the emitter giving rise to current
ding, t ion in the E-B and C-B depletion regions, and the
graded doping of the base. Special note was also made of the Gummel and B, versus J,
plots that are often p dasa i of istor per ¢

‘Fmally, the section on modern BJT structures served the dual purpose of introducing
special transistor structuces, the polysilicon emitter BIT and the HBT, while simultaneously

providing sample ical use of previously established and information.
PROBLEMS
CHAPTER 11 PROBLEM INFORMATION TABLE
Problem Complete | Difficulty Suggested Short
After Level Point Weighting Description
1.1 114 Y %‘2"“‘:3?‘;"2”1“;)‘" Quick quiz
11.2 1L1.1 2 10 (2 each part) Deduce info given /-plot
11.3 11.1.2 3 18 (1/2 each i npn equation modifications
o114 11.1.3 3 17 (1 each answer) Current and p calc.
°115 " 2 | Apg (x) plot, W/Ly varied
®11.6 " 2 10 Apg (x) plots for four modes
11.7 " 1 12 (3 each part) Sketch carrier distributions
11.8 " 2 10 (@-1, b-1, ¢-2, d-1, e-5) | Deduce info from dist. plots
11.9 " 2-3 |12 (y-5, ar5, By2) Parametric effect table
®i].10 " 3 12 (3 each plot) Bac V5. Ta. Ny, 7, Ng plots
11.11 " 3 12 (a-4, bite-2) Shallow emitter
112 11.1.4 3-4 | 14/"diode” (2-6, b::e-2) | “Diodes”
1113 " 3 10 (5 each part) Apply Ebers~Mol circuit
11.14 " 3-4 |25 (a-5, b-10, ¢c-10) Derive putational eqs.
11,15 11.2.2 3-4 |15 (a-10, b-5) Emitter input W-sensitivity
11.16 11.2.3 2 8 Punch-through calculation
11.17 11.24 2 8 (a-3,b-3,¢-2) Compare two
11.18 " 2 10 Determine Early voltage
®11.19 " 3-4 |20/"diode” (a-10,b-10) |Plot “diode” I-V,
® 11,20 11.2.8 2 12 (a-10, b-2) Gummel and gain plots
11.21 " 3 10 Vec dependence of gain plot;
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11.1 Quick Quiz
(a) In the ideal transistor analysis, what assumptions are made about the regional (E, B, C)
‘doping concentrations and quasineutral widths?

(b) Roughly sketch the minority carrier distribution in the base of a pnp BIT under active
mode biasing when W/Lg < 1 and W/Lg » 1.

(c) A pnp BIT with W/Lg < 1 is active mode biased. Given Apgna = 10pgo, make
sketches of Apg (x). Apg(x)/pgy. and py(x) in the base.

(d) What are typical sizes for ¥, o, ay,, and Ba? .

(e) Establish a general expression for Iy = Ig(Vig.Veg) in terms of the Ebers—Moli
parameters.

(F) ap=0.9944, ap = 0.4286, Iy = 4749 X 10-15 A. Determine yq.

(g) Referring to Fig. 11.5(d), what is the cause of the quasilinear slope in the chmcf(eris-
tics at the lower Vg values? What is the cause of the sharp upward curvature in the
characteristics as Vgc = Vego?

(h) Itis established that Vg, of a BJT is limited by punch-through. _Nevenheless, astudent
claims Vegy < Vcpo in the given device. Is this possible? Explain.

(i) What is the cause of “current crowding™?

(j) Cite the beneficial effects associated with a graded base.

(k) What is a Gummel plot?

(1) What is the cause of the decrease in B at low and high /¢ values as exemplified by
Fig. 11.16?

(m) Would there be any advantage to constructing a Si BIT where the entire emitter is made
of polysilicon? Explain.

(n) Define “heterojunction.”

(0) What are the differences between a BIT and an HBT?

11.2 The electron and hole currents inside a pnp BIT biased in the afti\«: maode are plotted
in Fig. P11.2. All the currents are referenced to I, the hole current injected into the base.
Determine:

(a) The emitter efficiency (7);

(b) The base transport factor (@r):

(c) The common emitter d.c. current gain (B, );
(d) The base current (Ig).

(e) For the given is the bi ation current arising from the de-
pletion regions negligible as assumed in the ideal transistor analysis? Explain.

BJTs AND OTHER JUNCTION DEVICES

11.7 The equilibrium majority and minority carrier ions in the g1 " re-
gions of a BIT are shown as dashed lines in Figs. P1 1.7(a) and P11.7(b), r?specuvely. These
figures are intended to be finear plots, with a break in the x-axis depletion regions to ac-
commodate the different depletion widths associated with the various biasing modes. Note
that the carrier concentrations in the three transistor regions are not drawn 1o the proper
relative scale, but only qualitatively reflect the fact that Ng & Ny > Nc. Employing solid
lines and remembering the figures are intended to be linear plots, sketch the majority and
minority carrier distributions in the respective quasineutral regions of the W < Ly transistor
under

(a) active mode biasing;

(b) inverted mode biasing:

(c) saturation biasing;

(d) cutoff biasing.

C
(a) Majority carrier concentrations
]n, of pn
negp----=---==--
[
0 x
C

(b) Minority carrier concentrations

Figure P11.7

‘
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H
1.,[ N
Hole current
I i
0.999/;| 0.9997,
0.0014, N 0.0014
| 1075, x
E B C
Figure P11.2
11.3 Indicate the required revisions to the ions in Sub 11.1.1and 11.1.2if the

device under analysis is taken to be an npn BJT.

® 114 Sample j fe ly

p ided) are to be performed to gauge the
magnitude of the BJT current components and the size of the performance parameters.
Assume room temperature operation, a pnp BIT, active mode biasing with Vgg = 0.7 V
and Ve = =5V, W= Wy, A = 10~¢ cm?, and material parameters as listed in Table 11.1
of Subsection 11.1.3. Employing the relationships developed in the ideal analysis
(Subsections 11.1.1 and 11.1.2), calculate:

(a) cosh(W/Lg), sinh(W/Ly), and W/Ly (all 1o five significant figures);
®) Iy, Jgas Loy and e,;

(©) Iz, Ic,and Iy;

(d) I, Iz, and Iy, as defined in Subsection 10.4;

©) 7 ar, @y, and By

o115 Examin? how t!w minority carrier distribution in the base of a pnp BIT varies with
the W/Ly ratio. Taking Vg = 0 so that Apg(W) = 0, construct a multicurve plot of
Apg(x)/Apg (0) versus x/W corresponding to W/Ly = 10,5, 1, 0.5, and 0.1. Note that 0 =<
Apg(x)/Apg(0) < 12and 0 < x/W =< 1. Comment on the resultant plot.

®11.6 Graphically illustrate how the minority carrier distribution in the base of a BJT va-
ries with the biasing mode. Construct four individ " plots (subplots in
MATLAB) of Apg (x)/pg, versus x/W corresponding respectively to each of the four biasing
modes. For the purposes of the illustration, assume W/Ly < 1 and restrict Apg (0)/pgo and
Apy(W)/pgg to be =< 10. For axis scaling employ X, = 0, X = 1, Ypig = —2, and
Ymax = 10. Appropriately label the four plots.

BJT STATIC CHARACTERISTICS

118 The Ang/ngy, Apg/pgy, and Anc/ng, distributions in the quasineutral regi
pnp BIT are as sketched in Fig. P11.8. Determine: d euiral egions of 2

(2) The polarity of Veg;

(b) The polarity of Vg;

() The magnitude of Vey;

(d) The biasing mode;

() Repeat parts (2)-(d) if the device is an npn BIT.

10
Apg
Pao, Ane
)
A ET A *
E B ¢
Flgure P11.8

119 Comglete the table below by indicating whether the noted change in a2 BIT device
parameter increases, decreases, or has no effect on the listed performance parameters.

Change Effectony Effect on ay Effect on B,

Increase Wy

Increase 7

Increase Ny

Increase 7

Increase N
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©11.10 Let the lifetimes and dopings specified in Table l!.\ be the r‘efr,mnce val;ris Taoe
Ny, and so on. Making use of the mobility fit hips quoted in rese 3 ,l;:Vo...
struct four jndividual log-log plots (subplots in MATLAB) o‘f By Versus Ty, 1,,106 AB 80e
7g/Tgs, and Ng/Ngy. In each case vary the independent variable from 0.1 to 0. Assume
TF=E;60 K anfj W = W, = 2 pm in all computations. Neglect the fact that the emitie is
degenerately doped over a portion of the specified range. Do your results here agree with

the answers to Problem 11.97

jtter i i hin to achieve high operating
. emitter in modern BJTs is often made very ( o  high
:;elulis“l: this problem we examine the effect of employing a si‘;nl:o{u; clr‘mlmi _:n (:c
: si i ir. Fig. P11.11 where, like the
ce parameters. Consider the pnp BJT pictured ir i |
g::f:r::n emifter is of finite width. Let Wy be the quasineutral width of the emitter and
assu;nc Ang = 0 at the metallic emitter contact (x" = W)

E B (o}

wg 00 W
Figure P11.11

(a) Paralleling the ideal transistor analysis, obtain revised expressions for Ang and fg,.

(b) Establish revised expressions for the performance parameters analogous to Egs.

(11.31)~(11.34).

() tish the revised expi
Wy/Lg < 1.

(d) Referring to the part (b) and (c) answers,
matically decreased?

for the performance parameters when W/Lg < 1 and

how are v and S, affected as Wg is syste-

() Make a sketch similar to Fig. 11.2 showing the minority carrier distribution in a shal-

low (Wg/Lg < 1) emitter under active mode biasing.

11.12 When one of the transistor terminals is left floating or two of '.l3e teTn:ma_ls a\res ::‘n:)rlle
nected together, the transistor becomes a diode-like two-terminal deraeA e :“1(|§:, e
“diode” connections are pictured in Fig. P1 1.12. Answer the questions that fo phid
choosing a specific connection for analysis. It is sllxggesled that at least o;:d open
connection (a, ¢, or ¢) and one short-circuit connection (b, d, or f) be analyzed.
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Ic

Iy = constant

———————

T———
- —

. Vi

L .-.-dc. operating point

Figure P11.13

: i h istics quoted in ise 11.7
11.14 The ional eq for the BIT s quol
were established by appropriately combining and/or rearranging the Ebers—Moll equa-
tions. Perform the algebrai i i y to derive the quoted equation for
(a) The common base output [/c = Ic(Vea» Il
(b) The common emitter input [/5 = 5(Ves. Vec))s
(¢) The common emitter output [/c = Ie(Vees 1))
11.15 In modern high-performance transistors, the gain is usually limited by the emitter
; 2
efficiency, which implies DgNg W/DgNele > (12)(Wilg)?.
(a) Show that the emitter input ck istics of such devices are expected to be
relatively i 1o base width modulat

d itter input istics if the
b) Sketch the form of the en'uner inp! s !
‘ gain is nof limited by the emitter efficiency; i.e., DgNg W/DgNeLu (112)X(WiLg)2

11.16 How is the Exercise 11.8 result modified if Vg = 0.7V?

11.17 Two pnp BITs are identical except that the emitter and collector region doping are
interchanged as illustrated in Fig. P11.17.

1017 107
15 101
10 10M 1014
PN N
E B C E B C
Transistor A Transistor B

Figure P11.17
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E B C

I
£
Va
(@)
ol I r—
b
A
©
L
PINTP]
VA
)

1
P
I e
Va

Figure P11.12

(a) Pcr_ive the /- V,, relationship for the “diode” by appropriately manipulating and com-
bining the Ebers-Moll 1 should be exp d only in terms of V, and the
Ebers—Moll parameters.

(b) Develop expressions for Apg(0)/pgo and Apg (W)/pg, in terms of V, and the Ebers—
Moll parameters.

©) Sim?lify the part (b) results by setting ap = o = @ and Iy = fgg = Jo. (The simpli-
fications here would be valid for a transistor where the material parameters of the emit-
ter and collector are identical.)

(d) Utilizing the part (c) relationships and assuming W < Ly, sketch the minority carrier
distribution in the base of the transistor if V, » kT/q.

(e) Repeat part (d) for a reverse bias where — Va2 kTlq.

1_1.13 Th.c common emitter output characteristics of a prp BIT for small values of Vi are

pictured in Fig. P11.13. The d.c. operating point of the transistor lies ar the boundary

berween active mode and saturation mode biasing as illustrated in the figure.

(a) Referring to Fig. 11.3 in Subsection 11.1.4, draw the si pli
circuit for the transistor at the given operating point.

d large signal equival

(b) Employing the simplified equivalent circuit of part (a), or working directly with the
Ebers—Moll equations, obtain an expression for Vgc at the specified operating point.
Your answer should be in terms of 75 and the Ebers-Moll parameters.

BT STATIC CHARACTERISTICS

(a) Which transistor is expected to have the greater emitter efficiency? Explain.

(b) Which transistor will exhibit the greater sensitivity to base width modulation under
active mode biasing? Explain.

(c) If limited by avalanche breakdown of the C-B junction, which transistor will exhibit
the larger Vgo? Explain.

11.18 For Vge 2 20 V the characteristics displayed in the middle figure of Exercise 11.10
can be closely modeled by a linear relationship of the form /. = B(Vge — Ve)lp, where B
and V are constants. Working with the middle figure (the “base width modulation in-
cluded” figure), or preferably working with numerical values deduced from the BJTplus
program itself, determine the values of B and V, required to fit each of the four /3 > 0
characteristics. Note that V,, referred to as the “Early voltage,” is the voltage intercept that
would result if the linear region of a characteristic is extrapolated into the Vg axis. Com-
ment on your numerical results.

@ 11.19 One or more /-V, relationships for diode-like operation of the transistor were es-
tablished in answering Problém 11.12(a). Adapt the B)Tplus and subsidiary programs of
Exercise 11.10 to generate plots of the /- V,, ch istics. The BJTO program provided

for Exercise 11.10 may be used without modification to input the device parameters for

samplc computations. If necessary for clarity, display the forward and reverse bias portions
of the characteristics on separate plots.

(a) Initially the I-V, p s) W = Wy and neglecting both base
width modulation and carrier ion. Make a of the resulting
characteristics.

(b) Subsequently include both base width modulation and carrier multiplication. Be sure
to take into account carrier multiplication in the E-B depletion region when a large
reverse bias is applied across the E-B junction. Make a hardcopy of sample computa-
tions; compare the part (a) and (b) results.

©11.20 Gummel and Gain Plots.

(a) Construct a theoretical Gummel plot similar to Fig. 11.15 employing the device pa-
rameters specified in the BJTO subprogram of E 11.10. (The p in the
BJITO subprogram provide a ble match to the 2N2605 pnp BIT characteristics
displayed in Figs. 11.4 and 11.5.) Assume active mode biasing and a V3 < 0 such that
the Vg terms in Eqs. (11.47) can be neglected. Let the /. and Iy = Iz — /. versus
Veg characteristics computed from Eqs. (11.47) be known as the ideal device charac-
teristics. Approximately account for the recombination—generation current arising
from the E-B depletion region by adding

Ing = lpp(e¥mitT — )

to the jdeal-device base current. Use [y, = 10~'* A and n, = 1.5 in calculating the
corrected base current. To approximately account for high-level injection and other
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collector current nonidealities, multiply the ideal-device collector current by the cor-
rection factor

1
F= T + oeVen—073V2AT
i.e., calculate the corrected I employing /e = I lc.(idcal). Sh?w both the ideal and
corrected characteristics on your Gummel plot making appropriate use of dashed and
solid lines. Limit the plot output to 10-*A = /=10"'Aand 0.3V = Vg S OBV,
(b) Expand the part (a) program to additionally display a By versus I or gain plot-similar
to Fig. 11.16. Use the MATLAB pause function to interrupt execution of the program
between plots. Set the axes limits to obtain a plot covering the range 0-'=sg, =
103and 10°A= /s 107 A,

11.21 Increasing the Vec value employed in acquiring B, versus /¢ data invariabl.y leads
to a small but perceptible increase in 8, over most of the I range. §amplc experimental
data are presented in Fig. P11.21. Formulate and support an explanation as to the cause of
the observed Vg dependence.

| ]
1000 —2N2605 BJT:
Bec Vec=15V7
Vec= s|v \>
VEC:I wov
10})0_7 106 105 104 100 102 107!
Ic(A)
Figure P11.21
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ip=Ig+iy ic=lc+i::
B
o—— Y
+ +
in= Vag + Upe BIT Vg + tee = 00
@ mmmmmm o mmned @
E E
(a)
B, e
+ 821Ve, +
81 822 Vee
e B12%c -
® o
E E
®)
A JT viewed as a two-port network and conaected in the common emitter
o 1? ; (Ez?llm o I 11-si; ‘p(: ivalent circuit ch izing the a.c. response of
the BJT.

The foregoing was primarily a statement of fact. We now maFc a crit_ical fnssnmption;
namely, we assume the transistor can follow the changes in pofennal quasistatically so lhi(
ig(Vgg + Vpe» Ver t Vo) = In(Vae + Ubes Vc? +v) and ic(Vag + Ve, Ver + Ve =
Ie(Vgg + Upe» Vg + Vo). This allows us to write

Ig(Vpe+ Ve Vep toee) = Ia(VeeVee) + 1y (12.12)

Ie(Vag+ Voo Veg T ) = Ic(Var Ver) + e (12.16)
or

iy = Ip(Var+VpeVes Ve — Ta(Vae:Vee) (12.23)

io = Io(Vae+Upe Ve +Vee) — Ic(Vae, Ver) (12.2b)

Next, expanding the first term on the right-hand side of Egs. (12.2) ina Ta_\ylor sieries about
the d.c. operating point, and keeping only first-order terms in the expansion (higher-order

.ry.

12 BJT Dynamic Response
Modeling

Major applications of the BIT include use as a small-signal amplifier in wide-band or tuned
circuits and use as a switch in digital logic circuits. In this chapter we examine the first-
order modeling of the small-signal and the i itching) resp of the
transistor. The small-signal resp is routinely described or modeled in terms of a small-
signal equivalent circuit. Small-signal equi circuits are , for le, to
calculate amplifier signal gain, input i and output i In modern ap-
plications the desire for high gain and large bandwidth leads to the almost exclusive use of
the BJT in the emitter ion. C the coverage herein empha-
sizes the development of equivalent circuits appropriate for the noted configuration. Rela-
tive 1o the i p digital el ics and other switching appli require
the BJT to be switched rapidly between the cutoff “off”-state and the saturation “on"-
state. An ion of the switching resp and a simplified analysis of the observed
time delays are presented in the second section of the chapter.

12.1 SMALL-SIGNAL EQUIVALENT CIRCUITS
12.1.1 Generallzed Two-Port Model

Consider Fig. 12.1(a) where the BJT is d to be d in the emitter
configuration and is modeled as a “‘black box™ with two ports. Note that for the present
analysis (and contrary to the pnp BJT analyses in Chapter 11), all currents are defined to
be positive when flowing into a device terminal. Likewise, all voltages are referenced to
the terminal common to the input and output. With the BJT assumed to be connected in the
common emitter configuration, the d.c. input current, the d.c. output current, the d.c. input
voltage, and the d.c. output voltage are respectively /5, Io, Vyg, and Vg The correspond-
ing a.c. quantities are iy, i, v, and v,. In the preceding chapter, it was established that
1g could be written as an exclusive function of the applied d.c. voltages; that is Iy =
15(Vyg. V). When a.c. potentials vy, and v, are superimposed on the d.c. terminal
voltages, the input current quite generally becomes ig(Vgetu Vg tuy,) =
15(Vge, Veg) + iy,. Similarly, it is readily established that the d.c. output cusrent can also
be expressed as an exclusive function of the d.c. input and output voltages; that is /o =
Ic(Vgg. V). Thus, when vy, and v, are respectively added to Vg and Vg, the total
output current analogously becomes ic.(Vyg + e, Ver +vee) = I (Vag, Vig) + ic-

BJT DYNAMIC RESPONSE MODELING

vy, and v, terms are assumed negligible), one obtains

alg aly
+y,) = + =B =L .
T5(Vag + Ve Vee + Vo) = Ta(Vie, Vep) P Va"be Ve V'B"u (12.32)
al, ol
Io(Vag + Voo Ver +v) = 1oV, .V)+—C-| v + | ve (12.3b)
c(Vag + Voo Vee v, clVaeYee) ¥ Gy vo b Vel
which when substituted into Eqgs. (12.2) gives
A ol
iy = - v (12.4a)
Ve Ves * Ve Vo “
!
i,=& v + e Ve (12.4b)
Ve |y Vel vy

Dimensionally the partial derivatives in Eqs. (12.4) are conductances. Introducing

al, alg aly oly
gu= | = g = =28
" 0Vaglue  Veslye ¥ aVeelv,  9Veclug
n m (12.5a,b)
npn pnp npn pnp
+1y in +15 out +1g in +1y out
ol 3l alc al.
= —=X| = g === ===
82 Vs vae  Veslye 2 Vel Veclug
f f (12.5¢.d)
npn pnp npn pnp
+Ic in +1I out +lin +1. out
we can then write
iy = e + E12Vee (12.62)
ie = 821U + 822V (12.6b)

Equations (12.6a) and (12.6b) may be viewed as the a.c. current node equations for the
base and collector terminals, respectively. These equations indicate the i, and i, currents
flowing into the terminals divide into two components. One component (g, v, at the input
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and g4,v,, at the output) is just the current through a conductance connected 2cross the
given port. The second current component (g3 Ve, at the input and g,, vy, at the output) is
controlled by the voltage at the opposite port and is logically associated with a current
generator. We therefore infer the small-signal circuit consistent with the derived equations
is as pictured in Fig. 12.1(b). (The reader should verify that the node equations for the B
and C terminals in Fig. 12.1(b) are indced Eqgs. (12.6a) and (12.6b), respectively.]

Several comments are in order concerning the Fig. 12.1(b) result. First, the smail-
signal equi circuitis ional f

d to be applicable atlow op q ies where
p effects iated with the istor junctions can be neglected. Second, al-
though a viable equivalent circuit, an alternative form of the circuit to be established in the
next subsection is normally preferred in practical computations. Lastly, it should be noted
that the development leading to Fig. 12.1(b) was of a purely mathematical nature. The
Fig. 12.1(b) result could be readily modified to apply to other BIT configurations or even
{0 other three-terminal devices by simply changing the identity of the two-port terminals.
The only tie to a specific device or configuration is through the conductance definitions. If
desired, Egs. (12.5) and the d.c. current relationships established in Chapter 11 could be
employed to obtain explicit relationshi for the small-signal cond!

12.1.2 Hybrid-Pi Models

In performing small-signal analyses, the Hybrid-Pi equivalent circuit is by far and away the
most frequently used model. The model bas several advantages that make it particularly
attractive to circuit design engineers. Notably, the model parameters are readily m'lated‘(o
the d.c. operating point variables and the temperature variation of the parameters is easily

deduced. Simplified and complete versions of the basic Hybrid-Pi model are shown respec-
tively in Figs. 12.2(a) and (b). The cited low-frequency equivalent circuits apply to the
“intrinsic istor” under acti de operation. The Hybrid-Pi model gets its name

from the Fig. 12.2(b) m-arrangement of circuit elements with “hybrid” (a combination of
conductance and resistance) units. g, is the transconductance, a measure of the forward
voltage gain, r, the output resistance, 7o the input resistance, and r, the feedthrough
resistance.

The simplified model of Fig. 12.2(a), which finds extensive use in first-order analyses,
can be derived directly from the generalized two-port model. Under active-mode biasing
the Egs. (11.47) Ebers—Moll relationships for a pnp BIT simplify to

Iy = Igget¥mhtT Ve >0,V <0 (12.78)
Io = aplpe?T .. Vgy >0, Vep <0 (12.7b)

and
Ig=Ig — Ic= (1 — aplpe?="T (12.7¢)
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If base-width modulation is assumed to be negligible, ap and I, are constants independent
of bias and

gn=l| =0 (12.89)
Wecl vy

gmmde| =0 (12.85)
Weelver

With 'g,z = g,, = 0 we obtain the desired result; Fig. 12.1(b) reduces to precisely the same
form as Fig. 12.2(a). We also conclude g,, = 82 and r,, = 1/g,; . Explicitly evaluating g
and ., using Egs. (12.7) yields

alc alc

= & =2t 12.9:
En = Ve vee K 02
! 1 Ie 1 _ Ba

(12.9b)

= Ol Vel WM I3 8n  Em

Note that g,,, and r,, are readily evaluated given a knowledge of the d.c. operating point.

The four-element low-frequency model of Fig. 12.2(b) is used when base-width modu-
lation cannot be ignored or a more precise analysis is to be performed. Although somewhat
more involved than the simplified model derivation, the Fig. 12.2(b) circuit parameters can
be related to the two-port model parameters in a straightforward fashion. It is left as an
exercise to show that in general

8n = 821 ~ 812 (12.10a)
ro=1Wgy + 812 (12.10b)
re = g, + &) (12.10¢)
r,= —lgy (12.10d)

Typically g,, is several orders of magnitude smaller than the other two-port model conduc-
tances and may be neglected in computing g, 7o, and 7. Equations (12.9) may of course
be used to evaluate g, dnd 7., if g, is much less than g,  and gy,

Finally, the model shown in Fig. 12.2(c) is appropriate for use at higher frequencies.
Inciuded in the mode! are the parasitic series resistances (ry, .. and r,) that connect the
intrinsic transistor to the external device terminals (see Subsection 11.2.5). Cy, and Cg
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B b i ¢
+ +
Vbe x Smbbe Uee
E E
@

Figure 12.2 Hybrid-Pi equivalent circuits. (a) Simplified and (b) completc low-frequency Hybrid-
Pi equivalent circuits that model the intrinsic istor under actj mP" "y :pen

tion. (¢) High-fr q circuit including the parasitic series resistances.
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P ly model the base and emitter-base pn junction capaci Under
acuve-fnode biasing the C,, associated with the reverse-biased C-B junction is primarily
ajunction while C,,, d with the forward-biased E-B junction includ

both junction and diffusion components. The appropriate junction capacitance relation-
ships from Chapter 7 may be used without modification in evaluating C,, and C,. How-
ever, the diffusion component of C,, must be modified as outlined in Problem 12.7. An
additional capacitance between the C and B terminals and a capacitance from the C' ter-
minal to a substrate terminal may be necessary to properly model i i d
in ICs. It should be noted that the Fig. 12.2(c) model is typically valid at frequenci;s upto
roughly 500 MHz. The model b H ingly # above 500 MHz because it
doc's not take into account the delays in signal propagation across the various device
regions.

12.2 TRANSIENT (SWITCHING) RESPONSE

The BIT finds extensive utilization as an ic switch in applications ranging from
simple discrete-device circuits to complex IC logic circuits. When compared to a pn junc-
tion diode, the BJT offers intrinsically faster switching speeds and the advéntage of a third
lead, \jlrhich greatly facilitates the switching process. Like the pn junction diode, a time
delay in progressing between the “‘on” and “off™ states can be attributed for the most part
to the build-up or removal of excess minority carrier charge. Since switching speed is a
major concern in many applicati itis to ine the switching process in
some detail.

12.2.1 Qualitative Ohservations

For the purposes of the di we assume a ing circuit of the form pictured in
Fig. 12.3(a). V¢ supplies the emitter-to-collector d.c. bias, and R, is the output load resis-
tor. Switching is accomplished by pulsing the input power supply between positive and
negative voltages. Under steady-state conditions with v, < 0, the BJT is biased into the
cutoff mode, making I = 0. In the described state the transistor is “off” and its operating
point lies near the bottom of the load line shown superimposed on the ch istics in
Fig. 12.3(b). Conversely, under steady-state conditions with v, > 0, the applied voltages
are typically such that both junctions are forward biased. Operating in the saturation mode
the transistor is in the “on” state with /. = Vo/R, .

Referring to Fig. 12.4, let us now cxamine the transient response itself. We begin with
the turn-on transient that takes place after v, is pulsed from ~£V; to + Vs at + = 0. With
Vs assumed to be much greater than vy, the base current as shown in Fig. 12.4(b) jumps
up to iy = V/Rg and remains constant at this value as long as v, > 0. The corresponding

dealized ¢ resp is in Fig. 12.4(c). Prior to ¢ = 0 the transistor is cutoff biased
and the minority carrier distribution in the quasin 1 base is ch d by plot (i) of
Fig. 12.4(d). Following the # = 0 turn-on pulse, minority carrier holes begin piling up in
the base jplot (ii) of Fig. 12.4(d)). i, in turn increases roughly in proportion to the slope of
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Yy
Vs
-&Vs
@)
Ic
/ Iy = Vg/Rs
" _fon
cc'he I = Constant
lg=0 QOFF
0 =t ) Vec
Vee
()
Figure 12.3 BJT swilchi ds Is. (8) d switching circuit. (b) Load linc with the
“on” and “off™ steady-state endpoil pert d on the common emitter output characteristics.

Apg(x 1) evaluated at x = W, The increase in i tracks the build-up of minority carriers
in the quasineutral base as long as the transistor remains active mode biased. Eventually,
however, Apg (0, £) = (n?/Np) exp(qugs/kT) reaches the point where vgg = VUgc OF
vep = 0, and the i bsequently b ion biased. Once saturation bi-
ased, the minority carrier build-up is completed as pictured in plot (iii) of Fig. 12.4(d).
Consistent with the cited plot, i increases only slightly during this portion of the transient
to finally attain its on-state value.

BJTs AND OTHER JUNCTION DEVICES

The i, turn-off transient also exhibits two distinct phases. The situation inside the base
of the transistor during the two phases is approximately modeled by plots (iv) and (v) of
Fig. 12.4(d), respectively. During the initial phase, occurring immediately after v, is pulsed
from + Vg to — £V, i remains approximately constant while the stored charge associated
with ion biasing is d from the quasi ] base. The time delay here is ob-
viously similar in nature to the storage delay time encountered in the pn junction analysis.
The second turn-off phase begins when sufficient stored charge has been removed so that
the transistor becomes active mode biased. Once active mode biased, i monotonically
decreases in proportion to the stored charge ining in the quasi 1 base. Ultimately
the total removal of the minority carrier charge leads to cutoff biasing and the off-state.
Although of dary imp itis i ing to note from Fig. 12.4(b) that the ig
response during turn-off is essentially identical to the i-t turn-off transient of the pn junc-
tion diode. The base current abruptly reverses and remains constant at iy, = —£Vg/Rg until
the BJT enters the cutoff mode. With increasing reverse bias across the E-B junction, iy

1 to i y zero.

q (1%

12.2.2 Charge Control Relationships

In performing a quantitative analysis of the BT transient response, we will employ the
charge control approach. Before launching into the analysis it is necessary to first establish
the charge control hips specifically applicable to the BIT.

The pn junction charge control results established in Subsection 6.3.1 can be applied
directly to the quasineutral base of the BJT with only minor modifications. ‘Working with a
pnp BIT, making required symbol changes, and accounting for the finite width O=x=
W) of the quasineutral base, we infer

Qs _ _ j”(w’ _ 2
dar ey P T azth
where
hole ch v
0= (Bomioe i) < on [[apena a2

If ig = AJp(0) and i = AJp(W), which is equivalent to assuming the emitter and collector
currents are dominated by the hole diffusion currents respectively flowing across the E-B
and C-B junctions, we conclude

Jp(W)
‘-AI dlp = AlR0) = Jp(W)] = ig — ic = ig (12.13)

Jp(0)
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Flgurs 12.4 BIJT switching characteristics. (a) Applied input voltage. (b} Input current (ig) as 2
function of time. (c) Output current (ic) as a function of time. (d) Approximate minority carrier
distribution in the quasineutral base at various times during the transient response.
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s 14 (12.14

Note as an aside that if Eq. (12.14) is applied under steady-state conditions, dQy/dr =
0 and ig = Iy = Qg/7y. This result may be interpreted as follows: There are a total of
Qg/q excess minority carriers in the quasineutral base. The average lifetime of an excess
minority carrier is 75. Thus every 7 seconds the Qg excess store of charge is eliminated
by recombination. Under steady-state conditions a current equal to the eliminated charge
per second, Iz = Qg/7y, must flow into the base to replace the eliminated carriers. The

noted result is valid provided the current iated with in the quasi
base is the dominant component of Ig; that is, carrier injection from the base into the
emitter and other base current comp are negligible as implicitly d in the deri-
vation of Eq. (12.14).
Continuing the developmext of charge control relationships, let us next ine the
1] current, Consi with previous approximations, we can write
ic = AJp(W) = —gADy M (12.15)
=W

If we assume A py (x, ) has the same functional form as A pg (x) under steady-state condi-
tions, then in the W <€ Lg limit

Apg(xt) = Apg(0,1) + [Apg(W.0) — Apy(0,1)] % (12.16)

which under active mode biasing simplifies to
Apg(xs) = Ap,,(o,r)(l - %) (217

Thus, taking the BJT to be active mode biased,

Apg(x1) - _ Aps0.1)
e e (12.18)
W AW

0o =94 | Apy(xndr == Apy(0n) (12.19)
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and
oo 3Apg _ 9ADy - 12,2
ic = —qADy 55| = AmOD = anpy (12.20)
or
ic=28 | (active mode) (1221
T
where
w2
w 12.22
"= 3p (1222

Assuming Qg (¢) can be determined by solving Eq. (12.14), Eq. (12.21) then provides

a simple means of deducing the i 1l current. The 7, parameter finds
use in approxi lyses and is known as the base transit time. It is interpreted

as the average time taken by minority carriers to diffuse across the quasineutral base. Ac-
cording to Eq. (12.21), one may view the collector current to be the result of the stored
charge in the quasil 1 base dropping into the col every 7, seconds. Also note that

By = Iclly = Tyl7-

12.2.3 Quantitative Analysls
Turn-on Transient
During the turn-on transient iy = Vg/Rg = /5, = constant and

40 _, _ Qs 12.23
D8 = 1y - 2 (1223)

The general solution of the (12.23) differential equation is
Qp(t) = Iggryg + Ae~ivs (12.24)

where A is an arbitrary constant. To a very good approximation, Qg (V) = 0: This is true

since the transistor is cutoff biased at the beginning of the 0,0 =
0 into Eq. (12.24) when ¢ = 0, and solving for 4, yields A = — I 7g. Thus
0a(t) = Ip7p(l — €7 ... 120 (12.25)

BJTs AND OTHER JUNCTION DEVICES

8] 1, can be d by i Igg (faster storedcharge
build-up) or d ing /cc (less act de charge storage). We also note that substitu-
tion of the Eq. (12.27) expression for ¢, into Eq. (12.25) yields Qg(t,) = lccT:- This value
for the stored charge at the acti de/ i de ition point was a?prmprialel y
positioned along the Qg (1) axis in Fig. 12.5(2) and will be required in completing the tura-
off analysis.

In with i

Turn-off Transient )
During the saturation-mode and active-mode portions of the turn-off transient, iy =
—§Vg/Rs = —£lgy = constant. The charge stored in the quasineutral base therefore obeys
the charge control relationship

405 g _Ls 2
& £lgs s (12.28)

which has the general solution

Qp(t) = —€lgpTp + Ae ~thro (12.29)
A s an arbitrary constant and 7 = 0 has been reset (o the beginning of the turn-off transient.
Since the total stored charge at the beginning of the turn-off transient is just equal to the
stored charge at the end of the turn-on transient, @5(0)] umor = Q8N wmon = fpTu-
Substituting Qg (Cs = IgpTp into Eq. (12.29) when 1 = 0, and solving for A, yields
A = (1 + £)IgyTy. We therefore conclude

Qp(t) = Igg7al(1 + e~ — €] ... 120 (12.30)
and
Iec 0=s1=1, (12313
ic(t) =
e Q0 _fmTa g 4ot — g LLamay (1231b)
Te Ty

The storage delay lime, 4, introduced above is understood to be the time period over
which the BIT is saturation-mode biased.

The turn-off solution is illustrated graphically on the right-hand side of Fig. 12.5 for
the assumed values of £ = 0 and £ = 1. £ = 0 correspondsto v, = Oand ig = 0 during the
tumn-off transient; vy = — Vg and iy = —Ipg if £ = 1. It is immediately obvious from
Fig. 12.5 that both the t i ode) and falling (acti de) portions of the
i, transient are decreased when £ > 0. This is to be expected since an ip < 0 aids .lhc
withdrawal of stored charge from the quasincutral base. At the saturation-mode/active-
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and
1
Q.,T(l) - _B:ll (1 —etm) .. . 0si=1 (12.263)
i) = v ' '
—falcc Ltz (12.26b)
L

The rise time, ¢, introduced above is understood to be the time period over which the BJT
is active mode biased.

The turn-on solution is illustrated graphically on the left-hand side of Fig. 12.5. Exhib-
iting an exp ial d d Q) i hly from zero to its maximum
value of Qy(®) = Igg7y. ic(¢) tracks Qp() until the BJT becomes saturation biased at
1 = t,. Consistent with the qualitative observations, i () is subsequently assumed to re-
main constant at ic(1,) = Vec/Ry = Icc. Setting ic(1,) = I in Eq. (12.26a), one can
solve for 1, to obtain

t,=1g1n + (1227
1 - =Tt
Igp7e:
[4:0]
£=0
fecti T R ars
i
0 1 0 t
@
i) i
£=0
Iect+ < E=1
o 4 ! okt 4
d
n ®)
Turn-on Turn-off

Figure 12.5 Transient response solution. (a) Stored charge in the quasincutral base and (b) col-
lector current as a function of time. The tum-on transient is shown on the left and the turn-off tran-
sient on the right. The £ = 0 and ¢ = 1 labels identify turn-off soluti pondi pectively
10 i = 0 and iy = ~ Igg during the turn-off transient.
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mode transition point f = #,4 and g () lum-or = @8 (M wm.on = IccT,- Substituting the
transition point values into Eq. (12.31b) and solving for #,4, we obtain

w224
Jeey

Igp7s

(12.32)

Since IceT /lgp7p < 1, Eq. (12.32) confirms that £, decreases when £ > 0. Generally
speaking, decreasing 7y (faster recombination), decreasing /gy (less total stored charge),

and i g Icc (relatively less de charge) also decreases t,.

12.2.4 Practical Considerations

The foregoing analysis was highly simplified to provide physical insight and to achieve a
solution of the generally correct form without becoming bogged down in an excessive
amount of math Readers i d in a more precise solution are encouraged to
consult the BJT supplemental reference cited at the end of Part II. A more realistic sketch
of the i transient response is presented in Fig. 12.6. Other than a “rounding” pear transi-
tion points, the only major difference between Fig. 12.6 and earlier i, plots is an added
time delay, #,, at the beginning of the transient. The added time delay arises from the
charging of the E-B junction capacitance in going from cutoff to the active mode.
Figure 12.6 also illustrates the measurement-based definitions of the rise time (z,), the
storage delay time (z4), and the fall time (r,), parameters often found in device specifica-
tion sheets. #

It should come as no surprise that various methods have been employed to speed up

the turn-on and turn-off i A P! dure to speed up the turn-on transient
Dy
—
'
— l__
it !

lec
09/cc 1

0.llcc
[}

Figure 12.6 Actual form of the collector-current switching transient and the measurement-based
definitions of 74, ,, 1,4, and 7. The input voltage waveform is included for reference purposes.
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Figure 12.7 Schottky diode clamped npn (a) Sch ic circuit

(b) Physical implementation.

is to add a capacitor to the input circuitry, such as placing a capacitor in parallel with R in
Fig. 12.3(a). The capacitive discharge after v, — V; provides a momentary pulse of current
that accelerates the build-up of stored charge and thereby reduces the time to saturation.

A speed-up of the turn-off transient can and has been achieved by adding recombina-
tion—generation centers to the BJT base. The addition of R-G centers, such as gold in Si,
reduces 7 and therefore increases the rate of carrier removal from the basc. In another
method to speed up the turn-off ient, a Schottky diode is d between the col-
lector and base as shown in Fig. 12.7. This arrangement is known as a Schotiky diode
clamp. The Schottky diode, a device formed from a rectifying metal-semiconductor contact
(see Chapter 14), conducts at 2 much lower forward-bias voliage than a pn junction. Con-
sequently, when the transistor enters the saturation mode, the Schottky diode begins to
conduct and “clamps” the C-B junction voltage at a relatively low positive value. This
greatly reduces the saturation-mode build-up of stored charge. Moreover, there is very litile
minority-carrier charge storage in a Schottky diode. With less charge to be removed from
the BJT and very tittle charge stored in the Schottky diode, the turn-off time is dramatically
reduced.

12.3 SUMMARY

In this chapter we first examined the small signal response and |hen the transient or switch-

ing msponse of the bipolar junction i A gnal eq circuit for the BJT
d in the emitter configuration, a g lized two-port model valid at low
fi ies, was established employing a purely | argument. The development

was of interest in itsclf because it can be applied with only minor modifications to essen-
tially any three-terminal device. Subsequently, the popular Hybrid-Pi equivalent circuit was

BJTs AND OTHER JUNCTION DEVICES

(c) Whatis the origin of the “Hybrid-Pi”" name?

(d) State the names of the ing Hybrid-Pi p

(¢) What is the justification for adding capacitors to the low-frequency Hybrid-Pi mode!
to obtain the high-frequency model?

(f) Describe what happens to iy, i, and the minority-carrier concentration in the quasi-
neutral base once the transistor enters the saturation mode during the turn-on transient.

(g) Give both the word and mathematical definitions of the “base transit time.”

(h) How are 7, and 7, related to 8,7

(i) Why does an ig < 0 (¢ > 0) during the turn-off transient give rise to a reduction in
both the storage-delay and fall times?

(j) What is a Schottky diode clamp, and what purpose does it serve?

8ms Tor Fsand 7,

12.2 blish a small-signal equivalent circuit analogous to Fig. 12.1(b) appropriate for
the common base conﬁguralmn Provxdc a summary of the parameter definitions similar to
Egs. (12.5).

12.3 The common emitter output characteristics of a 2N2605 pnp BJT were displayed in
Flg 11.5(d). The simplified Hybrid-Pi equivalent cn'cult is to be used in modeling the low-

a.c. resp of the i S Iy =5pAand Vg = 10 Vatthe de.
opcmtmg point. Determine the values of g, and r, to be employed in the Hybrid-Pi model.

12.4 Perform the circuit analysis and ipulati qui
Eqgs. (12.10).

d to confirm

® 12.5 The MATLAB program BJTplus, provided as a solution to Exercise 11.10, computes
Iy = Ig(Vip, Vic) and /¢ = [o(Vge, 1) with and without taking into account base-width
modulation. Starting from scratch or borrowing from the BJTplus and subsidiary program
code, write a MATLAB jputer) program that ically calculates the values of the
Hybrid-Pi (Fig. 12.2(b)] parameters. Provide for alternative computations with and without
taking into account base-width modulation. For simplicity, let the input variables be Vgp
and Vgc. Employ the same device and material parameters as those found in the BJTO
subprogram. (The MATLAB scripts for both BJTO and BJTplus are listed in Appendix M.)
Run your program with Vge = 10 V and Vyy chosen so that o = 1 mA. Present
computational results for g,,, 7, 7, 2nd 7, both with and without accounting for base-
width modulation. Also compute g, and r,, using Egs. (12.9). Discuss your results.

12,6 The unity beta frequency, fy, is often quoted as a figure of merit in assessing the high-
frequency response of a BIT. By definition, fy is the signal frequency at which [i/i,| = 1
when the BJT common emitter output is a.c. short-circuited (v, = 0). Silicon BJTs in-
tended for use in RF and applications are available with an f;. = 10 GHz. “Gen-
eral purpose” Si transistors typically have an fr in the 100's of MHz.
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introduced and related to the two-port model. Simplified and high-frequency versions of
the Hybrid-Pi circuit were also reviewed.

Because of the importance of switching speed in many applications, the transient re-
sponse was examined in some detail. The transient responsc was first described qualita-
tively, concentrating on the build-up and removal of excess minority carriers in the quasi-
neutral base. Similar to the pn junction diode, stored charge must be added or removed in
pmgressmg between the off-state (cutoff) and the on-state (smur:mon) Charge contro} re-

hips specifically applicable to the BIT were next establist ing for simplicity
that bination in the al base and minority carrier diffusion at the quasineu-
tral base boundaries totally dominated the observed terminal currents. The concept of a
base transit time, the average limc required for diffusing minority carriers to cross the

i | base, was duced in the course of the development. Quantitative expres-
smns for the stored charge, the i, transient, and chnmclensuc time periods were derived
for both the turn-on and turn-off i A bsection cited p | consid-
crations including methods that have been employed to speed up the transnenl response.

PROBLEMS
CHAPTER 12 PROBLEM INFORMATION TABLE
problem | 3 | Ploet” | ot weighting Descripion
12.1 123 1 10 (1 each part) | Quick quiz
12.2 12.1.1 2-3 8 Derive base circuit
12.3 12.1.2 1 5 Determine g, ,
12.4 i 3 8 Confirm Egs. (12.10)
®125 " 4 20 Calculate H-Pi parameters
*12.6 i 4 20 (a-14, b-6) Derive/compute fr
12.7 1222 3-4 10 E-B diffusion cap
12.8 1223 2 5 Estimate Iec 7,/ pp g
0129 " 2 8 (4 each part) 1, and 1,, plots
*12.10 12.2.4 3 10 (a-6, b4) 1; derivation and plot
12.1 Quick Quiz
Answer the following ions as ly as possible.

(a) In words, what is the quasistatic assumption? How is the assumption utilized in the
derivation of the generalized two-port model?

(b) Why are there separate definitions for the npn and pnp &;; conductances?

BJT DYNAMIC RESPONSE MODELING

(8) Making use of the high-frequency Hybrid-Pi model, derive a general expression for
i.Ji, when v, = 0.

#(b) The 2N3906 is a general-purpose Si transistor. Determine the fr of a 2N3906 pnp BIT

when d.c. biased such that Vgg = 0.68 V, Vge = 10V, I = 5.57 pA, and I =

1.00 mA. The high-frequency Hybrid-Pi parameters for the 2N3906 at the given d.c.

operating point are tabulated below.

Parameter Value
8m 3.86 X 10-2§
7, 2.00 X 10*Q
r. 4.65 X 10°Q
A 3.59 X 1060
Co 23.6 pF
Cs 2.32pF
n 100
r. 280
r, 0

12.7 Show that the diffusion component of C., for a pnp BIT under active mode biasing
is given by

2( = Dy n? 2( 2
=2 L Sl vy = 2 T ) o~ 2
Cenlaitr 3 (kT/q)(qA W NB)G‘ e 3 (leq)lE 38aT

HINT: C_, 4 is the same as the diffusi Cp. to be expected from a narrow-
base diode. Nom\g the lou-r flowing ina narmw -base diode is given by Egs. (6.68)/(6.69),
revise the di ivation in 8 7.3.2 to obtain the Cy, for a narrow-
base diode. The revision requires use of the expansion, ctnh(§) = cosh(§)/sinh(¢) =
(L)1 + £213) if £ < 1. Make appropriate symbol identifications in transferring the result
to the BIT.

12.8 Refer to the Fig. 12.3(b) characteristic. Suppose Veo/R, = 5 mA, Vs/Rs = 30 nA,
and Iy was stepped in 5 pA increments to obtain the /; = constant curves. Estimate
Iee7/1gg g for switching between the “off” and “on” points shown in the figure.
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© 129 Rise and Storage-Delay Times
(a) Let x = I o7 /lpp7g. Employing Eq. (12.27) and noting 0 < x = 1, construct a plot
of t./ry versus x.
(b) Employing Eq. (12.32), construct a plot of f,,/Tg versus x simultaneously displaying
curves correspondingto § = Oand £ = 1.

12.10 Fall Time
(a) Derive an expression for the fall time, ¢;, using the measurements-based definition
presented in Fig. 12.6 and the Eq. (12.31b} i¢ versus ¢ relationship.
® (b) Plot 1,/7g versus x = Io7 /gy 7 when £ = Nand £ = 1. Note that 0 < x < 1. Discuss
your results.
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Figure 13.1 The silicon controlled rectifier (SCR). (a) Schematic representation showing the dop-
ing regions, junctions, device terminals, and current plus voltage variables. (b) Typical doping
profile.

minority-carrier diffusion length, the widths of the SCR base regions must be roughly com-
parable to a diffusion length. This, as we will see, is critical to the proper operation of

the SCR.
The general form of the characteristics derived from an SCR is sketched in Fig. 13.2.
The V,x < 0 portion of the istics is / independent and very similar to that of a

reverse-biased pn junction diode. The device conducts little current until breaking down at
Vak = — Vggr. Vgr.in SCR work is referred to as the reverse-bias holding or blocking
voltage. The forward-bias characteristics, on the other hand, are quite distinctive. If / =
0, systematically increasing V ,x from zero causes little current to flow through the device
until V,y exceeds Vgp, the maximum forward-bias blocking voltage. Once Vgg is ex-
ceeded, however, the device switches from the high-imped blocking mode to the low-
i d ducting mode. Operation then lies along the forward-bias diode-like char-

P
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13 PNPN Devices

In earlier chapters we progressed through the analyses of the two-region, one-junction di-
ode and the thi gion, two-juncti istor. Containing four alternately doped regions
and three interacting pn junctions, PNPN devices, or thyristors, embody the next (and final)
increment in junction complexity. Thyristors, often large area devices packaged in metal
studs for opti heat dissipation, find ive use as high-power rectifiers and elec-
tronic switches. Although typical ratings are considerably lower, thyristors are available
with current ratings in excess of 5 kA and voltage ratings exceeding 10 kV. For the most
part, we concentrate herein on the best-known and leading member of the PNPN device
family, the silicon controlled rectifier (SCR). One section is devoted ta describing the
physical nature of the device and the rather interesting “negative resistance” or bistable

itching ck istics. A second i igates the internal operation of the device giving
rise to the switching characteristics. Practical details related to turn-on and turn-off are
considered in a third. The concluding section briefly surveys other members of the PNPN
device family.

13.1 SILICON CONTROLLED RECTIFIER (SCR)

The silicon controlled rectifier is pictured schematically in Fig. 13.1(a). The SCR contains
four alternately doped regions labeled P1 through N4 in the figure. J,,, J,,, and J,, identify
the P1-N2, N2-P3, and P3-N4 junctions, respectively. The outer P-region and the contact
to the region is called the anode (A); the outer N-region and the contact to the region is
called the cathode (K). The inner N- and P-regions are referred to as bases. The third device
terminal, the gate (G), is connected to the P3 base. We should interject that a similar two-
terminal PNPN device constructed without a gate lead is known as the PNPN diode or
Shockley diode. Note that V, is the voltage applied between the anode and cathode, /i
the current flowing into the anode, and / the current flowing into the gate.

The SCR is typically fabricated by starting with a properly thinned, lowly doped n-
type Si wafer (N ~ 5 X 10'3/cm?), the interior of which eventually becomes the N2 base.
Next, p-type dopant is diffused into the two sides of the wafer, yielding almost identical
1,5 and J,; junctions. Finally, n-type dopant is diffused into one side of the wafer forming
the heavily doped N4-cathode. The resulting doping profile is sketched in Fig. 13.1(b). As
might be inferred from the fabrication description, and as emphasized in Fig. 13.1(b), the
N2 and P3 base regions are of moderate electrical width. Unlike the wide-base diode where
the widths of the P- and N-regions are assumed 10 be much greater than a minority-carrier
diffusion length, or the BJT where the width of the base is routinely much less than a
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Figure 13.2 SCR characteristics and circuit symbol,

acteristic near V¢ = 0. Applying an 7, > 0 lowers the forward-bias blockin,

; / g voltage and
permits the device to enter the conducting mode at a lower applied Vax- Vg and Vg, it
.should be mt@. can be in the hundreds or even thousands of volts, while the voltage drop
in the conducting mode is routinely on the order of a voit.

13.2 SCR OPERATIONAL THEORY

We wish to explain the observed SCR characteristics. To simplify the initial considerations
letl;=0. Wi?h I = 0, the operation of the SCR is equivalent to that of the PNPN diodc:

The question arises as to how to begin the analysis. A reasonable approach would be
to start with the simplest possible model and sub: quently ider more sophisticated
modgls as required to obtain agreement with the observed characteristics, The simplest
pf)ss:ble model for the SCR would be three pn junction diodes in series as envisioned in
Fig. 13.3(a).

Work:ing with the diode model, we note that if V. < 0, the middle diode becomes
forward biased and may be replaced with a short circuit. This leads to the simplified model
of Fig. 13.3(b). Further observe from Fig. 13.1(b) that the doping on the lightly doped side
of (hF J34 junction is ~10'"/cm?, while the doping on the lightly doped side of the J
Junction is 510'#/cm?. The Jy, junction therefore breaks down at a relatively small V, l<2
0, and the SCR reverse-bias ch istic is predi to be basically the same as thAeKre-
Versc_-bias characteristic of the J, pn junction. In a similar manner, if Vak >0, the J, and
J 34 diodes become forward biased and may be replaced with short circuits, leading ;.:) the
simplified model of Fig. 13.3(c). Consequently, the forward-biased SCR characteristic is
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Figure 13.3 The diode model. (a) Arbitrary Vyy; (b) Vox < 0: (€) Vag > 0.

predicted (o be basically the same as the reverse-bias characteristic of the J,; diode. The
J,, diode dominating the Vi < 0 characteristic and the J,; diode dominating the V,, >
Och istic are in turn expected to have similar characteristics because of the almost
identical doping profiles of the two junctions. In other words, the SCR characteristic based
on the diode model is luded to be nearly sy ical about Vi = 0 and of the form
pictured in Fig. 13.4.

Although providing msughl and yneldmg the correct general form of both the reverse-
bias and forward-bias bl istics, the diode model fails to predict the forward-
bias switching ch istics. M 3 g to the diode model, Vyg is approxi-
mately equal to Vgg,» Which in turn is approx:ma(ely equal to the breakdown voltage of the
J,5 (or 1,5) junction. The J,, breakd voltage is d to be the smaller of the

Iax

. |

Figure 13.4 Predicted SCR characteristics based on the diode model.
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A

Vax>0

Figure 13.6 Use of the two-transistor model to describe the regenerative process that leads to
switching. E] Initial carrier injection. [2] Diffusion across the quasineutral base. @ Injected car-
riers enter the base of the other transistor. {4] Additional injection induced by the majority carrier
excess in the base.

carrier build-up about the J,, junction. However, with increasing V,y 2 significant carrier
build-up reduces the reverse bias and ultimately forward biases the J,; junction. (Remem-
ber, a pn junction is forward biased if a minority carrier concentration in excess of the
equilibrium value exists at the edges of the depletion region.) In terms of the two-transistor
model, the transistors become saturation biased. The SCR enters the low-impedance con-
ducting mode when all three junctions become forward biased.
The foregoing qualitative arguments outlined the internal process whereby the SCR
swnches but it was ralher vague about the critical switching voltage. Actually,
mploying the t istor model are necessary to pin down
the precise reqmrcmen! for switching. Let us again assume the SCR is in the blocking mode
with I = 0 and V, > 0. Being active-mode biased under the assumed conditions, the
transistors in the model can be approximately represented by the large signal equivalent
circuits shown in Figs. 13.7(a) and (b). These circuits follow from the Ebers—Moll equiva-
lent circuit of Fig. 11.3. When active mode biascd, the ag /5 current generator in the Ebers—
Moll circuit is neghgnble lF s g, and Ig = — Ip,. If the Fig. 13.7(a) and (b) equivalent
circuits are g to the arrang in Fig. 13.5, the result is Fig. 13.7(c).
In Fig. 13.7(c) subscript 1 is d with the pnp and subscript 2 with the npn
transistor. Equating the current flowing into and out of the E2 node in Fig. 13.7(c) yields

L = aydag + Igoy + @alag + Ia a3.n
or
B ,ROI + IROI {]3'2)

T =12 (a, + ay)

AT
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Figure13.5 Thet model. (a) Diagr ic and (b) cqy circuit

avalanche breakdown voltage and the punch-through voltage required to totally deplete the
Jowly doped N2 region. As it mms out, Lhc blocking voltages predicted by the diode model
are upper limits; the observ g voltages are invariably smaller.

The critical defect of the diode model is that it does not take into account the interac-
tion between the three junctions. An interaction must exist because the widths of the N2
and P3 base regions are comparable to the respective minority carrier diffusion lengths.
Correcting the defect, the interaction between junctions is taken into account in the fwo-
transistor modeL In the lwo—lmnsxstor modcl illustrated in Fig. 13.5, the SCR is conceptu-
ally subdivided into two i transi The P1-N2-P3 regions form a pnp
transistor and the N2—-P3-N4 regions form an npn transistor. The P1 region is identified
as the emitter of the pnp transistor, and the N4 region is taken to be the emitter of the npn
transistor. Shorting wires connect the regions that to the two Please
note for future reference that the BJTs in the model are intrinsically
Because the base widths are only comparable to the diffusion Iengths, the transpon factors
and therefore the gains will be considerably smaller than unity under normal operating
conditions.

Let us now use the two-transistor model to explain how the SCR manages to switch
from the high-impedance blocking mode to the low-impedance conducting mode. Fig-
ure 13.6 is included to assist in the discussion. Assume the SCR is in the blocking mode
with I = 0 and V,¢ > 0. With Vi > 0 both transistors are active-mode biased and
majority carriers from the P1 and N4 emitters are injected into the adjacent transistor bases
({1] in Fig. 13.6). A fraction of the injected carriers successfully diffuse across the base
region @ and enter the base of the other transistor E] Forming an excess of majority
carriers that cannot be shunted into an external terminal, the carriers coming from the other
transistor lead to an increase in the base-to-emitter injection, which in turn gives rise to
added emitter-to-base injection @ These added carriers follow the same path as the origi-
nally injected carriers leading to even more injection. Clearly the process feeds back on
itself or is regenerative.! At low applied V,y the process is stable and there is negligible

TExcept fm- the source of the m-)omy cnm:rs entering the base, the process described here is identical to the

process 11.2.4 10 explain the reduction in Vg, of a BJT compared (0 Vg,
PNPN DEVICES
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Figure 13.7 Simplified large-signal equivalent circuits for (;
; d a) an active-mode biased pnp transis-
l:,)r, (l;) gn active-mode biased npn transistor, and (c) an SCR in the blocking mode wnlhplcp— Oand
Ak > 0.

From Eq. (13.2) one infers that the critical swuchmg vo](agc is reached when
ey SCRAS stressed earlier, BJTs in the model are intri ly low-gain t
e is constructed so that @, + ar, < 1

mechanisms to be detailed shortly, a, ~l-l @, ,2 at Small e (‘)mliue e vane:/y o
Thus eventually a, + @, approaches unity and the SCR swltches into the conductmgcmode.

The mechanisms that cause @, + @, toincrease with increasing Vak were all described
in the BJT discussion. They include base-width modulation, an increase in the emitter ef-
ficiency, and carrier multiplication in the C-B junctions, In general, one can write

@y = Myar (13.3)
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where, reviewing previous definitions, ay is the base transport factor, y the emitter effi-
ciency, and M the carrier multiplication factor. When V,x > 0 and the SCR is in the
blocking mode, the J,; junction is reverse biased. Most of the depletion region about the
J,; junction extends into the lightly doped N2 base of the pnp transistor. Thus increasing
Vax causes considerable base-width modulation and a corresponding increase in a.. The
discussion on BJT “figures of merit” in Subsection 11.2.8 pointed out that recombination~
generation current reduces the BJT emitter efficiency at low injection levels. Increasing the
injection level, increasing V¢ in the SCR, is therefore also expected to increase the injec-
tion efficiency. Finally, if the increase in ay and y are insufficient to cause @, + a, to
approach unity, carrier multi ioninther biased J,; junction will ultimately trig-
ger the SCR. Obviously, as p sly asserted, the breakd voltage of the J,, junction
marks the upper limit of the forward-bias blocking voltage.

The only remaining experimental observation to be explained is the decrease in the
forward-bias blocking voitage with increasing /g > 0. The reason for the decrease may be
obvious to the reader in light of the previous discussion. Very simply, a positive gate current
into the P3 region causes majority carriers to be added to the base of the N2-P3-N4

istor. Injection from the N4 emitter is thereby ent dand the ive triggering
process becomes unstable at a lower V. Typically, only a few milliamps of gate current
are Y to turn on a multi-ampere anode current.

13.3 PRACTICAL TURN-ON/TURN-OFF CONSIDERATIONS
13.3.1 Circuit Operation

To provide a complete picture of SCR operation, it is useful to examine turn-on and turn-
off from an external or circuit point of view. Consider the device biasing configuration and
Vax > 0ch d load line shown in Fig. 13.8. We assume that

istics with superimp

(@) ®)

Flgure 13.8 (a) V,x > 0 SCR characteristics and superimposed load line. (b) Assumed device
biasing configuration.
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Figure 13.9 The SCR shorted-cathode configuration.

device characteristics. Historically, the first commercial venture seeking to fabricate and
sell PNPN diodes was a financial failure because the turn-on voltage could not be cc')n-
trolled within The n dard shom.d-cathodg conﬁgl.lra(!on
pictured in Fig. 13.9 was subsequently introduced to obtain reproducible switching
cteristics.
ChmThe key feature of the shorted-cathode configuration is the extension of the caf.hode
metallization over the P3 region. The extension adds an ohmic contact to the P} region at
a point remote from the gate. At low/, current levels, the P3/N4 shon_esser_mally c!lml-
nates injection from the N4 region, and the gain of the N2-P3-N4 transistor is effect:v;ly
zero. However, at higher current levels the lateral flow of current beneath the N4 region
creates a forward-bias P3-to-N4 voltage drop that increases from point A to pomg B' in
Fig. 13.9. When the potential at the point B reaches a critical value, ",0'7 V or so, signifi-
cant N4 to P3 injection takes place near the point B. In rapid succession, the 7, ax current
then increases, the injecting portion of N4 widens from the point B taw_a@ !h.e pqnn\ A and
the gain of the N2-P3-N4 transistor rises abruptly. Shortly thereafter, x.njccnon is umfc_nn
across the face of the N4 region, &, + a, = 1, and the SCR switches mw'lhe conciuclﬂg
mode. Note that the shorted-cathode ar makes it possible to OMn p
switching characteristics by simply controlling the resistance of the P3 region beneath the

cathode.

bl I

13.3.4 di/dtand dv/dtEffects

A large, short-duration /¢, pulse is sometimes used to minimize the time required to turn
on an SCR. However, if the gate current increases too rapidly in a shorted-cathode SCR.
the injection current across the P3—-N4 junction may rise to excessive levels near thf: gate
before the injection becomes uniform across the face of the cathode. T!le c.onccn(rauon of
current near the gate edge of the junction causes localized heating, which in turn can lead
to thermal device failure. The described failure mechanism is known as di/dr burnout.
Obviously, care must be taken to limit the di/dt of the turn-on pulse.

PNPN DEVICES

the SCR s initially biased in the blocking mode at the “off” point in part (a) of the figure.
One way o switch the device “on” is to increase the applied voltage Vaa- This causes a
parallel displacement of the load line in the direction of increasing Vax- When the load
line no longer i the blocking-mode ch: istic the SCR turns on. Alternatively,
with V,, as shown, / can be increased from zero until the high-impedance portion of the
Ig # 0 curve [corresponding, for example, to the /g, curve in Fig, 13.8(a)] no longer inter-
sects the load line. With no high-impedance intersection point, the device operation then
switches to the pictured “on” point. It should be noted that once the SCR “latches on”, the
gate current can be turned off and the SCR will remain in the conducting mode.

If being operated at the “on" point shown in Fig. 13.8(a), the SCR can be turned off
by decteasing V4. Once 7, is decreased below Iy, the low-impedance conducting mode
can no longer be maintained and the device reverts to the blocking mode. Theoretically, an
1 < 0or extracting gate current can also be used to turn off the SCR. However, the charge
ren}oval rate from Ehe gated P3 region must be faster than the charge entry rate into the
region. This necessitates a special device design to handle the relatively high gate currents.
Anlg= — 1.0 A, for example, would typically be required to turn off an I, = 100 A.
Devices specially designed to provide 1 turn-off are called GTO (gate turn-off) SCRs.

13.3.2 Additional Triggering Mechanisms

Thus far we have described triggering initiated by the electrical injection of majority car-
riers into the base regions of the SCR. The required carrier inj can also be achieved
by shining a sufficiently intense pulse of hv > E¢ light on the device. Provision must be
made of course to allow light penetration into a base region, usually the P3 region, of the
device. The greatest advantage of photo-triggering is that it permits complete electrical
isolation of the device input circuit. A specially fabricated SCR designed to accept a photo-
input is called a light-activated SCR (LASCR) or light-activated switch (LAS).

SCRs can also be turned on by i ing the device ing temp The for-
ward blocking voltage di with i ing temp Raising the operating tem-
perature therefore has the same effect as applying an Ig > 0. The temperature depex;ience
xlss g:lge strong, limiting the maximum operating temperature of SCRs to roughly 25—

Because of its extremely high gain [7 5 (on)/] (turn-on) ~ 104 = 106), the SCR is
suscep_tible to inadvertent switching due to noise pulses in the gate circuitry. This can be
:emet.i:edj at the expense of triggering sensitivity by using the shorted-cathode configuration

edin the next subsection. An p rise in the device temperature can likewise
lead u? d itching. Packaging of high-power devices in metal studs optimizes
heat dissipation and minimi: fi i

13.3.3 Shorted-Cathode Configuration

If consln{c!ed as described in Section 13.1, &, + a,, and hence Vae and the forward-bias
Chn_mctcnsucs in general, are extremely sensitive to the dopings and widths of the base
regions. Only a slight variation in these parameters leads to a significant variation in the
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The application of a pulsed anode-to-cathode voltage also gives rise 10 a significant
ient effect. Specifically, the SCR conducts ly; the forward-bias blocking
voltage is less if the anode voltage is applicd at a rapid rate. In fact, it is observed that the
reduction in the rise time of an applied voltage pulse leads to a systematic decrease in the
voltage required to turn on an SCR. Premature conduction likewise occurs under high-
frequency a.c. operation or if the device is exposed to a high-voitage noise spike. This
phenomenon is referred to as the dv/dt effect.

The dv/ds effect is directly related to the charging of the J,3 junction capacitance. The
depletion width about the J., junction widens as the anode-to-cathode voltage is increased
positively. The associated majority carrier current induces additional injection from the P1
and N4 emitters and thereby enhances the gains of the p transi: Thei d
gain for the duction. The greater dv/d, the greater the enhanced
gain, the greater the reduction in the blocking voltage.

13.3.5 Triggering Time

For a PNPN device to switch from the blocking mode to the d mode, it is first
necessary for carriers injected from the anode and cathode 1o cross the adjacent base. The
average time taken by minority carriers to diffuse across a quasineutral base region was
noted to be W2/2Dy in Chapter 12. If W, and W, are the respective quasineutral widths of
the N2 and P3 base regions, then the corresponding transit times across the regions are
) = W3/2Dp and 1, = W3}/2Dy. As a first-order approximation, the triggering time is
taken to be the geometrical mean of the two transit times:

- w2W3
fon = Vil2 = 55D
PYN

The important point to be derived from the 1, result is that the base widths should be
small for rapid switching. However, the smaller the base widths, the larger the component
transistor gains and the smaller the punch-through voltages. Smaller base widths are there-
fore expected to lower the blocking voltages and decrease the power-handling capability of
the device. Clearly, there is a trade-off between high-power handling capbility and rapid
switching.

(13.4)

e /Dicad

13.3.6 Switching Advantag

Bod'_n the SCR and BIT can function as eleetronic switches. Both the SCR and high-power
versions of the BJT are used in power-control applications. Derived in large part from the

9

preceding di ion and following Navonl6}, the comparative advantages and di

tages of the SCR are summarized below.

Advantages

(1) The SCR requires very little gate current to turn on very large anode-to-cathode
currents.

an
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(2) The SCR can block both polarities of an a.c. signal.
(3) The SCR has a very high blocking voltage capability combined with a low voltage drop
in the conducting mode.
(4) Unlike the BJT, the SCR is not subject to current crowding when operating in the
ducting mode under stcady-stat diti

Disadvantages

(1) Whereas elimination of the base current turns off the BJT, SCRs cannot be turned off
by setting /g = 0.

(2) SCRs cannot operate at high frequencies.

(3) SCRs are prone to turn on by noise voltage spikes.

(4) SCRs have a limited temperature range of operation.

13.4 OTHER PNPN DEVICES

There are a number of other PNPN devices sold commercially in addition to those alrcady
mentioned. We briefly survey four of the more common sm.Jcmrcs. ) _
A schematic representation of the dual-gate SCR or silicon controfled switch (SS:S') is
shown in Fig. 13.10. The SCS can be triggered by eith?r gate and offers gr?ter flexibility
to the circuit designer. Devices that exhibit a symmemc_al response to Posmve and nega-
tive applied voltages are said to be “bilateral.” The idealized cross section a\nd a.skelch of
the characteristics exhibited by a bilateral diode or DIAC are p_rcsemcd in Fig. 13.11.
Figure 13.12 displays the cross section and characteristics of the bilateral SCR or TRIAC.

o
aedr]
K
Figure 13.10 ic rep of the dual-gate SCR or sili switch (SCS).
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Figure 13.13 PUT( ble unijuncti i @8 {b) circuit ion to
simulate UJT istics; (¢} I-V of aPUT.

lead device with two ohmic contacts at the ends of a bar-like resistive region.‘A thi.rd lfnd
is connected to one side of a pn junction formed along the bar. The UJT exhibits switching
characteristics grossly similar to those of the SCR. As illustrated in Fig_. l3.1§(a).‘ the pro-
ble unijuncti istor is actually an anode-gated PNPN device. Differing from
a conventional SCR, the gate contact in a PUT is made to the N2 base insteac:l of the P3
base. When connected as shown in Fig. 13.13(b), the PUT is functionally eqmv.jile_nt t0a
UIT, yielding ch istics like those hed in Fig. 13.13(c). The cha'ra.ctcn.stlcs can
be modified by simply changing the external R, and R, resistors, thereby giving rise to the
*‘programmability” of the structure.
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Figure 13.11  The DIAC (Diode AC). (a) Idealized cross section and (b) general form of the device
characteristics.

Ia
Al
P 0
N/
N ?é — "
P 5 e :
.
A2
@ ®

Figure 13.12 The TRIAC (Triode AC). (a) Idealized cross section and {(b) general form of the
device characteristics.

As is obvious from its cross section, the DIAC is just an integrated version of two oppo-
sitely oriented PNPN diodes connected in parallel. Similarly, the TRIAC functions as two
oppositely oriented SCRs connected in parallel. The bilateral devices are especially suited
for use in a.c. power-control applications.

Lastly, there is the so-called p
its name, the PUT is not a it

(PUT). Contrary to
! A unijuncti istor (UJT) is a three-

14 MS Contacts and
Schottky Diodes

The metal-semiconductor (MS) contact plays a very important role of one kind or another
in all solid-state devices. When in the form of a non-rectifying or ohmic contact, it is the
critical link between the semiconductor and the outside world. The rectifying MS contact,
referred to as the Schottky diode or the MS diode, is found in a number of device structures
and is an important device in its own right. Physically and functionally, there are close
similaritics between the MS diode and the asymmetrical (p*-n or n*-p) step junction
diode. Indeed, a large portion of the pn diode analysis can be applied directly to the MS
diode with only minor modifications.

We initiate the MS analysis by establishing the equilibrium energy band diagram for
an ideal contact. With the aid of the diagram, one can readily distinguish between rectifying
and ohmic contacts. The next section treats the electrostatics, /~V characteristics, a.c. re-
sponse, and transient response of the Schottky diode. The chapter concludes with a presen-
tation of select practical information about MS contacts.

14.1 IDEAL MS CONTACTS

An ideal MS contact has the following properties: (1) The metal and semiconductor are
assumed to be in intimate contact on an atomic scale, with no layers of any type (such as
an oxide) between the components. (2) There is no interdiffusion or intermixing of the
metal and semiconductor. (3) There are no adsorbed impurities or surface charges at the
MS interface.

The initial ask at hand is to construct the energy band diagram appropriate for an ideal
MS contact under equilibrium conditi The surface-included energy band diagrams for
the individual, electrically isolated metal and semiconductor components are pictured in
Fig. 14.1. Flat band (zero field) conditions are d to exist th the semicon-
ductor. In both diagrams the vertical line where the encrgy bands are abruptly terminated
is meant to represent a surface. The cross-hatching on the diagrams identifies allowed states
that are nearly completely filled with electrons.

Several key and energy diffe are readily introduced with the aid of
Fig. 14.1. The ledge at the top of the vertical line denotes the minimum energy an electron
must possess to completely free itself from the material and is called the vacuum level, E,.
The energy difference between the vacuum level and the Fermi energy is known as the
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Metal Semiconductor

Figure 14.1 Surface-included cnergy band diagrams for a metal (left) and n-type semiconductor
(right).

workfunction () of the material. The metal workfunction, @4, is an invariant NMen-
tal property of the specified metal. The value of ¥, ranges from 3.66 eV for magnesium

10 5.15 eV for nickel. The semi work Py, is posed of two distinct
parts; that is

D = x + (E. = Ep)pp aa.n

The electron affinity, ¥ = (Eq ~ E_)| jyefacer is an invariant fundamental property of the
specified semitf:d’:c&\;r. X =o4.0 e\Z 4103 ¢V, and 4.07 eV for Ge, Si, and GaAs, respec-
tively. Conversely, (E, — Eg)gg, the energy difference between E, and Ey 'Imder flat band
or zero field conditi isa p function of the icond! .dopmg.

Suppose now the P, > ®g metal and n-type semiconductor of F{g. 1.4.1 are lm:vugh\
together to form an ideal MS contact. Let us assume the contact formation is accomplished
almost i ly so that there is negligible electron transfer between the components b
during the contacting process. If this be the case, then an instant after ttormau‘on the energy
band diagram for the contact will be as pictured in Fig. 14.2(a). In this figure the lst_)la!ed
energy band diagrams are vertically aligned to the common E, reference level and'mmply &
abutted at the mutual interface. It should be emphasized that ®,, and y are material con-
stants and remain unaffected by the contacting process. . . .

Since Epg # Epy, the MS contact characterized by Fig. 14.2@ is obviously not in '
equilibrium. Under equilibrium conditions the Fermi level in 2 ma!ennlpr a group of ma-
terials in intimate contact must be invariant with position (see Subsecu?n 3‘2._4)‘ Conse-
quently, a short time after the conceptual contact formation, el.eclmns _wnll begin transfer-
ring from the semiconductor to the metal given the situation plctun.:d in F!g. 14.2(a). The
net loss of el from the semicond creates a surface dep region mfi a grow-

ing barrier to electron transfer from the semiconductor to the metal. This will co_ntmue untit
the transfer rate across the interface is the same in both directions and Eg is the same
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Figure 14.2 Energy band diagrams for ideal MS contacts between a metal and an n-type semicon-
ductor: dy, > dg system (a) an instant after contact formation and (b) under equilibrium conditions;
Dy < g system (c) an instant after contact formation and (d) under equilibrium conditions.

throughout the structure. The net result, the equilibrium energy band diagram for an ideal
Py > bg metal to n-type semiconductor contact, is shown in Fig. 14.2(b). In drawing this
figure, extraneous lines such as the E, reference level and the portion of the vertical surface
line above £, have been removed. Also note that

Dy = by ~ x - . . ideal MS(n-type) contact (14.2)
where &y, is the surface potential-energy barrier encountered by electrons with E =‘E.,- in

the metal. Finally, if the entire argument is repeated for a metal and n-type semiconductor
where @, < P, one obtains the equilibrium energy band diagram shown in Fig. 14.2(d).
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1 Let us next qualitatively examine the effect of biasing the two MS structures in

v - n-type Fig. 14.2. As specified in Fig. 14.3(a), the semiconductor is taken to be grounded and 'A
A : Metal] semiconductor | == applied to the metal. The current / is defined to be positive when current flows from the
metal to the semiconductor.
(@) Consider first the ¢, > @ MS contact. Applying a Vi > 0as in Fig. 14.3(b) lowers
Epy below Egg, reduces the barrier seen by el in the semicond; and theref
permits a net flow of el from the semi to the metal. ing V, leads to
arapidly rising forward bias current, since an p ially i ing number of ¢l

y
from the semiconductor are able to surmount the surface barrier. On the other hand, apply-
ing a V, < 0 raises Ep, above Exg as pictured in Fig. 14.3(c). This all but blocks the flow
of from the semi to the metal. Some electrons in the metal will be able
to surmount the %y barrier, but the associated reverse-bias current should be relatively
small. Moreover, since @ is ideally the same for all reverse biases, the reverse current is
expected to remain constant after the reverse bias exceeds a few T/g volis. Clearly, we
have just described rectifying characteristics similar to that displayed by a pn junction
diode. The ideal-#-type semiconductor to metal contact where Py > Pg is identified as an
MS diode.

The response to an applied bias is considerably different for the @,y < s MS contact.
There is no barrier of any kind in the Fig. 14.2(d) structure for electron flow from the
semiconductor to the metal. Thus even a small Vi > 0 gives rise 0 a large forward bias
current. Under reverse biasing there is a small barrier for electron flow from the metal to
the semiconductor, but the barrier essentially vanishes if the reverse bias exceeds a few
tenths of a volt. Large reverse currents are expected at relatively small reverse biases,
and the reverse current definitely does not saturate. The behavior here is obviously non-
rectifying or ohmic-like.

The overall conclusion is that an ideal MS contact formed from 2 metal and an n-type
semiconductor will be a rectifying contact if Py > g and an ohmic-like contact if oy <
®g. Paralle! arguments applicd to an ideal MS contact formed from a metal and a p-type
o icond lead to the lusion that the contact will be rectifying if ®yy < ®g and
= f ohmic-like if @, > ®g. These conclusions are summarized in Table 14.1. It should be re-

i

emphasized that all results and conclusions in this section are contingent upon the MS
contact being ideal. Required modifications imposed by the often nonideal nature of real
MS contacts are discussed in Section 14.3.

Va 2 Table 14.1_ Electrical Nature of Ideal MS Contacts.
i n-type p-type
" kY i d Q, i s

@

Dy, > D, Rectifying Ohmic
s

Figure 14.3 Response of the t‘i>M > &g (n-type) MS contact to an applied dc bias. (a) Definition o
of current and voltage polaritics. (b) Energy band diagram and carrier activity when Vo> 0 v By, < D, Ohmic Recifying
(¢) Encrgy band diagram and carrier activity when V,, < 0. (d) Deduced general form of the /-V
characteristics,
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semiconductor. The By, < d contact is obviously rectifying. For the b,, > %
Exercise 14.1 contact, there is no barrier to hole flow from the semiconductor to the metal. More-
— | ‘ate f ideal pt over, the small barrier to hole flow from the metal to the semiconductor vanishes if
P: () Construct the equilibrium encrgy band diagram appropriate for an ideal p-type Epy, is moved only slightly downward relative to Erg. The ®,, > P contact is
semiconductor to metal contact where by, < ®g. concluded to be ohmic-like, thereby completing the required verification.
(b) Repeat part (a) when &y, > &, ) (@ Since
(c) Verify that an ideal MS contact formed from a metal and a p-type semiconductor
will be rectifying if ®y < ®g and ohmic-like if Py, > b Elinertace — Epy = Dy - x
(d) Establish an expression for the barrier height, ®y = Egy — E, i cisce» OF the i follows that
rectifying p-type contact. it follows thal
S: (a)/(b) The “prescription” for drawing the equilibrium energy band diagmm es- Py = Epy - Eolinertoce = (E. — E\) = ( E tinerte. — Er)
tablished in the text can be summarized as follows: (i) Draw the snrface-mclud.ed
energy band di: for the individual p (i) Vertically align the dia- or
on E, reference Jevel, and join the diagrams at the mutual inter-
é’:é"s(.‘..")'&f.&i':f" hangi the interfacial positioning of the semicond bands, Py =Eg+x ~ @, ...ideal MS(p-type) contact
move the field-free semiconductor bulk (the region far from the interface) up or down
until Eg is constant everywhere. (iv) Appropriately connect up the lf". E,and E, at
the interface with the field-free positioning of the bands in the semiconductor butk.
v) Eliminate extraneous lines. . i
© Following the cited prescription one obtains the equilibrium energy band dia- 14.2 SCHOTTKY DIODE
grams shown below. Having established the basic nature of the rectifying MS contact, we undertake here a more
quantitative analysis of the Schottky (MS) diode. Following the usual outline, the analysis
; -Semiconductor includes a survey of the d.c., a.c., and ient ch istics preceded by an inati
Metal  p-Semiconductor Metal  ~ p-Semicon of the device electrostatics. Strong parallels with the pn junction diode permit a relatively
densed p ion. Throughout the di ion we take the semiconductor to be n-type
and uniformly doped. The assumed current and applied voltage polarities are as specified
in Fig. 14.3(a).
14.2.1 Electrostatics
(a) Dy < Ds (b) Dy > D Bulit-In Voltage
. Like in the pn junction diode, there is a voltage drop or built-in voltage across the MS
be ined to determine whether the given MS con diodel under equilibrium conditions. Referring to Fig. 14.4(a), the built-in voltage (V) is
) Holc flow under bias must be examined to determin: v " readily deduced to be
fazts are rectifying or ohmic. Empty electronic states in the metal, which decrease
exponentially with energy below the Fermi level, can be thought of as ho!es for the
purpose of the discussion. For the @, < ¥ contact, there is clearly a barrier to h(?le
flow in both directions under equilibrium conditions. Moving Ep, upward relative @ - (E, - Eppy (14.3)
to Eyg reduces the barrier to hole flow from the semiconduclc{r to lhc‘: m.ctal. Th::
resulting § — M hole current is exp d to increase fsh i y ;vxth erease
aration between Eqy and Eg. Reversing the bias blocks hole flow from the semi- . .
Z?:nductor to the metzrlb.dlez\vin;s only a saturating hole current from the metal to the where as previously noted @ = &, — x for an ideal MS(n-type) contact.
MS CONTACTS AND SCHOTTKY DIODES 485
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2% and vV

A further examination of Fig, 14.4(a) reveals there is a depletion of electrons in the semj-
d dj to the MS interface. C y analog to the pn junction diode, the

i
g; F G~ Eom
E;

with a net positive charge arising from the donors in the depleted region. Unlike the pn
junction, however, there is no negative p-side acceptor charge to balance the positive n-
side donor charge. Rather, an ially 8-function of ive charge (extra electrons)
piles up in the metal immediately adjacent to the interface. The charge density inside the
structure is therefore concluded 10 be roughly as pictured in Fig. 14.4(b). Formally invok-
ing the depletion approximation, we can write

p .
Vo (14.42)
] x
W (14.4b)
l = &fungu'onhof
negative charge = Note that x, can be equated to the depletion width W, since the depletion region is totally
. % ined inside the semi 4
b o Given the 8-function nature of the charge on the metal side of the interface, it auto-
matically follows that € = 0 and V = constant inside the metal, Consequently, no further
€ consideration need be given to the metal.
w On the semiconductor side of the MS contact, the electric field and charge density are
9 x related through Poisson’s equation (Eq. 5.2); namely,
a% P 9No
—_ = = O0=x=w ..
& " Kooy = Ko 0=x (14.5)
) i Separating variables and integrating Eq. (14.5) from an arbitrary point x in the depletion
region to x = W where € = 0, we obtain
0 w
N |
I dg’ =j Lo gy (14.6)
) = Kse,

(14.7)

Figure 14.4 Electrostatic variables in an MS (n-lype) diode under equilibrium oopdi(ions.
(a) Equilibrium energy band diagram. (b)-(d) Charge density, electric field, and electrostatic poten-
tial as a function of position.

Plotted in Fig. 14.4(c), the Eq. (14.7) result is identical to the Eq. (5.21) solution for the
@-field on the n-side of a p*-n step junction if x, is equated to W,
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We next note

Seeking the solution for the el icp ial in the

dv gN,
—=-%=2wWw-x ...0sxs W 14.8
P Kee ( ) (14.8)
Once again separating variables and integrating from an arbitrary point x in the depletion
region to x = W where the potential is arbitrarily set equal to zcro, we obtain

0 W qN
f av' = f L (w ~ xyax (14.9)
vie x Kseg

v = - e os=xsw (14.10)
2Kgg,

Al first glance the solution for V(x) would appear to differ from that in the pn junction
analysis. Actually, the solutions are totally equivalent. In treating the pn junction, the po-
tential was set equal to zero on the far p-side of the junction; an MS diode solution of
precisely the same form would result if the metal were the V = 0 reference. With the
analysis focusing on a single d region as in the MS diode, however, the
surface-side edge of the d bulk is the preferred reft point.

Under equilibrium conditions the potential drop across the depletion regionis V,;, V =
—V,; at x = 0, and the V(x) versus x dependence is as sketched in Fig. 14.4(d). If V,, # 0,
then V,, = W, = V,and V= —(V,, — V,) at x = 0. The simple V,; = Voi = Va
replacement assumes of course that the back contact to the diode is ochmic and that the /R
Ppotential drop across the d bulk is negligibl

Depletion Width
Since V(0) = ~(V,, — V,), evaluating Eq. (14.10) at x = 0 gives

_ = _ _ _aNp -
Vo= V)= = 2w (1411

Thus, identical to the situation in a p*-n step junction,

n
2K,
W= [_jv? Vi — VA)] (14.12)
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- Negligible

-—

Erp

(a) p*-n junction diode

Dominant
=/

T T oW 'EVA)
®g B
~Er
o E,
——t—>x
0 W
(b) MS diode
Flgure 14.5 Negligible and dominant current in a fi d-biased (a) p*-n junction

diode and (b) MS diode.

observed current, The reverse-bias hole diffusion current and the R~G current associated
with carrier generation in the depletion region are typically nrlcglligible. Reﬂec.tmg the ﬁ_lct
that minority carriers in the semiconductor normally play an mfngmﬁcant fole'gn fictcm\:.n-
ing the /-V and other characteristics, the MS diode is often said to be a “majority carrier
dew?l;e current resulting from majority carrier electron or hole injection over the pmc'ntial
barrier in an MS diode is referred to as the thermionic emission current. To esta.bllsh a
quanititative expression for the thermionic emission current, we treat an n-type device anfi
focus initially on elect from the semicond into the metal. Thc x-coordi-
nate is assumed to be normal to the MS interface and directed into the semiconductor as
shown in Fig. 14.5(b).

Considcgr an :](c:zu'on entering the depletion region from the semiconductor bu_lk_. The
electron is capable of surmounting the surface barrier and crossing into the metal if it has
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Exerclse 14.2

P: Copper is deposited on a carefully prepared n-type silicon substra

! P 3 te to form an

;;l:al Schottky diode. Dy =4.65eV, y = 4.03 eV, Np = 10'/cm?, and T = 300 K
termine .

(a) Dg,
(b) Vi
(c) Wif V, =0, and
() 1Bl iV, = 0.

S: (@) Py =Dy — y = 0.62eV
E,
OV ~ Eppy =8 - 47 |n<’%'2) = 0.56 — (0.0259) ln(%::) =020ev
i

1
Vei =32 [®y = (E, ~ Ep)eg) = 042V

2Ke, i _ n
O we[Hsea _[@a18)885 x 10-1)
¢ [ vy e V*)] [ (16 x 10-myi01 @42

=0.234 um

W=(l.6 X _10-19)(10%6)(2.3¢ x 10-5)

@D (Bl = [#1m] =
@) [l rex = [Biymo] (11.8)(8.85 X 10-14)

No
Kge,

‘=359 X 10 V/em

14.2.2 |-V Characteristics

.W!wrcas the MS diode electrostatics and the general shape of the MS diode 1-V character-
lS(l(.:S are very similar to those of a pn junction diode, the details of the d.c. current flow are
decidedly different. Ina p*+-n diode, as reviewed in Fig. 14.5(a), the dominant components
of the current typically arise from ination in the depleti region under small for-
w_nrd biases and hole injection from the p* 1o the n-side of the diode under larger forward
biases. The electron injection from the lighter doped # to the p*-side is always negligible.
In an MS(n-type) diode, as pictured in Fig. 14.5(b), the ination and hole-injection
currents still exist. However, because of the relatively low potential barrier seen by elec-
l_rons in the icondi , electron injection from the icond into the metal rou-
tinely dominates the observed current. Stated another way, the electron injection leads to a
very large forward bias current before the recombination and diffusion (hole-injection)
currents become important. The situation under reverse bias is similar. Electron flow from
the metal to the semi as previously pit din Fig. 14.3(c) totally dominates the

MS CONTACTS AND SCHOTTKY DIODES

a v, velocity directed toward the interface such that

i
KE, = > m¥vi = gV - V) (14.13)
or
Zq "
fol = vy, = [F Vs — A):’ (14.14)
b
Suppose there are n(v,) el fem? in the semicond; bulk with a negatively directed

vy sufficient to surmount the barrier. Paralleling the drift current derivation in Subsec-
tion 3.1.2, the current associated with this set of electrons will be

Ise-mu, = —qAV () (14.15)

overall el in the cond|
ing the barrier then gives

band with v, velocities capable of surmount-

~Vmia
Isow = —aA f__ v (v dv, (14.16)
For a nondegenerate semiconductor it can be shown that!!7
4mkTm*? .
nw,) = (h—’) e(Ep - EVKT g ~ (m3n2kTW? (14.17)

Sl\:bsAtitu!ing Eq. (14.17) into Eq. (14.16), integrating, and simplifying the result, one
obtains

Igguyy = ASI*T2e=PuATgqvptr (14.18)
where
my
o* = (;;)m (14.19)
and
4mqmyk?
o= % = 120 amps/(cm? - K2) (14.20)

The constant & was introduced in a related analysis of electron emission from metals and
has since become known as Richardson's constant.
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Electrons crossing the interface in the opposite direction from the metal into the semi-
conductor always see the same potential barrier, ®5. Consequently,
Ine-s(Va) = Tye-s(Va=0) (14.21)

Moreover, under equilibrium conditions the Me—$ and Se—M currents across the barricr
must precisely balance, or

Iess(VA=0) = =l y(VoA=0) = — Asd*T2e-SoliT (14.22)°
The tota) current at an arbitrary V, is of course given by
1= Isqum + Iyas = Ise-m t Ine-s(Va=0) - (14.23)
Combining Egs. (14.18) and (14.22), we therefore conclude
1= I(e3W4T — 1) (14.24)
1, = At T2e=SolT (14.25)

The Eq. (14.24)/(14.25) result is clearly the MS diode version of the ideal diode equa-
tion. For forward biases greater than a few k7/g volts, the exponential term in Eq. (14.24)
dominates and 7 — /_ exp(qV,/kT). For reverse biases greater than a few k7/q volts, the

p ial term ligible and the current is predicted to saturate at / = —~J,,
As formulated, the theory implies / would remain constant at — /, for reverse biases of
unlimited magnitude.

Representative experimental I~V characteristics derived from a MBR040 MS diode
are displayed in Fig. 14.6. For forward biases of V, < 0.35 V, experiment (the solid line
curve in Fig. 14.6a) and theory are in almost perfect agreement. Over the range 0.1 V =
V4 = 0.35 V the slope of the forward bias semilog plot is very close to ¢/kT. Like in the
pn junction diode, the decrease in slope at larger forward biases is typically caused by an
appreciable voltage drop across the bulk series resistance.

Turning to the reverse-bias characteristic in Fig. 14.6(b), we note two significant de-
viations from the ideal. First, as should have been d, and again paralleling the pn
junction diode, a breakd: ph limits the i of the reverse
bias voltage. In the absence of edge effects, the expected Vgg due to avalanching in an MS
diode is ially id 1 to that of an equivalently doped p*-n or n*-p diode. Second,
the reverse-bias current does not saturate. Differing from the pn junction diode, the ob-
served behavior here cannot be attributed to the bination—g ion current. Rather,
the systematic increase in the magnitude of the reverse-bias current is primarily the result
of a ph known as Schottky barrier I ing. ®y is not a bias-independent con-
stant as assumed in the ideal theory, but decreases slightly with reverse biases of increasing
magnitude. Specifically,

Dy = Bgy — AD, (14.26)

BJTs AND OTHER JUNCTION DEVICES

Wwhere ®g, is the barrier height when 6 = 0 at the MS interface and

al%sl "

- _——s

ADy = 4[4 Ks%] (14.27)
%5, the electric field at the d surface, is d using the previously estab-

lished electrostatic relationships. Since I, varies as exp(—®g/kT), even a small decrease
in g, gives rise to a readily noticeable increase in the magnitude of the reverse-bias current,.
We should point out that, at reverse biases approaching — Vg, avalanct Itiplicati
may play a role in enhancing the observed current.

Finally, a comment is in order concerning the dashed lines in Fig, 14.6(a) labeled Towr
and /p_. These are theoretical estimates of the diffusion current and recombination current
flowing in the given diode. As previously indicated, the /p, - and /p_o components are seen
to be totally negligible compared to the observed thermionic emission current.

(C) Exercise 14.3

P: Assume the 0.1 V = V, = 0.35 V portion of the forward-bias characteristic in
Fig. 14.6(a) can be modeled by an equation of the form

1= I,ea'amit

where /, and n, are constants. According to Eq. (14.24), the “ideality factor,” n,,
should be equal to unity but is usually determined to be slightly greater than unity.
Employing the point-by-point data provided in the table below, perform a least
squares fit to determinc the values of /, and n, that yield an optimum match 10 the
given MS diode characteristics.

V, (volts) 1 (amps)
0.10 4.047 X 10-7
0.15 2792 x 10-¢
0.20 1.890 X 10-%
0.25 1.263 X 10~4
0.30 8.084 X 10-4
0.35 4487 x 103

§: In logarithmic form the fit equation becomes

In(J) = In(,) + —I % Va
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Figure 14.§ Measured /-V characteristics derived from a MBRO40 MS diode: (a) forward bias;
(i?) reverse bias. The dashed lines in (a) are theoretical estimates of the diffusion (upp) and recum-‘
bmafxon-genemtion Ug.g) currents flowing in the diode. The experimental data were obtained em-
ploying an HP4145B Semiconductor Parameter Analyzer.
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Associating V,, Wi!}'l xand In(/) with y, the MATLAB polyfit function can be used
to perform the required least squares fit to the experimental data. The best fit values

derived from the program listed below are [, = 1.03]and [7,= 102 X 10~ amps).
MATLAB program script...

%Least-Squares fit to MS diode I-V data
Bin(D=In(Is)+qVA/nIkT

1=[4.047¢-7 2.792¢-6 1.890e-5 1.263¢4 8.084¢-4 4.487e-3];
VA=[0.1 0.15 0.2 0.25 03 0.35]; '
y=log(D):;
c=polyfit(VA,y,1);
slope=c(1);

format compact
n1=1/(0.0259*slope)
Is=exp(c(2))

%least squares fit function; c(1)=slope, c(2)=In(Is)

%kT/q=0.0259V

14.2.3 a.c. Response

A §mall a.c. signal superimposed on a d.c. reverse bias ives rise 10 a charg i
lpslfie the diode as pictured in Fig. 14.7. A variation in thge depletion width aglfol?!u :;m::::
hbn_um Yalue and the associated change in charge inside the semiconductor balance fluc-
tuations in the 8-function of charge at the MS interface. Majority carriers move rapidly in
and out of the semiconductor to facilitate the variation in the depletion width. Withy!he
charg.c fluctuation taking place along two planes d by a di 4 I.he“ ibed
a.. situation is physically identical to what insi ) i
One can thomtr i b§ ot takes place inside a parallel plate capacitor.

= Kseod

4 W (14.28)

or, making use of Eq. (14.12),

c= KseoA
“s\zx : T (14.29)
=20 (Ve ~ V)
an bi A

for a uniformly doped n-type semiconductor. Also not i
¢ 8 e for future reference that if
sides of Eq. (14.29) are inverted and then squared, one obtains ot

1 2
Yo i “qNDKsEoA’ Ve ~ V) (14.30)
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Figure 14.7 Charge Auctuations inside an MS (n-type) diode in response to an applied a.c. signal.
Ju,} € Vi = V.

Reverse bias C-V data derived from a commercial MBR0O40 MS diode are. presented
in Fig. 14.8(a). The data were obtained using the set-up p y ds-
scribed in Sub 723 and Ily pictured in Fig. 7.6. Vamm'on of the caPac:;
tance with the applied d.c. bias is g lly as expecte f‘ n i Wl:l ;h;;w;r ed |
1/\/Vy, = V, dependence, the capaci y y :
slcwerbime as:he reverse bias is increased in magnitude. Figure 14.8(b) provides a more
detailed verification of the theory. The 1/C2 versus V,, plot of the experimental data exhib-
its a nearly straight line dependence in agreement with Eq. (14.?0). l"er Eq. (14.30) the

icond! doping could be deduced from the slope of the slr.al'ghl line fitted to the plg\
points and Vy; from the polated 1/C? = 0 i In addition, once both the semi-
conductor doping and V,, are known, @ can be compuled. employing Eq. (14.3). .

Although the reverse bias behavior is ially id 1 to that ofan asymme ically
doped pn junction diode, the forward bias a.c. response of the MS_ dxodf’, is sxgmﬁfaptly
different. In the MS diode the diffusion component of the current is zypxcally'negllglble.
Thus there is very little minority carrier injection and storage within the semlcondu?tor.
Since it is stored minority carriers that give rise to the diffusion admittance, t(w MS diode
does not exhibit a diffusion capacitance or diffusion conductance. There is of course
a forward-bias depleti gi paci ap i farge parallel co_ndu.ctance

G = dl/dV,, and a bulk series resistance (Rs) that must be included under certain circum-
stances. However, even at a.c. fi ies routinely approaching or into the GHz range, C

and G remain frequency independent.
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Exercise 14.4

]

P: Working directly with the plotted data in Fig. 14:8(1:). estimate the ng;rier l;eight
(®y) inside the MS diode. Assume an a-type device, A = 1.5 X 1073 cm?, and
room temperature operation.

S: From the extrapolated 1/C? intercept of the straight line drawn through the plot
points, we roughly estimate

Vy =06V
The slope of the straight line is approximately

- 2
slope = — u_;ﬂ— = —55 X 10®/F2-V

10.3 + 0.6
and therefore
No=—— 2
P 7 gKseqA?|slope]
2

= (1.6 X 10-19)(11.8)(8.85 X 10~™)(1.5 X 1073)*(5.5 X 10%)

= 9.7 X 10'%/cm?

Noting h
E, N, 9.7 X 10%
(E, — Epp = 422 - kT ln(f) =056 — 0.0259 ln(——wm
=020 eV

we conclude, making use of Eq. (14.3),

@y = gV + (E, — Egden = 06 + 02 = 08 eV

14.2.4 Transient Response

A very rapid transient response is the most distinctive characteristic of the MS diode. In pn
junction devices the excess minority carriers stored in the quasineutral regions of "'e. semi-
conductor must be removed before the device can be switched from the forward-bias on-
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Figure 14.8 (a) Sample C-V data derived from a MBRO40 MS diode. (b} 1/C? versus V,, plot
constructed from the experimental C-V data. [Note: To correct for the encapsulation-related stray
capacitance shunting the MS diode, 3.4 pF was sub d from all i values
before constructing the part (b) plot.|
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Figure 14.9 Schematic circuit representation of a Schottky-diode-clamped npn BJT.

state to the reverse-bias off-state. In an MS diode there is very little minority carrier injec-
tion and storage within the semiconductor because the diffusion component of the current
is typically negligible. The reverse recovery time of commercial MS diodes is routinely
only a few nanoseconds. The MS diode response time can in fact be limited, not by the
stored charge, but by the internal RC time constant associated with the junction capacitance
and the bulk series resistance. Small area devices, sometimes called kot carrier diodes,
are ially prod with a i C s 1 pF and sub-nanosecond response
times.

As first noted in the Chapter 12 di of the BIT the MS diode
has been used to speed up the BJT turn-off transient. The arrangement initially pictured in
Fig. 12.7(a) and shown again in Fig. 14.9, an arrangement where an MS (Schottky) diode
is connected between the base and collector of a BIT, is referred to as a Schottky diode
clamp. Basically, when the transistor enters the saturation mode during the turn-on transient
(vgg > 0 and vye > 0), the MS diode begins to conduct and “clamps” the C~B junction
at a relatively low forward bias. In other words, use is made of the fact that the MS diode
conducts at a lower forward bias than a pn junction. Since the C-B junction is held at a
relatively low voltage, there is minimal charge storage in the BJT. With less charge to be
removed from the BJT and very little charge stored in the Schottky diode, the turn-off time
is thereby significantly reduced.

14.3 PRACTICAL CONTACT CONSIDERATIONS
14.3.1 Rectifying Contacts

At the beginning of the chapter, an MS contact was defined to be ideal if the metal and

icond were in inti contact on an atomic scale, there was no intermixing of
components, and there were no adsorbed impurities or surface charges at the MS interface.
Unfortunately, even though great progress has been made in recent years toward achieving
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the ideal MS contact, real MS structures invariably turn out to be nonideal. Silicon devices,
for example, are likely 1o contain a thin (5 A-25 A) oxide layer between the metal arid
semiconductor. A native oxide layer forms almost instantly when Si is exposed to the at-

here. Arsenic precipitates are believed to form on GaAs surfaces. Allowed electronic
states that charge and discharge are known to exist on essentially all semiconductor sur-
faces. In cxtreme cases, the cited nonidealities can lead to an ill-functioning or non-
functioning MS diode. The minimized nonidealities in modern-day structures, however,
primarily affect the &, barrier height characterizing the contact.

Contrary to Eq. (14.2), ® # &, — y in most real n-type diodes. A similar statement -
can be made for p-type diodes. In Si, GaAs, and the ity of other semicondt s,
surface charges tend to fix or “pin” the equilibrium Fermi level at a specific energy within
the sutface band gap. Because of this pinning effect, the observed barrier height normalty
varies only slightly with the metal used to fabricate the diode. Regardless of the metal
emplayed in forming a GaAs MS diode, for example, &y = 2Eg/3 = 0.95 eV for n-type
devices and g = Egf3 = 0.47 eV for p-type devices. Since @, cannot be predicted from
a prior knowledge of ¥y, and y, measurements must be performed to accurately dermine
&y, for a given MS system and fabrication procedure. An C-V based approach similar to
that outlined in Exercise 14.4 is one of the more popular measurement techniques. It should
be emphasized that the formalism developed in the previous section still applies provided
one employs the measured Py, in all relevant expressions.

14.3.2 Ohmic Contacts

Metal-semiconductor contacts that have a low impedance regardless of the biasing po-
larity are an essential part of just about every modern device structure. Although metal-
semiconductor combinations where ®,, < ®(n-type) and &y, > Ps(p-type)ideally yield
ohmic contacts, it follows from the barrier height in the preceding subsecti
that the noted metal-semicond binations could produce rectifying contacts inw
practice. As a case in point, because the surface Fermi level tends to be pinned at
E, ~ 2E¢/3 in GaAs, the deposition of any metal on n-type GaAs forms a barrier-type
contact. It is reasonable then to ask, “How are ohmic contacts achieved in practice?”
Ohmic contacts are usually produced in practice by heavily doping the surface region
of the semiconductor immediately beneath the contact. In Si processing, for example, an
n* on n region as shown in Fig. 14.10(a) would be created prior to deposition of the metal.
The reason this p leads to a low-imped: contact can be explained with the aid
of Fig. 14.10(b). The equilibrium barrier height is to first order unaffected by an increase

in the semiconductor doping. However. the depletion width, and hence the width of the

barrier, y with i d doping. When the semicon-
ductor doping exceeds ~1017/cm?, significant tunneling can take place through the thin
upper portion of the barrier. For dopings exceeding ~10'%/cm3, the entire barrier bec?mes
50 narrow that even low energy majority carriers can readily tran 0n:.

ductor and metal via the winneling process. In other words, although the barrier exists, it

effectively becomes transparent to carrier flow when the contact is formed on a heavily
doped semiconductor.
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Figure 14.11 (a) Visualization of spiking beneath an Al-Si contact. (b) lllustration of contact and
interconnect metallization represcntative of that found in modern ICs.

distance into the Si, thereby eliminating surface defects and minimizing contamination.
The net result is a clean, planar, temperature-stable, ohmic contact. Figure 14.11(b) illus- .
trates the TiSi, contact and interconnect metallization representative of that found in

modern ICs.

14.4 SUMMARY

The physical properties of an ideal MS contact were specified and the methodology_ was
presented for constructing the energy band di h izing a given metal

ductor system. Energy band diagrams corresponding to different combinations of the @y
and ® workfunctions were employed to probe the basic nature of the contacts. Ideally, the
combinations Pg(p-type) > Py > Pg(n-type) and By (p-(ype‘) <r\¢M < b (n-type)

were concluded to yield rectifying and chmic pecti 0 of the rec-
tifying contact, called a Schottky diode or MS diode when utilized as a device, was next
examined in greater detail. The device el ics and reverse-bias a.c. resp of the

MS diode were found to be all but identical to that of a comparably doped p*-» ot n*-p
junction diode. Differing from the pn junction diode, the thermionic emission cutrent as-
sociated with majority carrier injection over the surface barrier was identified as the dom{-
nant d.c. current component. Because the diffusion current is typically small by compari-
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Moderate doping
®)
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Figure 14,10 Ohmic contact formation. (a) Heavy doping of the semiconductor beneath the MS

contact to facilitate ohmic contact formation. (b) Emission currents across a barricr-type contact as a

function of doping. The emission is shown varying from solely thermionic emission at low semicon-

:ucsor dopings to predominantly field emission (tunneling through the barrier) at high semiconductor
opings.

W?lem:n .heavy doping of the underlying semiconductor is a key step in ohmic contact
f_onnatxon' it is seldom the entire story. Annealing or heating the device structure is rou-
tinely necessary to minimize the contact resistance. Aluminum is the most widely used
contacting metal in the fabrication of discrete Si devices. Heating to approximately 475°C
for a few minutes in 2 nitrogen allows the alumi to the native
o.xide layer on the Si surface and facilitates a certain amount of beneficial Al-Si interdiffu-
sion. !n contacts formed over shallow p*-n or n*-p junctions, however, nonuniform inter-
dnfﬁ!sxon over the contact area can lead to penetration of the aluminum through the junction
and junction shorting. Picrured schematically in Fig. 14.1 1(a), the nonuniform penetration
of Al into the Si is called spiking. A small percentage of Si is sometimes added to the
deposited Al film to inhibit Si diffusion from the substrate and the resultant spiking.

. Another consideration is the stability of the ohmic contact during subsequent process-
uig‘ z}luminum is not an acceptable contact material in complex integrated circuits where

onal p g at temp in excess of 500°C must be performed after contact
formation. Rather, high i stability is achieved by employing the metal-like sili-
con compounds (silicides) formed with members of the refractory metal family (Mo, Ta,
Ti, W). Titanium silicide, TiSi,, is presently in widespread use as a contact material. A Ti
film deposited over the Si contact area is converted to TiSi, by heating in an inert atmo-
sphere. Since Si is consumed in the process, the silicide-silicon interface moves a short
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son, the related minority carrier injection and storage are likewise small.

the MS diode does not exhibit a significant diﬁusign admittance and swi?csh;wb:::lqeﬁn:;
on- .and.oﬂ'.sxams at an extremely rapid rate. Although the basic description of device op-
eration is unaffected, the g barrier height in actual Schottky diodes is seldom equal to the
iqeal device value. Moreover, the ohmic or rectifying nature of an MS contact may be
different from that d from ideal-contact i i An ohmic contact is usually

produced in practice by heavily doping the surface region of the semiconductor immedi-
ately beneath the contact.

PROBLEMS
CHAPTER 14 PROBLEM INFORMATION TABLE
Problem Complete | Difficulty Suggested Short
After Level Point Weighting Description
14.1 144 1 10 (1 cach part) Quick quiz
14.2 14.1 2 10(5 each part)/comb. | Draw/use band diagram
143 14.2.1 2 8 (2 each part) P; i
®144 " 2 8 W versus Ny, plot
®145 " 4 30 (a-18, b-8, c-4) Autodraw band diagram
14.6 14.2.2 2 8 Confirm Eq. (14.18)
14.7 “ 2-3 15 (a-4,b-5,¢c-4,d-2) | MS photodiode
®14.8 ! 1 8 Effect of Rg on /-V
14.9 " 2 8 Injection ratio
14,10 " 3 15 (a-10, b4, c-1) Schottky barrier lowering
®14.11 14.2.3 2 12 C-V data analysis
14.12 " 4 20 (a-12, b-6, c-2) Linearly graded MS diode

14.1 Quick Quiz

(a) :’I::!oam the differences between an MS diode, a Schottky diode, and a hot carrier
iode?
(b) An ideal MS contact is formed between a metal and a semiconductor with ®y = y.

Under what conditions will the contact be ohmic-like, and under what conditions will
the contact be rectifying?

(c) The solutions for the electrostatic variables £, and V on the lightly doped side of a
P*-n or n*-p junction diode and inside the icondi ofa bly doped

MS diode are all but identical. Are there any significant differences in the electrostatic
formulations?

(d) Name the dominant current component in MS diodes.
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in an MS(n-type) diode was determined
how the /) component of the current in an MS(n-1 1
© \Sv‘i)(mh:u(o: detai;;—:mmematical analysis of electron injection from the metal into the

semiconductor. How was this accomplished? - . .
(f) Explain why MS diodes do not exhibit a diffusion capacitance or diffusion con-
ductance.
(g) Explain why MS diodes switch very rapidly
reverse-bias off-state.
(h) What is a “Schottky diode clamp™? ‘ o _
(i) Describe the usual p dure followed in forming p ohmic

(j) What s “spiking™?

from the forward-bias on-state to the

i Ge, Si, and GaAs substrates maintained
ber of ideal MS contacts are formed on Ge, Si, 2As substr:
;::021 l||::::pex~amm. For one or more of the MS parameter combinations listed below,
i izi i tact.
(a) Draw the equilibrium energy band diagram characterizing the ideal MS contac .
(b) Present an argument similar to the one summarized in Fig. 14.3 to confirm the ohmic
tifying nature of the contact. e
* ‘:corlaninElion A: dy=475eV, x(Ge) = 4.00eV, Np o lg”//cmz.
combination B: ®y = 4.75 eV, x(Ge) = 400V, NA_- lols/ cm3 ..
combination C: ®y = 4.00 eV, x(Si 4.03eV, Np = llO"Ich:F'
combination D: &y, = 4.25 eV, x(5i) = 4.03 eV, A‘IJ A}; 0 |0!6/c.m1
combination E: ®y = 4.75 ¢V, x(GaAs) = 4.07eV, ND = 10!7/cm3.
combination F: ®y = 4.75 eV, x(GaAs) = 407 eV, Ny = 3

14.3 An ideal rectifying contact is fnrmc‘d b_.y depositing gold (Py zﬂf‘;lll?;ev) onan Np =
10'5/cm? doped silicon i at room temy

(2) Pp. 3

®) Vi

(c) W under equilibrium conditions, N

(d) |8 max in the semiconductor under equilibrium conditions.

@ 14.4 Construct a plot of the equilibrium depletion width versus the ‘);:n dl.)pi::g1 S‘l’:/::!":
tion in silicon MS diodes maintained at T = 390 K. Vary Np mcro 6eer\a,nagn o
Ny = 10"7/cm? and include curves corresponding to @5 = 0.5eV, 0.6V, .

the

#14.5 (a) Paralleling Exercise 5.4, construct a M::LAB (C;Rp:;erggm (:l;:( ;;:‘?iodc
" equilibri iagram nondegeneral b .

eq“'lhb'nm’n exn:ﬁ g Lfeotr;, and ie Ny, doping of the scmncox}ductor be

input pamm:tm. Be careful to exclude parameter combinations that would yield anon-

rectifying contact.

(b) Generalize the part (a) program so that it also draws the equilibrium energy band dia-

gram for N, doped silicon diodes.
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i i itude and effect of Schottky barrier
.10 In thi blem we wish 10 the mag; an : tky |
) ll:wl:-m: Pasm';:;(ers will be employed similar to those of the MS diode yielding the

Fig. 14.6 characteristics. )

(a) Given a silicon MS diode with N, = 10'6/cm? operating at room temperature, compute
and plot Adg versus V, for =50V = V, <0. ,

(b) Compute and plot ,(V,)/1,(V, =0) vessus V for -50V=v,=0

(c) Comment on your results.

©14.11 A subset of the 1/C? versus V, data plotted in Ffi‘g_ 14::(1,) is m‘grod;cm m::
: data employing a least squares fit to determine Vy;, Np.
—(ll-:bleAFs,::r‘riel 'AA?—‘GI{? ;<he10‘13 cmf, é:wmpare your results with the approximate values

8" -

obtained in Exercise 14.4.

Table P14.11
— V, (volts) 1/C2(10%!/farad?)

1.09 0.953

2.08 1.494

3.07 2.035

4.06 2.579

5.05 3.125

6.04 3.673

7.03 4217

8.02 4.763 -
9.01 5320
10.00 5.890

14.12 The doping profile inside the semiconductor component of an MS diode is linearly
graded; i.e., Np(x) = ax.

(a) Derive solutions for p, 8, V, and W inside the semiconductor.

(b) Indicate how V,; is to be determined and computed. )

(c) Establish an expression for the junction (depletion region) capacitance.
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(c) Revise the (2)/(b) programs so they can be used to generate the equilibrium energy
band diagrams for GaAs MS diodes.

14.6 Fill in the missing steps in the derivation of Eq. (14.18). Accepting Egs. (14. 16) and

(14.17) to be accurate, perform and record the mathematical manipulations leading to
Eq. (14.18).

14.7 MS Photodiode

An Np-doped silicon MS diode is illuminated, thereby gencrating electron-hole pairs inside

the semiconductor.

(a) If the diode terminals are taken to be short-circuited, draw the energy band diagram
for the device and picture what happens to the photogenerated carriers created in the
semiconductor near the MS interface. With the current and voltage polarities as speci-
fied in Fig. 14.3(a), what is the polarity of the short-circuit photocurrent?

(b) If the diode terminals are taken to be open-circuited, draw the energy band diagram

izing the illuminated device. the total current must be identically
zero under open-circuit conditions, Explain how you arrived at the form of your

diagram,

(c) Assume the light is unif y absorbed throughout the icond ducing a
photogeneration rate of G, electron-hole pairs per cm?-sec and giving rise to low-level
imjection. For an arbitrary applied bias, and followi g the simplified procedure outlined
in Subsection 9.2.1, derive an expression for the photocurrent (/, ) flowing in the MS
photodiode.

(d) Sketch the expected general form of the 7 = Ly + Iy, versus V,, characteristic exhib-
ited by an illuminated MS photodiode. Is your sketch consistent with the answers to
parts (a) and (b)?

©14.8 The quasineutral portion of the semiconductor and the ohmic back contact of
Schottky diodes introduce a resi Ry in series with the current flowing across the
rectifying MS junction. Graphically illustrate the effect of the series resistance on the diode
I~V characteristic. Taking /, = 108 A, construct a semilog plot of the forward-bias I~V
characteristics when Rg = 0, 0.1 Q, 1.0 ©, and 10 Q. Limit your plotted output to
0sV,<06Vand10-2A=</=<10"'A.

14.9 The minority-carrier injection ratio is often cited as a quantity of interest in charac-
terizing MS diodes. By definition, it is the number of minority carriers injected into the
semiconductor per majority carrier injected from the semiconductor into the metal when
the device is forward biased. Mathematically, the ratio is just Iyee/Ing. Ipyep and Iy are
respectively the diffusion and thermionic emission currents flowing in the MS diode. Esti-
mate the minority carrier injection ratio in a silicon MS diode where sf* = 140 amps/cm?-
K2, By = 0.72 &V, N, = 10%/cm®, 7, = 105 sec, and T = 300 K. /pypg in the given
diode may be equated to the /pyer flowing in a p*-n step junction diode with equivalent
device parameters.
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(69) heterojunction

(70) band alignment

(71) lattice-matched

(72) graded junction (in HBT)
(73) Hybrid-Pi equivalent circuit
(74) transconductance

(75) base transit time

(76) rise, storage delay, and fall times
(77) Schottky diode clamp
(78) thyristors

(79) SCR

(80) anode, cathode, gate
(81) blocking voltages

(82) two-transistor model
(83) GTO SCR

(84) LAS

(85) di/dt burnout

(86) duldt effect

(87) DIAC, TRIAC

(88) PUT

(89) Schottky diode

(90) vacuum level

(91) metal workfunction

(92) electron affinity

(93) thermionic emission
(94) Richardson's constant
(95) Schottky barrier lowering
(96) hot carrier diode

(97) Fermi-level pinning
(98) field emission

(99) Al spiking

(100) silicide

(37) total internal reflection
(38) BIT

(39) emitter, base, collector
(40) common base

(41) common emitter

(42) active mode

(43) saturation mode

(44) cutoff mode

(45) inverted mode

(46) buried layer

(47) quasineutral base width
(48) emitter efficiency

(49) base transport factor
(50) common base d.c. gain
(51) common emitter d.c. gain
(52) performance parameters
(53) Ebers—Moll equations, model
(54) forward gain

(55) base-width modulation
(56) Early effect

(57) punch-through (in BJT)
(58) regenerative

(59) phototransistor

(60) intrinsic transistor

(61) base series resistance
(62) current crowding

(63) graded base (in BIT)
(64) Gummel plot

(65) BiCMOS

(66) shallow emitter

(67) polysilicon emitter
(68) HBT

PART ll—REVIEW PROBLEM SETS AND ANSWERS

1 led, q

The following problem sets were designed ing a t times an i
knowledge—of the subject matter in Chapters 5—11 of Part II. The sets could serve as a
review or as a means of evaluating the reader’s mastery of the subject. Problem Set A is
adapted from a one-hour *“‘open-book” examination; Problem Sets B and C are combina-
tions of select problems from “closed-book” i The answers to Problem Sets
A and B are included at the end of this section. Answers are not provided for Problem Set C
sothatitcanbe usedasat k set with i d-knowledge-type questions on the
pn junction diode.
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REVIEW LIST OF TERMS

Defining the following terms usin,
material.

(1) wide-base diode

(2) narrow-base diode

(3) ideal diode

(4) law of the junction

(5) quasineutral region

(6) breakdown

(7) impact ionization

(8) avalanching

{9) multiplication factor
(10) Zener process
(11) tunneling
{12) conductivity modulation
(13) punch-through (in narrow-base diode)
(14) high-level injection
(15) quasistatic
(16) hyperabrupt
(17) varactor
(18) abrupt

g your own words provides a rapid review of the Part II

(19) profiling
{20) junction capacitance
(21) diffusion admittance
(22) turn-off transient
{23) storage delay time
(24) reverse recovery time
(25) reverse injection
(26) step recovery diode
(27) photodetector
(28) solar celi
(29) LED
(30) p-i-n diode
(31) avalanche photodiode
(32) fill factor
(33) shadowing (in solar cells)
(34) texturing (in solar cells)
(35) concentrator solar cells
(36) isoelectronic trap

SUPPLEMENT AND REVIEW
Problem Set A
Problem A1
A pn junction has.the doping profile sketched below. Throughout this problem, assume the

:i“o'::.' may be neglected (n = 0, p = 0) in the 0 < x =< x; region of the

No-Na

(a) What is the built-in voltage across the junction? Justify your answer.

(b) Invoking the depletion approximation, make a sketch of the chary e density inside th
diode. Label significant p and x values. ¢ R ¢

(c) Obtain an analytical solution for the electric field, 8(x), at all points inside the deple-

tion region (=x, = x = x,). Show all work and make a sketch of the deduced %(x)
Versus x.

(d) In a standard pn step junction N, a%p = Npx,,. How are x, and x, related here?

€ Draw the energy band diagram for the diode under equilibrium conditions. Clearly
u!ennfy the points x = 0 and x = x; on your diagram. Also indicate how your diagram
differs from that of a simple pn step junction where N, A= Np = Ng.

Problem A2

Two silicop p’-n.slep junction diodes maintained at 300 K are physically identical except
for the #-side doping. In diode #1, Np, = 10'4/cm?; in diode #2, Ny, = 10'6/cm?, Compare
the operation of the two diodes by answering the questions that follow.

Diode #1 Diode #2

Np = 10"%em? Np = 10'6/cm3

(a) Which diode will exhibit the larger built-in voltage (Vii)? Explain,
(b) Which diode will exhibit the larger breakdown voltage (Vig)? Explain.
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(c) Which diode will exhibit the larger junction capacitance (C;) at a given reverse bias
voltage when | V, [ > V,,;? Explain.

(d) If the diodes are assumed to be ideal and reverse biased at a | VA| > few volts, which
diode will support the larger | /}? Explain.

(e) If the diodes are not assumed to be ideal, which diode will support the larger | 7| when
reverse biased at a | V| > few volis? Explain.

(f) Which diode will exhibit the larger diffusion capacitance (Cp) at a given applied for-
ward bias and frequency? Assume operation in the forward bias “ideal” region.
Explain.

(g) Which diode will exhibit the larger storage delay time (z,) under transient conditions if
the Ip/Iy ratio is the same? Explain.

Problem A3

(a) The diagram below pictures the major carrier activity in a pnp BIT under active mode
biasing. Construct a similar diagram picturing the major carrier activity in the same
pnp BIT under inverted mode biasing. (Include a few words of explanation as neces-
sary to forestall a misinterpretation of your diagram.)

(b) The pi d BJT is accidentally d up backward so that the coll fi
as the emitter and the emitter functions as the coli In the backward
with Vg > 0 and Vgg < 0 the device exhibits a lower gain and is more sensitive to
base-width modulation. (i) Explain why the backward connection leads to a lower gain.
(ii) Explain why the backward connection leads to a greater sensitivity to base-width
modulation.

-

Problem SetB
Problem B1

A pn junction diode has the doping profile shown in the following sketch. Mathematically,
Np — N, = N [exp(ax) — 1), where N, and « are constants.
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(¢) What will be the junction capacitance (C;) exhibited by the diode at the pictured bias
point?

(f) On a linear scale, sketch thie minority carrier concentrations versus position for the
x = —x,and x = x, portions of the diode.

(g) Would you expect the device to exhibit a significant diffusi p
applied bias point? Explain.

(h) If the diode were pulsed from the pictured bias point to a larger reverse bias at ¢ =0 .
would you expect to observe a current transient characterized by a storage delay time
¢, Explain.

(Cp) at the

Problem B3

Two Si pnp transistors, BIT #1 and BJT #2; are idehtical except W"m‘> W,,.'NE > N? >
N and W < Lg in both transistors. Under the same active mode biasing conditions, which
transistor will exhibit

(a) the larger emitter efficiency? Explain

(b) the larger base transport factor? Explain.

(c) the larger B,.? Expldin.

(d) the greater scnsitivity to base-width modulation? Explain.

(e) the larger punch-through voltage? Explain.

If the maximum output current is assumed to be limited by carrier multiplication and ava-
lanching, which transistor will exhibit

(£) the larger Vgo? Explain.

(g) the larger V(y;y? Explain.

Problem Set C
Problem C1
(a) Which of the following assumptions is not invoked in deriving the ideal diode
equation? ) )
(i) No inati ion in the depl region.

(ii) Low-level injection.
(iii) Narrow-base diode; i.e., the n and p quasineutral widths are much less than the
respective minority carrier diffusion lengths.
(iv) No “other™ process; i.e., no pliotog: i
(b) Under reverse biasing and small forward biasing, the domir}anl c'urrent component 12
most Si pn junction diodes maintained at room temperature is which of the following?
(i) The diffusion current.
(ii) The R-G current.
(iii) The ideal-diode current.
(iv) The drift currerit.

hi ling, etc.

SUPPLEMENT AND REVIEW

Np-Na

'NO

(a) Give a concise statement of the depletion approximation.

(b) Ir}voking the depletion approximation, make a sketch of the charge density inside the
e,

diod
(c) Establish an expression for the electric field, %(x), inside the depletion region.
(d) Indicate how you would plete the el ic devell ly obtain

to
an expression for the depletion width, W, Be as specific as possible about the equations
to be solved and the boundary conditions to be employed. Don’t waste time actually

performing the mathematical manipulations. Organize your answer into steps—step 1,
step 2, etc.

Problem B2

The energy band diagram given below ch: izes a Si step junction diode maintained at
room (emperature. Note that £, (-w) = E_(+w). Also, Xt X, =2X 107%cm, A =
10-3 cm?, 7, = Tp = To = 1076 sec, pu (p-side) = 1352 cm?/V-sec, #y(n-side) =
459 cm?/V-sec, Ks = 11.8, and £, = 8.85 X 10~ F/cm,

Eg/4
....... oL
Epp ———
kY
“‘\ —i_g;n
i P— E
Bk,
+ x

% 0

(a) What is the magnitude of the reverse-bias voltage (V) being applied to the diode?
Explain how you arrived at your answer.

(b} Determine Vii» the built-in voltage.

(c) Compute the recombination—generation current flowing through the diode at the pic-
tured bias point.

(d) Compute the diffusion current flowing through the diode at the pictured bias point.

SUPPLEMENT AND REVIEW

{c) Which of the following is incorrect?
(i} pn junction breakdown is a reversible process.
(ii) For the Zener process to occur in a pn junction diode, the depletion width must
be very narrow (<10 -6 cm), '
(iii) The avalanche breakdown voltage varies roughly as the inverse of the doping
concentration on the lightly doped side of p*-n and n*-p junctions.
(iv) In Si diodes ined at room temp lanching is the dominant process
causing breakdown if Vg 4.5 V.
(d) Which of the following statements about the junction capacitance (C,) is correct?
(i) Cyalways variesas 1/\/Vy, — V,.
(ii) The minimum observable C, will occur at Vgg.
(iii) C, vanishes under forward biasing.
(iv) Cjisassociated physically with fluctuations in the minority carrier concentrations
at the edges of the depletion region.

Problem C2

Minority carrier concentration versus position plots and sketches are often used to describe
the situation inside scmiconductor devices. A linear plot of the minority carrier concentra-
tion on the n-side of two ideal p*-n diodes maintained at room te F is pi d
below. The n-side doping (V,,) and the cross-sectional area (A) are the same in both diodes.
Assume low-level injection conditions prevail.

Pn

(a) The diodes are [(i) forward biased, (ii) zero biased, (iii) reverse biased].

(b) The magnitude of the bias applied to Diode B is [(i) targer than, (if) the same as,
(iii) smaller than] the magnitude of the bias applied to Diode A.

(c) The magnitude of the d.c. current, | /|, flowing through Diode B is [(i) significantly
larger than, (ii) roughly the same as, (iii) significantly smaller than] thc magnitude of
the d.c. current flowing through Diode A.

(d) The breakdown voltage (Vyy) of Diode B is [(i) significantly larger than, (ii) roughly
the same as, (iii) significantly less than] the breakdown voltage of Diode A.
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(e) Diodes A and B are tested in the same switching circuit. J¢/lg is the same for bath
diodes. Which diode will exhibit the larger storage delay time (larger 1,)? [(i) Diode A;
(ii) Diode B; (iii) 1, will be essentially the same for both diodes.]

Problem C3
The steady-state carrier inside a pn junction diode d at room tem-
perature are as pictured below.
norp
(log scale)

+—

Pp

+HHHHH

% X

(a) s the diode forward or reverse biased? Explain how you arrived at your answer.
(b) Do low-level injection conditions prevail inside the diode? Explain how you arrived at
your answer.
() Qualitatively, what is the physical relationship between the pile-up or store of minority
carriers near the depletion region edges and the diffusion capacitance (Cp)?
(d) Qualii Iy, what is the physical ionship b the pile-up or store of minority
carriers near the depletion region cdges and the storage delay time (z,) observed during
the turn-off transient?

Problem C4

The reverse-bias current—voltage (I-V,,), junction capacitance (Cy- V), and turn-off tran-
sient (i-t) characteristics derived from a p*-n Si step junction diode maintained at room
temperature are sketched to the right. After reproducing the figures, answer the following
questions by adding a dashed line 10 the appropriate characteristic. Note that an answer of
no effect (a dashed line the same as the given characteristic) is possible. In such cases write
no effect.
(a—c) Roughly indicate how the I-Vy, C;~Va, and it characteristics are modified if
the n-side doping (Np) is increased by a factor of 2. All other parameters remain

[UIPRPURN

JUNCTION DEVICES

Answers—Set A
Problem A1

(a) Paralleling the derivation in Subsection 5.1.4, one can write Vy; = (kT/q) In[n(x,)/
n(—x,)). Here n(x,) = n(®) = Ny and n(—x,) = n(—w®) = n2/Ng. Thus

(8-l
- q ni

(b)
© 2l —x,= xS0
7t Kseo °
e _ L = = x=x
dx  Ksgg ;), O=x=x
qNs <=y =
st nSx=x,
4{x) X
gNs ., qNg
f = - 28 B(x) = — + L .—x,Sx=0
[ e[ v = e mn
N,
%(x):constam=‘s(0)=—q“xp L0=x=x
Kseg
“$(xn)=0 "Xn
J d@‘=‘[ ﬁh’=%(x)=—ﬂ(x,—x) xS x=Ex,
hatx) « Kggg Ksgq

135

‘SUPPLEMENT AND REVIEW

(d-f) R(fugifly indi_cglc.hofv the /-V,, C,-V,. and i~ characteristics arc modified if the
minority carrier llieu.me on the n-side (7)) and the effective depletion-region genera-
tion lifetime (7y) are increased by a factor of 2. All other parameters remain the same.

(2) d
! @
Va
{b} ©
G G
iy
Va Va
)
i @ i
Ie e
‘ 1
g i )
SUPPLEMENT AND REVIEW
€
’fﬂ 0 {: X‘n
T x

(d) The (+) and (—) charge areas on the part (b) p-plot must be equal, or

(a5 = gty = ) =

Alternatively, the €-field must be continuous at x = x;, giving

qNg gN,
-—_— = — 2B -
Kseo 4 Kseo o= x) 2 p=x-x

(e)

A constant energy band slope or straight lines in the 0 < ion i
< x < x; region is the only differ-
ence. Note that (E; — Ep)|, e = (Ep = E)|, g Since N, = ;»’D = Np. Y

Problem A2
@

::,’d— (1/g) ((E; =~ Eg)|psige + (Ep = Epesiae)- (B = E)| g is the same for both
iodes. (Ep — Ej)|, g4 = kT In(Np/n;) is larger for the heavier doped diode. Thus
Vi > Vbil‘ Note that p* implies degenerate or very heavy doping. Thus the sﬁndard
relationship, V; = (kT/q) In(N, Np/n?) cannot be used to corpute V,,.
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518 JUNCTION DEVICES
-_Diode #1 ) )
© Vg is roughly proportional to 1/Np in a p*-n ‘dlode._ Als]t:,l Fl:g‘ 6.11 shows
Var > 1000 V if Np, = 10'/em?, while Vg = 60 V if Np = 10'6/cm?.
© .
¢ = Ks€oA
! w
For a p*-n step junction
” 2K<E w .
2Kseg _ 2Kseq _y )]
"= [ avp v‘)] = [ a,
where the latter form of the W equation follows from the fact that | V| & V. Thus,
W, > W, and C > Cjy.
d __Diode #1 ) )
@ For an ideal p*-n diode reverse biased to | Val > few volts, we can write
Dp nf
= = —qA o,
Now 1/Np, > 1/Np,. Also
De Dy _ [Ds_ [FTpe
z: Y Do, To q Te
Since p, decreases with increasing Np, Dpi/Lei > DpafLez- Both of the cited factors
in the / expression are such as to make Iy, > Iop.
__ #1 . . .
© l]r?:)dr:al Si diode maintained at 300 K the reverse current is typically dominated by the
ination-generation current comp
EoN i -V, > few volts
Ipg= —9A 37, w ... given N
From the Eq. (6.44) definition of 7 we infer 7o ”:"T (hoql r:han;dv:'., :re oger:p:‘r’t‘iwal
ing i i ing different in the two diodes, e
10 1/Ny). Only the doping is specified as being
Thus rfo)is the same for both diodes. However, W, > W, from part (c). Consequently,
[Tacil > Trecal-
520 JUNCTION DEVICES
Answers—Set B
Problem B1

(a) In the depletion approximation onc makes the f llowing sim_plifying pti (i) P
and n are much less than |Np — N,|ina —x, S x = x, region about the metallyrgical
junction. (i) p = 0 elsewhere.

®) [4

(e = 1) L mX, S X=X,

© & _ o _ N
dx  Kgey Ksgo

@ o _ N J‘x ox — 1) dx' = aNo. [e=le — x']I%
a% = Kseo 4% e Kseq h

B = ,Zg:o [i (e = emo) = (x + ,:,)]

(d) Step 1: Solve for V(x)inthe —x, =x =x, depletion region.

%=—‘&(x); V=0atx= —x,

i i i ) btained by i ing the
Step 2: Two equations with x,, X, and V,; as are P
boundary conditions, ‘:‘B(x?n) = 0and V(x,) = Vi — Va.Once V,, is known,
these two equations can be solved for the x,, X, and W= *n +x, resulting
from a given V,,. In this particular problem, the solution will have to be ob-

ined numerically. is i
tained nu Y. lleling the linearly graded analysis in

Step 3: V,; is d by a procedure p
Subsection 5.2.5.
Problem B2

i - _E__
@ Vo= =g Er = B =~ = 0.56V

SUPPLEMENT AND REVIEW

®
Assuming the diodes are forward biased into the ideal region of operation, Cp, ¢ G «
(I + 1y) = Io. Gy is the diode low-frequency conductance. However, /o, > /o, from
part (d). Thus Cp,, > Cp,.

®
Examining either the solution [Eq. (8.8)] or the more accurate solution
{Eq. (8.9)] for 4, one concludes ¢,, = 1,5 if the ¢/ ratio and 7, = 1/N. are the same
for the two diodes. The /,./1 ratio is noted to be the same in the problcm statement. Ny
and therefore 7, are also inferred to be the same in the two diodes, since only the N,
doping is specified as being different.

Problem A3
(@)

(b) (i) The efficiency of the injecting collector is far below that of the emitter and ary, =
ar is thereby degraded. The E-B junction has N > Ny, making hole injection
into the base much greater than electron injection from the base into the emitter
under active mode biasing. On the other hand, N < Ny, giving rise to significant
electron injection from the base into the collector under “backward” (inverted)
operation.

(i) When used as an amplifier, the larger depletion region is associated with the
reverse-biased junction. With the C—B junction reverse biased under active mode
operation, most of the depletion region extends into the collector because
Ng > Nc. However, when the E-B junction is reverse biased, as is the case under
*“backward” operation, most of the E~B depletion region extends into the base
because Ng  Ny. Much larger variations of W for equivalent biasing conditions
are expected under backward operation,

SUPPLEMENT AND REVIEW
1 Eg
® Vu=—UE - EF)',—;;« + (B — Elpsicel = 20 =056V
q : q
© Ipo= —GA== W= —(L6 X 10-19)(103) —10° Vox 1079
G 27, : 2 x 10-¢
= -16X10-04

kT
@ Dy = Pl (0.0259)(1352) = 35.02 cm?/sec
Ly = VDyr, = [(35.02)(10-9)]"2 = 592 X 103 cm
T
Dy = %”’p = (0.0259)(459) = 11.89 cm?/sec

Lp = VDp7, = [(11.89)(10-9))'2 = 345 X 10~3 cm

Ny = Np = nefolT = (1010)(e!-1M40025) = 4,96 X 10'/em?

Dy n? . Dy n?
e = =, = — et L Rt il
Tpisc Iy ‘IA(LN v Nn)
35.02 1020
= - —oyq0-3y | [ —22 ) —2—
(16 X 10710 )[(5.92 X 10-3)(4‘96 x lO")
" 11.89 1020
3.45 X 10-3/14.96 x 10'¢
= -3.02 X 10-B A
KeeoA  KseoA  (118)(8.85 X 10-19)(10-3)
= 28 = 25 = = 5.22 pF
@& w X, + x, 2 % 10-4 522 pl
()
Pa
Note: Ly > Lp
x

(g) No. There is no store of minority carriers adjacent to the depletion region.

{h) No. Again, there is no store of minority carriers adjacent to the depletion region. (The
device is already reverse biased prior to applying the voltage pulse.)
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Problem B3

(a) [BIT #2] I Wy, > Wy,, then W, > W, under the same biasing conditions and

! 1 N

¥, = <y, =
e bemw T De Ny Wy
Dy Ng Lg Dy N Ly

1 i
<ap =

1wy 1 (W)

1+ - [ P+ (22

i\L, 2\z,

Physically, fewer carriers arc lost via recombination in crossing the narrower base.

®) an =

With y, < y;and ay, < aqy, g < @y, since e, = ya. Noting that
= ay M1 ~ ay), weconclude By, > By -

B

(d) [BJT #2] Changes in bias give rise to the same AW in the two transistors. However.
with W, > W, AW/W, > AW/W,, making BJT #2 more sensitive to base width
modulation.

(e) [BIT #1] Because Wy, > Wp, and changes in bias give rise to the same AW, it will
clearly take a larger applied V. to completely deplete the wider BJT #1 base under
active mode biasing.

(f) [Samc for #1 and #2] Vi, is equal 10 the Vqg of the C—B junction. The avalanche

breakdown voltage of the C-B junction should be the same for both transistors since
the junction dopings are the same.

(g) (BIT #1] According to Eq. (11.54), Vegy = Vegol(Bge + 1)V7, where 3 = m =< 6.
Now, as noted in answering part (c), B4, < B4c;- Thus, Veror > Vegnn-

PART I1I1

FIELD EFFECT DEVICES

15 Field Effect Introduction—
The J-FET and MESFET

15.1 GENERAL INTRODUCTION

Historically, the field effect phenomenon was the basis for the first type of solid-state tran-
sistor ever p d. Field effect predate the bipolar junction transistor by ap-
proximately 20 years. As recorded in a series of patents filed in the 1920s and 1930s, J. E.
Lilienfeld in the United States and O. Heil working in Germany independently conceived
a transistor structure of the form shown in Fig. 15.1. The device worked on the principle
that a voltage applied to the metallic plate modulated the conductance of the underlying

i which in turn modulated the current flowing between ohmic contacts A and
B. This ph where the conductivity of a semi is lated by an elec-
tric field applied normal to the surface of the scmiconductor, has been named the field
effect.

The early field effect transistor proposals were of course somewhat ahead of their time.

Modern-day materials were just not available and technological i ity,
in general, retarded the devel of field effect for many years. A practical
implementation had to await the ful devel of other solid-state devices, no-

tably the bipolar junction transistor, in the late 1940s and early 1950s. The first modern-
day field effect device, the junction field effect (J-FET), was proposed and ana-
lyzed by W. Shockley!"! in 1952. Op | J-FETs were sub: ly built by Dacey

LiietETe iy
Semiconductor (Cu, S)

Metal contact

Figure 16.1 [dealization of the Lilienfeld transistor.
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R

fem — = B

!

Figure 15.2 Schematic diagram of the junction field effect wransistor. (From Dacey and Ross!?l,
© 1955 AT & T. Reprinted with permission.)

and Ross!?! in 1953. As pictured schematically in Fig. 15.2 (which was adapted from an
early Dacey and Ross p ion!®), pn juncti laced the metallic plate in the Lilien-
feld structure, the A and B contacts became known as the source and drain, and the ficld-
effect electrode was named the gate. In the J-FET it is the depletion regions associated with
the pn junctions that directly modulate the semi ivity between the source
and drain contacts.

A key component of present-day the metal
field effect transistor (MOSFET), achieved practical status during the early 1960s. The
now-familiar planar version of the structure pictured in Fig. 15.3, a structure with thermally
grown SiO, functioning as the gate insulator, a surface-inversion channel, and islands
doped opposite to the substrate acting as the source and drain, was first reported by Kahng
and Atalla™ in 1960. Followingintense develop efforts, ial MOSFETS pro-
duced by Fairchild Semiconductor and by RCA became available in late 1964. Figure 15.3
originally appeared on the cover page of the 1964 applications bulletin describing the early
Fairchild MOSFET!I,

A major development occurring in the latter half of the 1960s was the invention by
Dx dé! of the one- i ly ic memory cell used in the random access memory
(DRAM). The DRAM cell (see Fig. 15.4) is an integrated combination of a charge storage
element (a capacitor or pn junction) and a MOSFET utilized as a switch. A quote from a
recent review article!®) best und the signifi of the i and its impact.
“The 1-T DRAM cell is now the most abundant man-made object on this planet earth.”

The early 1970s saw the introduction of still another significant ficld effect structure—
the charge-coupled device (CCD). Physically, a CCD might be viewed as a MOSFET with

iy s nand

FIELD EFFECT DEVICES

Gate  Output

Input  Gate Transfer elecirodes

pesilicon substrate

)

Figure 15,5 First charge-coupled device comprising eight three-phase elements and input-output
gates and diodes, shown (a) in plan view and (b) schematically in its cross-sectional view. (From
Tompsett et al.”® Reprinted with permission.)

ent. Notably, in progressing through the 1980s, complementary MOS or CMOS became
the integrated circuit technology of choice. Figure 15.6 shows a cut-away view of a funda-
mental building block in CMOS circuitry, the CMOS inverter. The term *“complementary™
denotes the fact that, unlike other MOS circuit technologies, both n-channel (electron cur-
rent carrying) MOSFETs and p-channel (hole current carrying) MOSFETS are fabricated
on the same chip. Although CMOS came to the forefront in the 1980s because of its lower
power dissipation and other circuit-related advantages, the change was evolutionary—
CMOS is not a new circuit technology. It was initially d by Wanlass!'%! in the early
1960s and was cven mass produced as part of LED watch circuitry in 1972,

Whereas the use of CMOS plifi inuing ionary changes, there is also
continuing field effect device invention and development. The modulation doped field ef-
fect transistor (MODFET) pictured in Fig. 15.7 is an excellent example. Although the elec-

Base substrate

Figure 15.3 Cross section of a MOSFET with correct biasing polarity. (From MacDougalll*.)

Y, iy

Capacitor Access

3 implant
transistor

Flgure 15.4 Schematic cross section of a DRAM cell. The i i
; N planar, single-capacitor cell of the 1
shown was employed in 16 K-256 K memories. (From Wyns and Anderson!™, © 1989 IEEE.) v

a segx.nented gate. As pictured in Fig. 15.5, the proper application of biases to the CCD
gates induces the systematic movement or transfer of stored charge along the surface chan-
nel and into the device output. The image sensing element in the camcorder, a combination
home TV camera and video is a CCD i jonal array of
gates. Stored charge is produced in proportion to the optical image incident on the two-
dimensional gate array. The electrical analog of the optical image is subsequently trans-
ferred to .lhe output and converted into an electrical signa).

The invention, development, and cvolution of field effect devices continues to the pres-

g a two-di

FIELD EFFECT INTRODUCTION—THE J-FET AND MESFET

n-channei MOSFET  p-channel MOSFET

Figure 15.6 Cut-away schematic view of a CMOS inverter. (From Fonstad!™!), © 1994 by
McGraw-Hill, Inc. Repri by ission of the isher.)

Source Gute Drain

i Epitaxial
AlG;irAs layers

Implant isolution
2 DEG Sub:

Undoped GaAs e
Semi-insulating GaAs

Implant isolation

Figure 15.7 Perspective view of the basic MODFET structure. Di N2
© 1986 IEEE.) . (From Drummond et all%,

tron transport properties of GaAs are superior 1o silicon, GaAs technology lacks a quality

phic (Ga or As ining)

to $i0,. Moreover, the deposi-

tion of other insulators on GaAs has consistently failed to produce devices with acceptable
electrical ch d depositi

molecular beam epitaxy (MBE), however, has made it possibI; to grow layers of different

istics. The of sophisti

such as

lultice-.malf:hed semiconductors on top of each other. The alloy semiconductor AlGaAs
appearing in Fig. 15.7 has a larger band gap than GaAs and essentially assumes the role

FIELD EFFECT INTRODUCTION—-THE J-FET AND MESFET
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of “insulator” in the MODFET structure. The MODFET, touted to be the fastest three-
terminal semiconductor device, is finding i d usage in high-freq lications.

Part I1], ing five chap is intended to provide an introd y description of
field effect devices and device operation. The core members of the field effect family are
examined in some detail to expose the reader o relevant terms, concepts, models, and
analytical procedures. The remainder of this chapter is devoted to the junction field effect
transistor (J-FET) and the closely related MESFET (metal-semiconductor field effect tran-
sistor). These devices are viewed as conceptual bridges between the junction devices in
Part 1l and the “pure” ficld effect devices considered later in Part [, The J-FET/MESFET
discussion, moreover, serves as a first run-through on terminology, ical procedures,
and the like, thereby making the sut di: ion easier to d. To permit
flexible coverage of the general topic area, however, the latter chapters are self-contained,
with no specific references to the J-FET/MESFET presentation. Chapters 16 and 17 pro-
vide a baseline coverage of MOS structural and device fund The two-
MOS-capacitor or MOS-C is the structural heart of alt MOS devices. In Chapter 16 we
define the ideal MOS-C structure, present a qualitative and quantitative description of the
structure in the static state, and ine the capaci ltage ch istics derived
from the device. The operational description and analysis of the basic transistor configu-
ration, the long-channel enh: de MOSFET, are presented in Chapter 17. Fi-
nally, Chapters 18 and 19 contain MOS-related practical information. The nature and effect
of deviations from the ideal are described in Chapter 18, while “read-only” Chapter 19
provides an introd y di of small-di effects in MOSFETS. A brief sur-
vey of modified and developmental FET structures is also included in Chapter 19.

9

16.2 J-FET

15.2.1 introduction

As mentioned in the General Introduction, the junction field effect transistor (J-FET) was
first proposed and analyzed by W. Shockley in 1952. A cross section of the basic device
structure is shown in Fig. 15.8. In the J-FET the application of a gate voltage varies the pn-
junction depletion widths and the associated electric field in the direction normal to the

G (Gate)

Depletion region

s D
(Source) (Drain)

Figure 15.8 Cross section of the basic J-FET structure.

FIELD EFFECT DEVICES

Figure 15.10  Specification of the device structure and biasing conditions assumed in the qualita-
tive analysis.

First suppose that the gate terminal is grounded, Vg = 0, and the drain voltage is
increased in small steps starting from Vp = 0. At V;, = 0 (remember Vj; is also zero) the
device is in thermal equilibrium and about all one sees inside the structure are small deple-
tion regions about the top and bottom p*-n junctions (see Fig. 15.11a). The depletion
regions extend, of course, primarily into the lightly doped, central n-region of the device.
Stepping V;, to small positive voltages yields the situation pictured in Fig. 15.11(b). A
current, Ip,, begins to flow into the drain and through the nondepleted gi dwiched
b the two p*-n junctions. The nondepleted current-carrying region, we might note,
is referred to as the channel. For small Vp. the channel looks and acts like a simple resistor,
and the resulting variation of /,, with V,, is linear (see Fig. 15.12a).

When V, is increased above a few tenths of a volt, the device typically enters a new
phase of operation. To gain insight into the revised situation, refer to Fig. 15.11(c), where
an arbitrarily chosen potential of 5 V is assumed to exist at the drain terminal. Since the
source is grounded, it naturally follows that somewhere in the channel the potential takes
on the values of 1, 2, 3, and 4 volts, with the P i ing as one progi from
the source to the drain. The p* sides of the p*-n junctions, however, are being held at zero
bias. Consequently, the applied drain bias leads indirectly to a reverse biasing of the gate
junctions and an increase in the junction depletion widths. Moreover, the top and bottom
depletion regions progressively widen in going down the channel from the source to the
drain (see Fig. 15.11d). Still thinking of the channel region (the nondepleted n-region) as
aresistor, but no longer a simple resistor, one would expect the loss of conductive volume
to increase the source-to-drain resistance and reduce the AJp resulting from a given change
in drain voltage. This is precisely the situation pictured in Fig. 15.12(b). The slope of the
Ip=Vp characteristic decreases at larger drain biases because of the channel-narrowing
effect.

Continuing to increase the drain voltage obviously causes the channel to narrow more
and more, especially near the drain, until eventually the top and bottom depletion regions
touch in the near vicinity of the drain, as pictured in Fig. 15.11(e). The complete depletion
of the channel, touching of the top and bottom depletion regions, is an important special
condition and is referred to as “pinch-of.” When the channel pinches off inside the device,
the slope of the I,~V,, characteristic becomes approximately zero (see Fig. 15.12c), and

FIELD EFFECT INYRODUCTION~THE J-FET AND MESFET
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Figure 15.9 Perspective view of a modern epilayer J.FET.

semiconductor surface. Changes in the depletion widths, in turn, modulate the conductance
between the ohmic source and drain contacts.

. '!‘he J-FEtl‘ was initially named the unipolar transistor to distinguish it from the bipolar
Junction transistor and to emphasize that only one type of carrier was involved in the op-
eration of the new device. Specifically, for the structure pictured in Fig. 15.8, normal
opcm_u'on of the transistor can be described totally in terms of the electrons flowing in the
n-region from the source to the drain. The source (S) terminal gets its name from the fact
that the carriers contributing to the current move from the external circuit into the semi-
conductor at this clectrode. The carriers leave the semiconductor, or are “drained” from
the semiconductor, at the drain (D) electrode. The gate is so named because of its control
or gating action. The modern version of the J-FET shown in Fig. 15.9, although some-
what different in physical pp , is functi y equivalent to the original Shockley
structure.

156.2.2 Qualitative Theory of Operation

T_o.establish the basic principles of J-FET operation, we will assume standard biasing con-
dllll()ns and treat the ical hat idealized, Shockley structure of Fig. 15.8.
Gn}'en an n-type region between the source and drain, standard operational conditions pre-
vail in the J-FET when the top and bottom gates are tied together, V; <0, and V,, = 0, as
il.lustrated in Fig. 15.10. Note that with Vo <0, the pn junctions are always zero or reverse
hla§ed. Also, Vp, = 0 ensures that the electrons in the n-region move from the source to the
drain (in agreement with the naming of the S and D terminals). Our approach here will be

;o Y i change the I voltages and examine what is happening inside the
levice,
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P I~ Pinch-off

AL

Figure 15.11 Visualization of various phases of V; = 0 J.FET operation. () Equilibrium

$/ VD_= 0, Vg = 0); (b) small Vo bi'asing; () voltage drop down the channe) for an arbitrarily assumed

) ‘.', ; f, V;) (d) channel narrowing under moderate Vp biasing; (e) pinch-off; (f) postpinch-off
D= Vpau)-
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Linear
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@
o
Slope-over due to
channel narrowing
Vo
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p
Pinch-off point
Ip

\

i Approximately level

E for Vo > Vbsm

1
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©)
- istics. (a) Linear, simple resistor, variation for
Figure 15.12 General form of the - V;, characteristics. (n_) " 5
vegyu small drain voltages. (b) Slope-over at moderate drain biases due to channel narrowing.
(c) Pinch-off and saturation for drain voltages in excess of V-
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Figure 15.13 The waterfalls analogy.

the channel, and the height of the falls corresponds to the Vi, — Vpy potential drop across
tion. . ) _
e A’l{l;::cf: we have established the expected variation of Jp, with Vp when Vg = 0. To
ssion we need to investigate the operation of the J-.FET v'lhen Vo< 0 I
turns out that Vg < 0 operation is very similar to Vg = 0 operation with tbhimcasc ::3:;
modifications. First, if Vg < 0, the top and bottom p*-n l:‘uncg:‘r;ls :;e ﬁ::\;ix:lee o
i junctions i cs the wi
when V,, = 0. A reverse bias on the junctions increas e et he hommel
inks the Vp = 0 width of the channel. C(_m;equem y, the of | nar
?:;::srg ata give: V,, value and the linear portion of the Ip—Vp chamctengm exhibits ;:
smaller slope when Vg < 0 (see Fig. 15.14a). Second, becau'se t.he channel is narrower ad
V., = 0, the channel also becomes pinched off at a smaller drain bias. Therefore, a: p\c:,um=
inDFig_ ',5.14(b). Ve and I, when Vg < 0 are §malla_r }han V‘?“‘ a.nddl DT‘ lw 1:2 v :rm,_
0. Finally, note that for sufficiently negative Vo bmsbe: it 5 pzsi;ble;‘ ;:)e“eg1 : ;me i
channel even with V;, = 0 (see Fig. 15.14c). The gate bias, Vg = Vp, vonase
i i al to zero, is referred to as the pinc!
Ily depletes the entire channel with Vj, set equ . 0 as the pi
g;fs ‘g:): vglmgpe. For Vg < Vj the drain current is identically zero for all drain biases.

complete the discu!

15.2.3 Quantitative /o~ V;, Relationships . l
Wanted: a quantitative expression for the drain current as a function of the terminal volt-
ages; thatis, I, = Ip(Vp, Vo)

4 di
i ificati i i tore, di and
Device Specification. The precise device structure, dimens e
i ified i - directed down the channel fror
orientations are as specified in Fig. 15.15. The y-axis is g

i i i is oriented normal to the p™:
the source to the drain while the x-coordinate is orieate ! t cal
junctions, L is the channel length, Z is the p+,n.]unc.ucn lateral wxdth,_ ax(l)d 2; is (=heL d;e
tance between the top and bottom metallurgical junctions. Note that y = O and y

junctions i icinity of the drain will eventually break down.
in bias is made very large, the p*-n junctions in the vicinity of ! ok down.
:e‘:d‘:‘:gd:::‘\zs ::pid 'mcm?e inamlb with V, for any gate bias. This breakdown has been omitted from

theorctical characteristics sketched herein.
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the drain bias at the pinch-off point is given the special designation Vpsa- For drain biases
in excess of Vp . the /- V;, characteristic saturates, that is, remains approximately con-
stant at the /p,,, value.

The s p d without expl! in the p ding ph are to1ally
factual. The /- V), characteristic does level off or saturate when the channel pinches off.
At first glance, however, the facts appear to run contrary to physical intuition. Should not
pinch-off totally eliminate any current flow in the channel? How can one account for the
fact that V, voltages in excess of Vpsu have essentially no effect on the drain current?

In ansiver to the first question, let us suppose I, at pinch-off was identically zero. If
Ip were zero, there would be no current in the channel at any point and the voltage down
the channel would be the same as at Vp = 0, namely, zero everywhere. If the channel
potential is z¢ro everywhere, the pn junctions would be zero biased and the channel in turn
would be completely open from the source to the drain, clearly contradicting the initial
assumption of a pinched-off channel. In other words, a current must flow in the J-FET to
induce and maintain the pinched-off Perhaps the | difficulty often en-
countered with pinch-off arises from the need for a large current to flow through a depletion
region. Remember, depletion regions are not totally devoid of carriers. Rather, the carrier
numbers are just small dtothet d doping (Npor N,)and
may still approach densities ~1012/cm? or greater. Moreover, the passage of large currents
through a depletion region is not unusual in solid-state devices. For example, a large current
flows through the depletion region in a forward-biased diode and through both depletion
regions in a bipolar junction transistor.

With regard to the saturation of /,, for drain biases in excess of Vieao there is a very
simple physical explanation. When the drain bias is increased above Vp,_,,, the pinched-off
portion of the channel widens from just a point into a depleted channel section AL in extent.
As shown in Fig. 15.11(f), the voliage on the drain side of the AL section is Vj,, while the
voltage on the source side of the section is Vpar- In other words, the applied drain voltage

inexcess of Vi, Vo — Vpya, is dropped across the depleted section of the channel. Now,
assuming AL < L, the usual case, the source-to-pinch-off region of the device will be
essentially identical in shape and will have the same endpoint voltages (zero and Vo) a8
were present at the start of saturation. If the shape of a conducting region and the potential
applied across the region do not change, then the current through the region must also
remain invariant. This explains the approxi of the drain current for post-
pinch-off biasing. [Naturally, if AL is comparable to L, then the same voltage drop (Vo)
will appear across a shorter channel section (L — AL) and the postpinch-off I, will in-
crease perceptibly with increasing V;, > V... This effect is especially noticeable in short
channel (small L) devices.]

Another approach to explaining the of the I,~V,, ch istics makes use
of an analogous situation in everyday life, namely, a waterfall. The water-flow rate over a
falls is controlled not by the height of the falls, but by the flow rate down the rapids leading
to the falls. Thus, assuming an identical rapids region, the water-flow rate at the bottom of
the two falls pictured in Fig. 15.13 is precisely the same, even though the heights of the
falls are different. The rapids region is analogous to the source side of the channel in the
J-FET, the falls proper corresponds to the pinched-off AL section at the drain end of
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1o

Toua Vo <0

Yo
Vou

®)

Vo=V
)

Figure 15.14 of the I~V ch when Vg < 0. (a) Decrease in the linear
slope of the characteristics for small drain voltages. (b) Decrease in the saturation current and satu-
ration drain voltage. (c) Gate pinch-off.

slightly removed from the source and drain contacts, respectively. V() is the potential and
W(y) = Wiy (9) = Wyouom(¥) is the junction depletion width at an arbitrary point y in the
channel. W(y) lies almost totally in the n-region because of the p*-n natre of the
junctions.

Basic Assumptions. (1) The junctions are p*-n step junctions and the n-region is uniformly
doped with a donor concentration equal to Ny,. (2) The device is structurally symmetrical
about the x = a plane as shown in Fig. 15.15, and the symmetry is maintained by operating
the device with the same V;; bias applied to the top and bottom gates. (3) Current flow is
confined to the nondepleted portions of the n-region and is directed exclusively in the y-
direction. (4) W(y) can be increased 1o at least a width @ without inducing breakdown in
the p*-n juncti (We implicitly d this to be the case in the qualitative discussion.)
(5) Voltage drops from the source to y = 0 and from y = L to the drain are negligible.
G L>a.
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Yo

P et Fwoy
Mz
Yo
)
Figure 15.15 Device structure, di and i i ions assumed in the quantita-

tive analysis. (a) Overall diagram. (b) Expanded view of the channel region.
For drain and gate voltages below pinch-off, 0 < V,, <V, and 0= Vg = V,,, l!w
derivation of the desired /;,— V;, relationship proceeds as follows: In general one can write
Iy = qu,n€ + gD Vn (15.1)
Within the conducting channel n = N, and the current is flowing almost exclusively in the

y-direction. Moreover, with n = N, the diffusion component of the current (gDyVr)
should be relatively small. Under the cited conditions Eq. (15.1) reduces 10

av .
= = = - i hannel) (15.2)
I = Jyy = quNp¥, = —quNyp a (in the conducting channel) (

FELD EFFECT DEVICES

where, as is evident from Fig. 15.15(b), V,, = Vg — V( y) is the applied potential drop
across the junction at a given point y. It is next convenient to note that W = @ when
Vp =0(V=0)and Vg = V;. Thus substituting into Eq. (15.6) yields

mn
o= [Z_stz(vﬁ - v,)} (157
gNp
and )
1”2
W) _ (uu) (158)
a Vo — VP

Finally, substituting W(V)/a from Eq. (15.8) into Eq. (15.5) and performing the indicated
integration, one obtains

n a2
29Zu, Npa 2 v ot Vu—- Vo) _ (u—-Y%
b==—7" 13V~ W Vo - Vp V= Ve

forO0=Vp < Voo VpsVp=0

(15.9)

Equation (15.9) could be simplified by introducing G, = 2q2p.nND¢‘l/L.' ph.ysically, Gy is
the channel conductance one would observe if there were no depletion regions. Wf have
retained 2¢gZu, Npa/L in the text expressions so that the major parametic dependencies are
immediately obvious. ! .

It should be ized that the f devel and Eq. (15.9) in particular,
apply only below pinch-off. In fact, the computed I, versus V;, for a given 1(5 aclu:'l.lly
begins to decrease if Vj, values in excess of Vp,, are inadvm;nlly sub.sumtsd into
Eq. (15.9). As pointed out in the qualitative di ion, 3 l." is approx y con-
stantif Vj, exceeds Vp,,. To first order, then, the p h-off portion of the istics
can be modeled by simply setting

(15.10a)

Ioivg>vou = IpIvomvpu = Tosm
or

n n
2aZuNoaf, 2 (Vo + Ve = VG) ~ (Vu - Vc;) ]}
Tome = L Deat g tTei TP u— Y% Voi = Ve

(15.10b)

FIELD EFFECT INTRODUCTION~-THE J-FET AND MESFET

Since there are no carrier sinks or sources in the device, the current flowing through any
cross-sectional plane within the channel must be equal to I'. Thus, integrating the current
density over the ional area of th ducting channel at an arbitrary point y yields

' a - Wiy) 3 av
Iy=— [f!m drdz = ~zf hyde =22 quNode (530

win Wiy
dv w
= Npa— - »
29Zu Npa & (l a) (15.3b)

The minus sign appears in the general formula for /;, because Iy, is defined to be positive
in the — y direction. Use was also made of the fact that the structure is symmetrical about
the x = a plane.

R ing that I, is ind of y, one can recast Eq. (15.3b) into a more useful
form by integrating 7, over the length of the channel. Specifically,

L VL)~V
L Ip dy = IyL = 2gZy Npa f ° [l - @] &V (154

V(0)=0
or
29Zp, Npa J""’ W)
= H% ol 1 - —=|av .
In 7 A ps (15.5)
To proceed any further, we need an analytical expression for W as a function of V.
It should be d that the el i blem inside the J-FET is really two-

dimensional in nature. To obtain an exact expression for W as a function of V would neces-
sitate the solution of Poisson's equation taking into account both the x and y variation of
the electrostatic variables. Fortunately, with L » a (basic assumption 6), the y-direction
depend; of the el i iables (p ial, electric field, and charge density) in
the J-FET depletion regions is expected to be a much more gradual function of position
than the x-direction dependence of the same variables. This allows us to invoke the gradual
channel approximation, an approximation that is d frequently in the analy-
sis of field-effect devices. Specifically, d%,/dy is neglected in solving Poisson's equation
for the electrostatic variables in the FET depletion regions. In essence, a one-dimensional
x-direction solution is obtained for each channel y-value,

For the problem under consideration, invoking the gradual channel approximation
simply means that we can approximate W at every point y using Eq. (5.38), the one-
di ional expressi blished in Section 5.2. Thus, for the given p*-n step junctions,

12 I3
wy = [Hsfa oy L [2Ese WV + V= Vo) (15.6)
aNp aNp
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The Ip,,, relationship can be simplified somewhat by noting that pinch-off at the drain end
of the channel implies W - a when V(L) = Vb Therefore, from Eq. (15.6),

2Ke, '
a= [__vs (Vi + Vo = VG)] as.an
Ny

Comparing Eqs. (15.7) and (15.11), one concludes

Vouw = Vo = Ve (15.12)
and
24Zu,Nya 2 V= Vo)
I = ZetoTlna Vo~ Vo =(Vy - V|1 - (i Ve
L 3 Vo — Vo
(15.13)
Th ical In~V;, ch istics d using Egs. (15.9) and (15.13) are pre-

sented in Fig. 15.16. For comparison purposes a sample set of experimental characteristics
are displayed in Fig. 15.17. Generally speaking, the theory does a reasonably adequate job

of modeling the experimental observations. A P betv ex-
periment and theory can be achieved by lifting the ption of igible voltage drops
in the regions of the device between the active channel and the source/drain contacts (see

Fig. 15.18). Exercise 15.3 ines the required to the theory when the source
and drain resistances are taken into account, Finally, it should be pointed out that in satu-
ration most J-FET characteristics can be closely modeled by the simple relationship

I = Ing(l = VglVp)? where Ipg = Ip,uivoeo (15.14)

Although appearing totally different than Eg. (15.13), the semi-empirical “square-law™
relationship of Eq. (15.14) yields similar numerical results and is much easier to use in
performing first-order circuit calculations where the J-FET is viewed as a “black-box.”
Equation (15.13), on the other hand, is indispensable if one wishes to investigate the de-
pendence of the J-FET characteristics on temperatuse, channet doping, or some other fun-
damental device parameter.
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T
| Vg=0
(K o
Tosar-Ypga line
08 !
i
Vg=-05V
In 0.6
o
04 Vg=-1.0V
0.2
Vg=-20V
n 1 T
0 1 2 3 4 5
Vp (volts)
Figure 15.16 ized theorctical IV, w=1Vand v, = =25V,

o0 = Ipuiivgmo-

-0.5
Vg (volts)
-1.0
=15
~2.0
Vp (volts)
Figure 15.17 Sample 1n-Vyp istics., (Ch istics were derived from a T!

2N3823 n-channel J-FET.)
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Thus in the phenomenological theory (after some rearrangement),

M 3n
2 VilVe — VG/V,)
-1 - 2V - 1 — {22~ 7G'Tp
, VolVe = 1 = 5 (¥ = D [ ( o
Dsat = 7
oo 2 Vil Vo
S-SV - D) [1 - (m

According to the sq

2
!2&'= 1 _&)
oo Ve

A comparative plot of the two Ip/In, relationships and the script of the
MATLAB program used to the plot is reproduced below. Given the differ-
ence in functional forms, the agreement is quite good. By changing the z = V,,i/. Ve

value in the program, the ag is found to imp: with i 2
Vil Vol.
MATLAB program script...

%Exercise 15.2...Comparison of IDsat Relationships

%Computational paraineters
clear

z=—04; %oz=Vbi/VP
x=linspace(0,1); %x=VG/VP

%P-Theory (y=IDsat/ID0)

Num=x—1 = (23)*(z~ 1)*(1 ~ (2 = x).lz— 1)).4(1.5));
Den=— 1 —(2/3)*(z— 1)*(1 —(z.(z— 1)).M1.5));
yP=Num./Den;

%Square-law Theory
yS=(1-~-x).2;

%Plotting result

close

plot(x,yP.x,yS,--"); grid
xlabel('VG/VP?; ylabel(1DsavIDO');
text(0.38,0.4,'Square-Law')
text(0.27,0.3,'Eq.(15.13))
text(0.8,0.83,'Vbi/VP= —0.4")
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(V=1IpRs)

(V=Vp-IpRp)

Figure 15.18 Modified model for the J-FET including the resi of the semi regions
between the ends of the active channel and the source/drain terminals,

Exercise 15.1

P: An n-channel Si J-FET is to be constructed with a channel doping of Ny, = 10'6/
cmd. A ing room peration, determine the maximum junction-
to-junction half-width (a) that can be employed in constructing the J-FET.

S: Let Wy be the depletion width when the pn junctions in the J-FET are biased to
the breakdown voltage. For the J-FET to exhibit saturating characteristics, we must
have a = Wyg. As read from Fig. 6.11, Vg = 55 V for the given Np, = 10'6/cm?
p*-n junctions. Also, V,; = 0.92 V, as inferred from the figure associated with
Exercise 5.1 in Subsection 5.1.4. Thus

mn "2
=w,. = |%Kse _ [@a1.8)8.85 x 10-14)
Qg = Wy = [an Vo + i_'n)] [\(1‘6 X 10-P)(1016) 092 + 55)]

or \\\ Y
AN
:
N
{C) Exercise 15.2

P: Construct a plot comparing the I, /Ipo versus V/Vp computed using the phe-
nomenological relationship (Eq. 15.13) and the square-law relationship (Eq. 15.14).
Assume V,; = 1Vand V,= ~25Vor, equivalently, set V,,/V, = —0.4. How does
the comparison vary with the V,/Vp ratio?

8: Setting Vi = 0 in Eq. (15.13) yields

3n
29Zp Npa 2 Vi
= —=2n D" - —_— P - —_—
Ino 2 Ve 3 Vi — V) |1 Vo - Vi

Exercise 15.3

P: Shovti thas the source and drain resistances at the ends of the active channel (Rg
and Ry, in Fig. 15.18) are appropriately taken into account by replacing V,, with
Vo = In(Rs + Rp) and Vg with Vg — I, Rg in Egs. (15.9), (15.12), and (15.13).

S: With the voltage drops at the channe] ends taken into account, the channel voltages
aty= 0 andy = La.re }’(0) =IpRsand V(L) = Vo — IpRp. respectively. Inserting
the revised voltage limits into Eq. (15.4), and likewise modifying Eq. (15.5), we find

29Zu N, aan'/bRo w(v)
1, = =28 D" - Y) .
D 3 rofs 1 - av (15.5")

Since the Eq (15.8) expression for W(V)/a remains unchanged, the integral in
Eq. (15.5") is readily evaluated. The integration yields
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29Zu, N,
Ip= "—Z“,f—!ﬁ {VD ~ In(Rg + Ryp)

n
2 Vp = IoRp + Vi = V, :
“Zw - - o7 =Yg 15.
TN [ RV STAE o

(IoRs * Vi = va>’"]}
Vo — Ve

Turning next to the modification of Eq. (15.12), we not= that when Vj, = V.,
W a, V(L) = Vo, — IpeRp, and from Eq. (15.6),

”n
P [2"830 (Voo + Vo = TomRo — Vc,)] (15.11%)
qNp
However,
2K 17

= [£s5Be (. _ 15.7
a-[Bo - w 157

and clearly,

(15.12")

l Vow = losafp = Vo = Vp

Finally, setting Vy, = Vp,,, and I = Ip;, in Eq. (15.9"), and simplifying the
result using Eq. (15.12), one obtains

le

2g2p,Npa 2 )
- Ly {Vo“ Yo = IomRs = 3 (Vs = V) X | (1513)

n
- (5]
Vo = Vo

Note that replacing Vg, by Vp — In(Rs + Rp) and Vg by Vg — IpRg in
Egs. (15.9), (15.12), and (15.13) does indeed yield Egs. (15.9"), (15.12'), and
(15.13"), respectively.

A few words are in order concerning the foregoing results. First, it is obvious
that the primed equations cannot be solved for Ip, or I, as a closed-form function

FIELD EFFECT DEVICES

At the output port the d.c. drain current has already been established to be a function
of Vp and Vg; thatis, Iy = In(Vp, V). When the a.c. drain and gate potentials, vyand v,
are respectively added to the d.c. drain and gate terminal voltages, Vy, and V, the drain
current through the structure is modified to 7, (Vp, V) + iy, where i, is the a.c. component
of the drain current. Provided the device can follow the a.c. changes in potential quasistat-
ically, which is assumed to be the case at low operational frequencies, one can state

ig + Ip(Vp. Vo) = Ip(Vp vy Votvy) (15.15a)
and

iy = In(Vp+ug, Vo tuy) — Ip(Vp, Vo) (15.15b)
Expanding the first term on the right-hand side of Eq. (15.15b) in a Taylor series about the

d.c. operating point, and keeping only first-order terms in the expansion (higher-order
terms are negligible), one obtains

aly aly
= + =2 - 15.
In(Vo+v,,Vg+u,) = In(Vp,Vg) Woly, Yy oy, vy (15.16)
which when substituted into Eq. (15.15b) gives
a1, alp
ig = vy + v, (15.17)
¢ vy Vo ¢ Ve Yo *

Dimensionally the partial derivatives in Eq. (15.17) are conductances. Introducing

8= Ay . . .the drain or channel conductance (15.182)
Vo Vg=constant
g, = o . d or mutuzl cond (15.18b)
17
6 vomconstant
we can then write
iy = gyva + Em¥s (15.19)

Eq. (15.19) may be viewed as the a.c.-current node equation for the drain terminal and, by
inspection, leads to the output portion of the circuit displayed in Fig. 15.19(b). Since, as
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of Vp, and V. Nevertheless, numerical i hniques can be used to readily
calculate the revised current-voltage ch istics. Second, this problem could
have been rapidly pleted by (i) changing the i variable in Eq. (15.5")
to V' =V — IR and (ii) requiring the original and revised versions of Eq. (15.5)
to have the same general form. The change-of-variable approach, however, is not
very informative.

15.2.4 a.c. Response

The ac. response of the J-FET, routinely expressed in terms of the J-FET small-signal
cquivalent circuit, is most iently established by idering the two-port network
shown in Fig. 15.19(a). Initially we restrict our iderations to low operational fi
cies where capacitive effects may be neglected.

Let us begin by examining the device input. Under standard d.c. biasing conditions the
input port between the gate and source is connected across a reverse-biased diode on the
inside of the structure. A reverse-biased diode, however, behaves (to first order) like an

€4

open circuit at low fre ies. It is dard practice, therefore, to model the input to the
J-FET by an open circuit.
G D
in I-FET Cut
s s
@)
G —-—y
+ +
Y &mUy 24 v
N s
®)
G C,"’
be —ir e
A Ca=F  &mbg 29 v

©
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©

Figure 15.19 (a) The J-FET viewed as a two-port network. (b) Low-frequency and (c) high-
frequency small-signal equivalent circuits characterizing the a.c. response of the J-FET.
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Table 15.1 J-FET Small-Signal Parameters. Entries in the table were obtained by direct differ-

entiation of Eqs. (15.9) and (15.13). G, = 2¢Zu, Npa/L.

Below pinch-off (Vy, = Vp,,,)

Vo + Vy — Vo\" -
g,=60[1—(—"—v"—v°> ] 8 =0
v~ Vp
1”2 172 V,, — Ve
=G, Yot Vu = Vg (Y- Y B = Go[l - (—-—QV“ —
& = o Ve = Vo Vo — Vo u = Ve

Above pinch-off (Vp, = Vi)

)]

Tud

d earlier, the gate-t or input portion of the device is simply an open circuit,
Fig. 15.19(b) is the desired small-signal equivalent circuit ch; izing the low-freq
a.c. response of the J-FET.

The g,, parameter in the modeling of field effect transistors plays a role analogous to
the gain (a and B) previously d in the BJT analysis. As its name
indicates, g, may be viewed as either the device output admi or the a.c. cond
of the channel between the source and drain. Explicit g4 and g, relationships obtained by
direct differentiation of Eqs. (15.9) and (15.13), using the Eq. (15.18) definitions, are cata-
logued in Table 15.1. Note that the g4 = O result in Table 15.1 for operation of the device

under is with the th zero slope of the /,—Vp,
characteristics when Vp, = V.
At higher operating fr ies often d in ical 1 the

Fig. 15.19(b) circuit must be modified to take into account the capacitive coupling between
the gate and the drain/! Being pn j the J-FET gate junctions are in general
represented by a small-signal equivalent circuit similar to that presented in Fig. 7.2, How-
ever, since the J-FET gate junctions are normally reverse biased, the admittance of the
junctions is adequately rep by the d ion region capaci This i
must be partially connected between the gate and source and partially connected be-
tween the gate and drain. The Iting high-frequency equi circuit is pictured in
Fig. 15.19(c).

Exercise 15.4

P: Using the low-frequency equivalent circuit of Fig. 15.19(b), and assuming the
J-FET is saturation biased, show that the source and drain resistances at the ends of
the active channel give rise to a reduced effective transconductance

e 8n
En =Ty &mRs
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S: Under ions g4 — 0. Op ing g, and adding Rgand Ry 1o
the proper nodes in Fig. 15.19(b) yiclds the working equivalent circuit displayedin
Fig. E15.4. As deduced from Fig. E15.4,

iq = gmu; = gm(vy — igRs)

Thus

. e 8 '

where

gl =—En_
™1+ gnRs

It is interesting to note that Ry, does not affect the transconductance if g4 = 0. Rg,

on the other hand, causes a d in the of the J-FET if
8nRs is comparable to unity.
<l R
G o—e D
+ 0
* En Vg
%
Yy -
- Rs
s s
Figure E15.4

156.3 MESFET
15.3.1 General information

The similarity between MS (Schottky) diodes and pn junction diodes was noted in Chap-
ter 14. In particular, a depletion region, which can be modulated by the applied voltage,
also forms beneath a rectifying MS contact. It should therefore come as no surprise that
field-effect transistors can be built with rectifying metal-semiconductor gates. A simplified
perspective view of a GaAs MESFET and an idealized cross section of the structure are
pictured in Fig. 15.20.

FIELD EFFECT DEVICES

Zero-bias
® Semidnsulating  depletion
GaAs fegion

(a) D-MESFET

2 E.I:l‘I)Au (Schottky contact to

Zero-bias Implanted BB AuGe/Ni Ohmic contact
o Semi-insulating  depletion region
GaAs region

Passivation layer (insulator)

(b) E-MESFET

Figure 15.21 GaAs MESFET structure types. (a) Depletion-mode or D-MESFET; (b) enhance-
ment-mode or E-MESFET.

in Fig. 15.2]. Similar to the previously described J-FET, a bias applied to the gatc of a
D-MESFET further depletes the subgate region and reduces the channel conductance. The
E-MESFET, on the other hand, is fabricated so that the built-in voltage associated with the
metal-semiconductor contact is sufficient to totally deplete the channel. A forward bias
must be applied to the E-MESFET gate to reduce the depletion width and obtain a channel
current. The prepond of applications including MMICs involve analog circuitry
and make exclusive use of D-MESFETs. Digital logic circuits incorporate both D- and
E-MESFETs.

It should be noted that high operational freq the fabrication of de-
vices with extremely short channel lengths. The gate or active channel length in commer-
cial devices is routinely =<I um. The discrete GaAs MESFETs listed in the 1993
Hewlett-Packard catalogue of ication: p for ple, are quoted to
have a nominal gate length of 0.25 xm.

15.3.2 Short-Channel Considerations

Given the structural similarities between the MESFET and J-FET, the /- Vp, theory devel-
oped for the J-FET could be applied with only minor modifications to the MESFET pro-
vided all derivational ptions are satisfied. Unf ly, some of the derivational
assumptions are at best questionable for the typical short-channel MESFET. For one, the
L » a assumption and the associated gradual channel approximation are clearly suspect.
Second, the electric field in the FET channel is implicitly assumed to be sufficiently low so
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Semi-insulating
GaAs

[6)]

Substrate

()

Figure 15.20 The MESFET. (a) Simplified perspective view of a GaAs MESFET. (b) Idealized
MESFET cross section. (Note that the total n-region thickness in a single-gate structure is taken to
be a.)

As might be inferred from Fig. 15.20, the MESFETSs in commercial production are
GaAs-based n-channel structures. The MESFETs are primarily used in high-frequency
applications where GaAs is preferred over Si because of its superior electron-transport
properties. Historically, difficulties were encountered in fabricating metal-insulator-GaAs
FETs with ptabl istics. MESFET fabri was developed as an alternative
and is presently the most mature of GaAs fabrication technologies. GaAs MESFET are
the heart of lithic mi integrated circuits (MMICs) and are also sold as dis-
crete devices for use in amplifiers and oscillators that must operate at frequencies in excess
of 5 GHz.

There are two basic types of MESFETs—the depletion-mode or D-MESFET and the
enhancement-mode or E-MESFET. Cross scctions of the two types of MESFETSs are shown

FIELD EFFECT INTRODUCTION—THE J-FET AND MESFET

that the carrier drift velocity is given by vy = #0%,, where |p,) is the usual tow-field
mobility. However, if a drain voltage of V;, = 1V is applied across a channel length of L =
1 pm, the average magnitude of the electric field in the channel will be |8,| = Vy/L =
10¢ V/cm. Since I‘Eyl increases as one progresses down the channel toward the drain, the
magnitude of the electric field near the drain will be even larger than the cited average.
Referring to Fig. 3.4 in Part I, we find the electron drift velocity in Si is significantly
different from the extrapolated linear dependence at an electric field of 104 V/em. Failure
of the low-field assumption occurs at an even smaller |8y| -value in GaAs.

Inthe ing di ion, we ine three modifications to the long channel theory
that have been proposed in the device li Each of the approximate short channel
models has its validity limits and utility under certain conditions.

Variable Mobility Model

The nonlinear variation of v, with %, as the carriers progress down the MESFET channel
can be approximately taken into account using Eq. (3.3) from Part I, Specifically, assuming
Eq. (3.3) with 8 = 1 adequately models the v4 versus 8 dependence, one can write

vy = _#e® % (15.20)
1+ B2
um
and
u(@) = (] = _leol asa
Bl m? ’

Ul!l

where x(%) is the field-dependent mobility and v, is the saturation drift velocity. If u(%)
with g = —p, and € - ¥, = —dV/dy is now substituted for s, in Eq. (15.1) of the
long-channel J-FET derivation, and subsequent equations are -appropriately modified, one
ultimately obtains

_ Ip(long-channel)
| + ¥
Vel

Ip L0 Vp S Voo (15.22)

In(long-channel) is the /, computed using Eq. (15.9). Above pinch-off, /;(long-
channel) = I, (long-channel) and Vj, — V; — V. In addition, 2a must be replaced by
ain the long-channel current equations if the MESFET is a single-gate structure as pictured
in Fig. 15.20.

Examining Eq. (15.22), we note that the drain current is always reduced relative to the
long-channel case. This is to be expected since u(%) < 4o Also, Vp/L in the denominator
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nel to move closer to the source. In general, drain current saturation (I, = Ip,,,) occurs
when the channel pinches off or when vg~3 v aty = L.

If velocity saturation occurs in a MESFET with a channel length of only a few microns
or less, then the depletion width in the y, < y = L region of the device will differ by only
a small amount from the depletion width at y = 0. For the envisioned special situation,
W(y,) can be replaced by W(0) in Eq. (15.23). This leads to the approximation

of Eq. (15.22) is just |€|. It is therefore reasonable to identify g, Vo/L = £,|%| as the
corresponding “average™ drift velocity, v,. Equation (15.22) obviously reduces to the
long-channel result if v, < v,,,.

Overall, the variable mobility model provides an acceptable description of the non-
linear v, versus €, dependence in the FET channel and is adequate as a first-order correc-
tion to the long-channel theory when treating FETs of moderate channel length (typically
L = 10 um). However, the model does not account for the failure of the gradual channel

p ifL~a Asa q derations are necessary to prop- I = Hy,) = qu, NpZla — W(0)) (15.24)
erly describe the observed characteristics of short-channcl MESFETs.
with
Saturated Velocity Model " .
Current saturation in long-channel devices is always caused by a pinching-off or constric- W) = [% (Vi — VG)] =a (H) (15.25)
D b 7P

tion of the channcl near the drain. An alternative mechanism can give rise to current satu-
ration in short-channel devices where the gradual channel approximation is no longer valid.

Suppose [, in a short n-channel device is sufficiently large so that v, — v ata
point y; < L in the FET channel. With v, = v, the current flowing at the point y, will be

Note that W(0), the depletion width at y = 0, is computed assuming the gradual channel
approximation can be applied to the source end of the channel. The saturation drain cur-
rents computed using Eqs. (15.24) and (15.25) are found to be in fairly good agreement
I(y)) = quuNoZla — Wiyl (15.23) with experimental results derived from short-channel (L ~ 1 zm) GaAs MESFETS.
The continuity of the channel current requires /(y) to be the same at all points in the Two-Region Model
channel and, in particular, I(y > y,) = I(y,). Since vy = v, at y = y,, there can be no
further increase in vy at points y > y,. It therefore follows from Eq. (15.23) that, 10 satisfy
the I(y > y;) = I(y,) requirement, W(y) must be constant for all y, < y < L as envi-
sioned in Fig. 15.22. In total contrast to the assumption made in the gradual channcl ap-

imation, the described behavior can occur only if there is an appreciable €, field in the
subgate depletion region, with some of the field lines terminating on charges external to
the gated region as illustrated in Fig. 15.22. Moreover, even though the channel is only
partially constricted, the drain current through the device pictured in Fig. 15.22 will have
saturated. The application of a larger drain bias will merely cause the y, point in the chan-

Although useful, the saturated velocity model provides only an expression for Ip,. The
two-region model, on the other hand, provides an entire ch isti i with the
saturated velocity model.

In the two-region model the analysis is broken into two parts corresponding to the two
spatial or drift velocity regions pictured in Fig. 1522, For0 < y < ¥, the gradual channel
approximation and long-channel theory are assumed to hold with vy = po¥, throughout
the region. The v, = v,,, model is applied to the y, = y = L portion of the channel. The
transition point (y,) is taken to occur at the y-value where #o%8y = vy, Naturally, the
long-channel theory is applied throughout the channel if HgByyymr <V

Paralleling the long-channel theory, the J,-Vj, characteristics are computed using
Eq. (15.9) or the single-gate equivalent when V;, = Vp,,,,. Likewise, one sets ooy, =
Iotvpmv,, = I However, in general Vp, # Vg — V, and Eq. (15.13) is not used to
compute /p,,,. In the two-region model, drain current saturation first occurs when 1%, =
Vg O 8 = v, /1, at the drain end of the channel. If the long-channel relationships are
solved for V(y) in the channel (see Problem 15.3), the Iting expression differentiated
with respect to y to obtain €, and V(L) equated to Vp,,, when Bylyer = Vaaltto B Gy
one obtains

n n
v —Z(V — vy Vouw * Vi = Vo) _ (= Vo
b D Vi — Ve Vo — Vo

Vot Vi = Vo '”_l
Vh VP

n-GaAs
Substrate

Figure 15.22 Approxi p ion of the depletion region (shaded area) and clectric field €ul = (15.26)
in a short channcl MESFET where the drift velocity has reached its maximum value (v, = v,,) at

the point y, in the channel.

-
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i ; T 15.4 SUMMARY
""""" The ion of the conductivity of a semi by the application of an electric
04 field normal to the surface of the semiconductor is known as the field effect. The chapter
iz began with a general historical introduction to the field effect family of devices. The re-
------- 24 mainder of the chapter, devoted to the J-FET and MESFET, provided a specific introduction
A N to the special terminology and typical analytical iated with FETs. Steady-
” _c sv state J-FET operation was examined both qualitatively and quantitatively, with the quanti-
il tative analysis including the classic long-channel /;,—V;, derivation based on the gradual
channel approximation. The channel cond (g4)and the d 8m) Were
V=10V ; noted to be key in modeling the a.c. resp of the J-FET. The MESFET
= 3 discussion emphasized short-channel considerations and the required modifications to the
Vo= —!l sv § steady-state long-channel J-FET analysis.
Vg m-20 Vo]
g =t H g
(4] 04 08 12 1.6 2
Vp (volts) E
E PROBLEMS
Figure 15.23 Normalized Io-Va i of a short n-channel MESFET based it
on the two-region model, W, = LV, ¥, = —25V, %, = —5 X 10° Viem, and L = | um. The l- CHAPTER 15 PROBLEM INFORMATION TABLE
drain current is normalized 10 the ¥ = 0 sniuration current (£, ) of an equivalent long-channel FET. s Complete | Difficulty Suggested Short
E Problem N s L
After Level Point Weighting Description
;D,B,quc(p:;g{ls\;al Vi and set of device parameters is determined from a numerical solution :- 15.1 154 1 101 cach part) Quick quiz
A sample set of theoretical I-V,, ¢l istics based on the two-region model is ] 152 1523 2 9 (3 each part) Compositri
displayed in Fig. 15.23. An %€, = —5 X 103 V/em appropriate for GaAs n-channcl i 15.3 " 3 10 (a-7,b-3) Relationship for V(y)
MESFETs and L = | um was d in establishing the ch istics. For i ; 15.4 " 2 5 Vipgar from I,
\mfh hngﬂnmacl rv:sulls.'the characteristics were normalized to fog = Ipiy, -0 cOmputed 5 155 .. 3 25 (a-3,b-5, c-3, d-5, | J-FET operation with
using the single-gate version of Eq. (15.13). X e-2,£-7) s = 0.
Examining Fig. 15.23 we nole that Vy,,, for most V values occuss at a significant], " >
s vdlagen:ld iﬂ,m iy ’emw:':"" the comp G Tong tch 8 1 el v . 15.6 3 12 (a-3, b-9) Linearly graded channel
presented in Fig. 15.16. Also, I, exhibits a V; dependence approximately described by ‘ 0157 " 4 |35 Rs and Ry included Ip—V,
Eg. (15.24). Although hat crude in with a noticeable di inuity in - 15.8 15.2.4 2 9 (a-6, b-3) Pinch resistor
slope at ¥y, = ¥y, the characteristics resulting from the two-region model afford a rea- . 159 [ 3 12 (a-3, b-6, c-3) I3
sonable first-order match 1o the observed short-channel characteristics. Tt should be ac- - “15.10 = 3 1812 b6 ’“‘“T —
knowledged, however, that an accurate modeling of the short-channel characteristics inher- . . (12, b6) &m L
ently requires the numerical two-dimensional solution of the electrostatic and current Fey 15.11 1532 3 8 Back-gated MESFET
equations. '_ 15.12 " 2-3 8 Derive Eq. (15.22)
15.13 " 2 5 Derive Eq. (15.26)
®15.14 " 3 18 (a-14, b-2, ¢-2) Two region I~ V;,
5
.
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15.1 Quick Quiz.

Answer the following questions as isely as p

(a) Define “field effect.”

(b) Precisely what is the “channel” in J-FET terminology?

(c) For a p-channel J-FET (a J-FET with n*-p gating junctions and a p-region between
the source and drain), does the drain current flow into or out of the drain contact under

normal operating conditions? Explain.
(d) What is the “graduail channel approximation™?
(¢) What is meant by the term *pinch-off”?
(f) Whatisthe ical
(g) Draw the small-signal equi

560

(h) What do MESFET, D-MESFET, and E-MESFET stand for?
(i) Why is the magnitude of the electric field in the channel of concern in modeling short-

(j) Stated concisely, what is the primary difference between the long-channel and the two-

15.2 In this problem you will be asked various questions about the df:vice shlown in
Fig. P15.2. The device, which might be called a positri p
formed from a uniformly doped 7-type bar. Ohmic contacts are made to the top and bquom
of the bar and are connected to the outside world through leads D and B, respectively.
p*-n step junctions are formed on the two sides of the bar and are connectfd to the outside
world through contacts E and C. As shown in the figure, d is the separation bftween the
two p* regions and L is the lateral length of the p* regions. 7o receive full credit, you must
indicate your reasoning in addition to answering each of the following.

N PRy

of the drai d ?of the d: 9
circuit izing the low-fr quency a.c. n
of a J-FET under saturation conditions. (Assume the d.c. characteristics of the device
are similar to those shown in Fig. 15.16.)

channel MESFETs?

region short-channel Jp— Vy, theories?

) is

- Figure P15.2

FIELD EFFECT DEVICES

(a) Sketch an outline of the depletion regions inside the Vg, = 0 device when Vi1 is made
sufficiently large to pinch off the channel with Vy, = 0.

(b) If Vp (the pinch-off gate voltage) = —8 V when the two gates are tied together, V,; =
1V, and assuming p*-n step junctions, determine Vpr (the top gate pinch-off voltage)
when Vg = 0and V,, = 0. Is your answer here consistent with the sketch in part (a)?
Explain.

(c) Assuming Vpy < Vgr < 0, sketch an outline of the depletion regions inside the device
when the drain voltage is increased to the pinch-off point.

(d) Derive an expression that specifies Vpy in terms of Vpr, Vy;, and Vgr for Vg = 0
operation. (Your answer should contain only voltages. Make no attempt to actually
solve for Vp,.)

(e) In light of your answers to parts (c) and (d), will Vp;, for Vog = 0 operation be greater
than or less than the Vg, for Vgp = Vr operation? Explain.

(f) Derive an expression for /;; as a function of V, and V;r analogous to Eq. (15.9).

15.6 A J-FET is constructed with the gate-to-gate doping profile shown in Fig. P15.6.
Specifically assume the p*-region doping is much greater than the maximum n-region
doping and make other obvious assumptions as required.

Figure P15.6

(a) Establish an exp for the depletion width (W) i with one of the linearly
graded junctions. Let V,, be the applied voltage drop across the junction. (It may be
helpful to refer to Subsection 7.2.2 or to review the linearly graded junction analysis in
Subsection 5.2.5.)

(b) Neglecting the u,, doping dep and ing that the left-hand and right-hand
gates are tied together, appropriately modify the text J-FET analysis to obtain the be-
low-pinch-off I, V), relationship for this linearly graded junction. (Caution: More
than the W(V)/a expression must be modified.)

© 15.7 Graphically illustrate the effect of the R and Ry, resistances on the I~V character-
istics. Referring to Exercise 15.3, write a MATLAB (computer) program that can be used to
calculate and plot the J-FET /,—Vy, characteristics for arbitrary values of Rgand Rp,. Nor-

ANy
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(a) Given: D-B ticd together; d <€ L, where L, is the minority carrier diffusion length in

the n-region; Veg > 0: Vg < 0. Problem: Sketch the current (/) flowing out of the
C contact as a function of V. if /g is held constant at various different values.

(b) Given: E~C tied together; D-B tied together; d > L. Problem: Sketch the current

flowing into the E-C leads as a function of the voltage applied from E-Cto D-B.

(c) Given: E-C tied together; d < 2Wy, where Wy is the depletion width when the pn

junctions in the compositristor are biased to the breakdown voltage; L is almost equal
to the total length of the bar between D and B Vi > 0; Vg < 0. Problem: Sketch
the current (/) flowing into the contact D as a function of the Vpg voltage if Vgg is
held constant at various different values.

153 As shown in Fig. 15.11(c), the variation in voltage down the length of the J-FET
channel is typically a nonlinear function of position.

(a) Derive an expression that can be used to compute the point in the channel (that is, y/L)
where a given channel voltage 0 < V(y) = Vp is expected to occur. HINT: Let L= y
and Vj, = V(y) in Eq. (15.4), solve for y, evaluate the remaining integral, and then
form the ratio y/L from your result.

(b) Assuming Vg =0, Vp =5V, V,; =1V, and Vp = —8 YV, calculate y/L for V(y) = I,
2,3, and 4 V. How do the computed y/L values compare with the positioning of the
voltages shown in Fig. 15.11(c)?

15.4 If Eq. (15.9) is used to compute /, as a function of V, for a given Vg, and if Vj is
allowed to increase above Vp,,, one finds /j, to be a peaked function of V;, maximizing at
Vosr- The foregoing suggests a second way to establish the Eq. (15.12) relationship for
Vst~ Specifically, show that the Jard math ical procedure for d ining extrema
points of a function can be used to derive Eq. (15.12) directly from Eq. (15.9).

15.5 Suppose, as shown in Fig. P15.5, the bottom gate lead of a long-channel J-FET is tied
to the source and grounded.

Vors0

Vp=0

== Vop =0

Figure P15.5

559

FIELD EFFECT INTRODUCTION—THE J-FET AND MESFET

malize all I}, values to I, = }
> . ~ {Dsulvgmo G5 Computed from Eq. (15.13), i
current relationships should involve only IplIpg or I llng, Vp, Ve, :nﬂi ;ﬁ:e]:sd
;Vh"/ ,-:;i ?,OR_S, unzdsG‘;,RsDu , whel:e (l;n = 2qZp,Npa/L) Run your program assuming V,; =
p = T & Vi successively set GyRg = GoRy =
results with Fig. 15.16. Comment o: the co':n;arison? o= 0 0. 20405, Compareyour

15.8 Bipolar i circuits ionally make

) ! : g a ly use of pinch resistors. The two-
wma]Eirid‘, resistor is essentially a J-FET with the gate(s) internally shorted w‘r}‘:e
source. = bnn}g a voltage-dependent nonlinear resistance, the device finds use in appli-
cations that require large values of resistance, but where the precise values are not critical.
A i 1, }

(@) ing !hfz:e‘;:: ‘; elopment can :)é use:i | without modification, establish generat
p c. = i = I/V) and the a.c. -

tance (g = d/l/dV) of the pinch resistor. )and the . condue

(b) Compute the value of the d.c. and a.c. resistances (R = 1/G and r = 1/g) at an applied

voltage of ¥, . El = —
Ve =g°_2vnu./2 mploy Z/L = 1, a = 0.5 um, Ny, = 10'/cm?, Ve =1V, and

159 The maximum frequency of operation or cutoff frequency of the J-FET is given by

8,

= fm_
S 27Cq
where Cg is the capacitance of the pn junction gates.

(a) Derive the above for b
in Subsection 17.3.2, Jouiy

(b) Show that for a J-FET one can write

ing an arg logous to that found

8m_ _ 9MaNpa?
27Cs ~ 2mKge,l?

Jrax =

(c) Given asilicon J-FET with Np = 10%/cm3, g =

L 0.5 =
limiting value of the cutoff frequency. wmy and L= 5 um, compute the

*15.10 In this problem we wish to explore the temperature dependence of the J-FET

transconductance.

(a) Making use of parametric temperature information or relationships from earlier chap-
ters, compute and construct a log-log plot of g, (T} normalized to £,(300 K) versss
T(K) for 225 K = T = 475 K. Ata minimum, include data points a, 50 K intecvals
Set V, =>(.) and take the device to be saturation biased (Vo = Vp,). Assume an i
channel silicon device with N, = 10'6/cm3, ¥ A (of the p+ :’egion;))sa l=.5 X lO”/cm’;.
and a = 0.6 um. [NOTE: Neglecting the very small change in device dimensions wilh'
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temperature, we conclude from Eq. (15.7) that Vy; ~ V}, must be temperature indepen-
dent. Separately, however, V,, and V;, are temperature dependent.)

(b) Assuming g, (T)/g,(300 K) « T(K)-", determine n. Also, superimposed on the
part (a) plot and spanning the same temperature range, plot sz, (7)/x, (300 K) versus
T: Briefly discuss your results.

15.11 Some n-channel MESFET: are built on p* substrates so they can be “back-gated™;
i.¢., a top MS diode gate is paired with a bottom p*-n gate. Let V,;; be the built-in voltage
of the top (MS) gate, V5 the built-in voltage of the bottom (pn) gate, Vgr !he top gate
voltage, Vi, the bottom gate voltage, V, the top gate voltage required to pinch off the
channel when Vgg = Vp = 0, 2a the top-to-bottom junction width, and L the length of the
channel as defined by the shorter MS gate. Invoking the two-region model, derive an ex-
pression for the below-saturation /, as a function of Vy,.

15.12 Derive Eq. (15.22).

15.13 Utilizing the solution to Problem 15.3(a) and following the procedure outlined in
the text, derive Eq. (15.26).

©15.14 (a) Construct a MATLAB (computer) program to and plot the n-ch 1
FET I,-Vj, ch istics predicted by the t gion model. N I to the
Vo = 0 saturation current (/) of an equivalent long-channel FET. Take V,;, Vp, 8.,
and L to be input parameters. Run and check your program employing the parameters
used to generate Fig. 15.23.
(b) Run your program employing Vi; = 1V, V; = =25V, %, = —10* V/cm (charac-
teristic of silicon devices), and L = 100 um. Compare your program output with
Fig. 15.16.
(c) For V; = 1 Vand V, = = 2.5V, at what value of %,,,L does the long-channel theory
begin to fail? Define “fail” as a reduction of the computed /p,, /I, to less than 0.95

when V; = 0.
FIELD EFFECT DEVICES
Yo
0 5i0,
Si
x
Figure 16.1 The metal-oxid

semiconductor provides an clectrical contact to the silicon substrate. The terminal con-
nected to the field plate and the field plate itself are referred to as the gate; the silicon
terminal, which is normally grounded, is simply called the back or substrate contact. -

The ideal MOS structure has the following explicit properties: (1) the metallic gate is
sufficiently thick so that it can be considered an equipotential region under a.c. as well_ as
d.c. biasing conditions; (2) the oxide is a perfect insulator with zero current flowing
through the oxide layer under all static biasing conditions; (3) there are no charge c;nler:s
located in the oxide or at the oxide~semiconductor interface; (4) the semiconductor is uni-
formly doped: (5) the semiconductor is sufficiently thick so that, regardless of the appljed
gate potential, a field-frec region (the so-called Si “bulk™) is encountered before reaching
the back contact; (6) an ohmic contact has been established b the icond and
the metal on the back side of the device; (7) the MOS-C is a one-dimensional structure
with all variables taken to be a function only of the x-coordinate (see Fig. 16.1); and
(8) ®y = ®g = x + (E, — Ep)pp. The material parameters appearing in idealization 8
were previously introduced in Section 14.1 and will be reviewed in the next section.

All of the fisted idealizations can be approached in practice and the ideal MOS struc-
ture is fairly realistic. For example, the resistivity of SiO, can be as high as 10'8 ohm-cm,
and the d.c. leakage current through the layer is indeed negligible for typical oxide thick-
nesses and applied voltages. Moreover, even very thin gates can be considered equipoten-
tial regions and ohmic back contacts are quite easy to achieve in practice. Similar state-
ments can be made concerning most of the other idealizations. Special note, however,
should be made of idcalization 8. The ®,, = @5 requirement could be omitted and will in
fact be eliminated in Chapter 18. The requirement has only been included at this point to
avoid unnecessary complications in the initial description of the static behavior.

L
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16 MOS Fundamentals

The metal-oxide (SiO, ). icond (Si) or MOS is, without a doubt, the
core structure in modern-day microel ics. Even pn junction type devices
incorporate the MOS structure in some functional and/or physical manner. A quasi-MOS
device, as noted in the Section 15.1 General Introduction, was first proposed in the 1920s.
The dawn of modern history, however, is generally attributed to D, Kahng and M. M. Atalla
who filed for patents on the Si-Si0, based field effect transistor in 1960. The MOS desig-
nation, it should be noted, is reserved for the technologically dominant metal-SiO,-Si
system. The more general d i tal-insul; d (MIS), is used to
identify similar device posed of an i other than $iO, or a semicon-
ductor other than Si.

This chapter is intended to serve as an introduction to MOS structural and device
fundamentals. The two-terminal MOS-capacitor or MOS-C is both the simplest of MOS
devices and the structural heart of all MOS devices. We begin with a precise specification
of the “ideal” MOS-C structure. Energy band and block-charge diagrams are next con-
structed and utilized to qualitatively visualize the charge, electric field, and band bending
inside the MOS-C under static biasing conditions. Quantitative relationships for the elec-
trostatic variables inside the semiconductor are then developed and subsequently related to
the voltage applied to the metallic gate. Capacitance is of course the primary electrical
observable exhibited by an MOS-capacitor. The MOS-C capacitance-voltage (C-V) char-
acteristics are important not only from a fund 1 but also a practical viewpoint. In the
final section of the chapter, our knowledge of the internal workings of the MOS structure
is used to explain and analyze the normally observed form of the MOS-C-C~V character-
istics. The chapter ludes with an of d ideal h -
istics, about p d and other relevant C-V considerations.

16.1 IDEAL STRUCTURE DEFINITION

As pictured in Fig. 16.1, the MOS is a simple tw inal device posed of
a thin (0.01 um-1.0 um) SiO, layer sandwiched bet asilicon and a metallic
field plate. The most common field plate materials are aluminum and heavily doped poly-
crystalline silicon.! A second metallic layer present along the back or bottom side of the

* Heavily doped Si is metallic in nature. Polysilicon gates, used cxtensively in complex MOS device structures,
are deposited by a chemical-vapos process and then heavily 2- or p-doped by cither diffusion or ion implantation.
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16.2 ELECTROSTATICS—MOSTLY QUALITATIVE
16.2.1 Visualization Aids
Energy Band Diagram

The energy band diag is an indisp aid in lizing the internal status of the
MOS structure under static biasing conditions. The task at hand is to construct the diagram
appropriate for the ideal MOS structure under equilibrium (zero-bias) conditions.

Figure 16.2 shows the surface-included energy band diagrams for the individual com-
ponents of the MOS structure. In each case the abrupt termination of the diagram in a
vertical line designates a surface. The ledge at the top of the vertical line, known as the
vacuum level, denotes the minimum energy (E,) an electron must possess to completely
free itself from the material. The energy difference between the vacuum level and the Fermi
energy in a metal is known as the metal workfunction, Py, In the semiconductor the height
of the surface energy barrier is specified in terms of the electron affinity, x, the energy
difference between the vacuum level and the conduction band edge at the surface. x is used
instead of E, — Ey because the latter quantity is not a constant in semiconductors, but
varies as a function of doping and band bending near the surface. Note that (E~Eg)gy is
the energy difference between £, and E in the flat band (FB) or field-free portion of the

i The ining p thei is in essence modeled as an intrin-
sic wide-gap semiconductor where the surface barrier is again specified in terms of the
electron affinity.

The conceptual formation of the MOS zero-bias band diagram from the individual
components involves a two-step process. First the metal and semiconductor are brought
together until they are a distance x, apart and the two-component system is allowed to
equilibrate. Once the system is in equilibrium the metal and semiconductor Fermi levels

: T
Ex !
X
b
, l (E~Ep)ey
L= i
¢ [T 15: ]
~ E,
v
Metal Insulator S i with
band bending

Figure 16.2 Individual energy band diagrams for the metal, insulator, and semiconductor compo-
nents of the MOS structure. The diagram labeled “semiconductor with band bendi ng” defines
(E, — Eg)yp and shows x to be invariant with band bending. The value of , it should be emphasized,
is measured relative to £, at the semiconductor surface.
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Figure 16.3 Equilibrium encrgy band diagram for an ideal MOS structure.

must be at the same energy (sec Subsection 3.2.4). Moreover, the vacuum levels of the M
and S components must also be in alignment because we have specified ®,, = ®5. The
foregoing implies that there are no charges or electric fields anywhere in the metal-gap—
semiconductor system. Next the insulator of thickness x, is inserted into the empty space
between the metal and semiconductor components. Given the zero electric field in the x,
gap, the only effect of inserting the insulator is to slightly lower the barrier between the M
and S components. Thus the equilibrium energy band diagram for the ideal MOS structure
is concluded to be of the form pictured in Fig. 16.3.

Block Charge Diagrams

Complementary in nature to the energy band diagram, block charge diagrams provide in-
formation about the approxi charge di: inside the MOS structure. As just
noted in the energy band diagram discussion, there are no charges anywhere inside the
ideal MOS structure under equilibrium conditions. However, when a bias is applied to the
MOS-C, charge appears within the metal and icond near the metal-oxide and
oxide—semiconductor interfaces. A sample block charge diagram is shown in Fig. 16.4.

+Q Charge

x L Position

M]O|sS

Figure 16.4 Sample block charge diagram.
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-
of the energy bands in the oxide is a constant—E, and E, are linear functions of position,
Naturally, band bending in the icond is exp d to be hat more 1

p
in its functional form, but per idealization 5, must always vanish (§ — 0) before reaching
the back contact.

Specific Biasing Regions

Given the general principles just discussed, it is now a relatively simple matter to describe
the internal status of the ideal MOS structure under various static biasing conditions. Tak-
ing the Si sut to be n-type, first the appli of a positive bias. The appii-
cation of Vg > 0 lowers Er in the metal relative to Eg in the semiconductor and causes a
positive sloping of the energy bands in both the insulator and semicond The resulting
energy band diagram is shown in Fig. 16.5(a). The major conclusion to be derived from
Fig. 16.5(a) is that the electron ion inside the d n = nexp[(Ex —
E)IKT}, i as one app the oxide interface, This particular
situation, where the majority carrier concentration is greater near the oxide-semiconductor
interface than in the bulk of the d is known as acc i

When viewed from a charge standpoint, the application of Vg > O places positive
charges on the MOS-C gate. To maintain a balance of charge, negatively charged electrons
must be drawn toward the semi insulator interfz the same 1 estab-
lished previously by using the energy band diagram. Thus the charge inside the device as a
function of position can be approximated as shown in Fig. 16.5(b).

Consider next the application of a small negative potential to the MOS-C gate. The
application of a small V; < O slightly raises Eg in the metal relative to Eg in the semicon-
ductor and causes a small negative sloping of the energy bands in both the insulator and
semiconductor, as displayed in Fig. 16.5(c). From the diagram it is clear that the concentra-
tion of majority carrier el has been d, depleted, in the vicinity of the oxide~
semiconductor interface. A similar conclusion results from charge considerations. Setting
V¢ < 0 places a minus charge on the gate, which in turn repels electrons from the oxide-
sémiconductor interface and exposes the positively charged donor sites. The approximate
charge distribution is therefore as shown in Fig. 16.5(d). This situation, where the electron
and hole concentrations at the oxide-semiconductor interface are less than the background
doping concentration (N, or Np), is known for obvious reasons as depletion.

Finally, suppose a larger and larger negative bias is applied to the MOS-C gate. As
is increascd negatively from the situation pictured in Fig. 16.5(c), the bands at the semicon-
ductor surface will bend up more and more. The hole concentration at the surface (p,) will
likewise increase systematically from less than n; when Ej(surface) < Ep, to n; when
E;(surface) = Eg, to greater than n; when E;(surface) exceeds Eg. Eventually, the hole
concentration increases to the point shown in Fig. 16.5(¢) and (f), where

E;(surface) — E;(bulk) = 2{E; — E;(bulk)] (16.2)
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Note that nio attempt is made to represent the exact charge distributions inside the structure.
Rather, a squared-off or block approximation is employed and hence the resulting figure is
called a block charge diagram. Block charge di are i to be itative in
nature; the magnitude and spatial extent of the charges should be interpreted \:vith this fact
in mind. Nevertheless, because the electric field is zero in the interior of both the metal and
the semiconductor (sce idealization 5), the charges within the structure must sum to zero
according to Gauss’s law. Consequently, in constructing block charge diagrams, the area
r;prescming positive charges is always drawn equal to the arca representing negative
charges.

16.2.2 Effect of an Appiied Bias
General Observations

Before ining specific-case sil it is useful to establish general ground rules as
to how one modifies the MOS energy band diagram in response to an applied bias. Assume
normal operating conditions where the back side of the MOS-C is grounded and let V; be
the d.c. bias applied to the gate.

With V= 0 we note first of all that the semiconductor Fermi energy is unaffected by
the bias and remains invariant (level on the diagram) as a function of position. This is a
direct consequence of the assumed zero current flow through the structure under all static
biasing conditions. In essence, the semiconductor always remains in equilibrium indepen-
dent of the bias applied to the MOS-C gate. Second, as in a pn junction, the applied bias
:pafates the Fermi energies at the two ends of the structure by an amount equal to gVg;

at is,

Eg(metal) — Eg(semiconductor) = —qV (16.1)

Conceptually, the metal and semiconductor Fermi levels may be thought of as “handles™

connected to the outside world. In applying a bias, one grabs onto the handles and rear-

ranges the relative up-and-down positioning of the Fermi levels. The back contact is

gr ‘.‘ and the icond ide handle therefore remains fixed in position. The

ﬁetal-gxde handle, on the other hand, is moved downward if Vg > 0 and upward if
6 <0.

Since the barrier heights are fixed quantities, the movement of the metal Fermi level
?bviously leads in turn to a distortion in other features of the band diagram. The situation
is akin to bending a rubber doll out of shape. Viewed another way, V; # 0 causes potential
drops and E, (E,) band bending interior to the structure. No band bending occurs, of
course, in the metal because it is an equipotential region. In the oxide and semiconductor,
however, the energy bands must exhibit an upward slope (increasing E going {rom the gate
toward the back contact) when Vg, > 0 and a downward slope when V; < 0. Moreover, the
application of Poisson’s equation to the oxide, taken to be an ideal insulator with no carriers
or charge centers, yields €,y /dx = 0 and therefore 8,4, = constant. Hence, the slope

MOS FUNDAMENTALS
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Figure 16.5 Energy band di and block charge di the static

state in an ideal n-typc MOS-capacitor.

569



I —

570

FIELD EFPECT DEVICES ’ .

and

1y, when p, = Ny, for the special applied bias Vg =
Slﬁrd?/Momo‘Z}. for ?urlher incrp:ases in negative bias (Vg < Vi), p, exceeds Ay = Ny
and the surface region appears o change in character
with the change in character observation, the Vg < Vr
concentration at the surface exceeds the ‘ ¢
as inversion. Energy band and block charge diagrams dep the are
displayed in Fig. 16.5(g) and (hz

sults will be as shown in Fig. 16.6. It is important to note
regions in a p-type device are reverse
type device; that is, accumulation in a

= . elEiburtace)— BT = . elbe EOUINT = n,, = Np (16.3)
P, e i
«

Vr the surface is no longer de-
from n-type 10 p-type. In accordance

situation where the minority carrier
bulk majority carrier concentration is referred to
) . o

are performed for an idez] p-type device, the re-

from this figure that biasing

d in polarity relative to the voltage regions in an n-

p-type device occurs when Vg < 0, and so forth.

In summary, then, one can distinguish three physically distinct biasing regions—ac-
i letion, and i For an ideal n-type device, accumulation occurs

1f gous biasing

when Vg {
voltage polarities are simply reversed for an i
semiconductor or flat band at Vg = 0 marks t
depletion. The dividing line at Vg = Vi is simp)

Figure 16.6 Energy band and block charge diagrams for a
mulation, depletion, and inversion conditions.

“depleti inversi V. The cited
> 0, depletion when Vy < Vg < 0, and inversion when Vg < Vq. The
o - 3 deal p-type device. No band bending in the
he dividing line betwcen accumulation and
ly called the depletion-inversion transition

Encrgy
band
diagram — o
Applicd
de Vg=0 V<0 Vp>Vg>0
voltage
\ | Pl } Exposed
“ n+e +Q E +e | acceptors
Charge \ . ! | B
agran !
" | Lo :
[ P i1 Blectrons
Name  Flatband Accumulation Depletion Inversion

p-type device under flat band, accu-
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lished in a relatively straightforward manner beginning with Poisson’s equation. In the fol-
lowing analysis we invoke the depletion approximation to obtain a first-order closed-form
solution. The devel closely parallels the p ion in the pn junction analysis of
Chapter 5. It should be pointed out, however, that an exact solution is possible in the MOS-
C case. The exact solution stems from simplifications associated with the fact that the
semiconductor in an ideal MOS-C is always in equilibrium regardless of the applied d.c.
bias. For reference purposes the exact solution is presented in Appendix B.

In performing the analysis, ¢(x) is taken to be the potential inside the semiconductor
ata given point x; x is understood to be the depth into the semiconductor as measured from
the oxide—semiconductor interface [see Fig. 16.7(a)). The symbol ¢, instead of V, is used
in MOS-C work to avoid possible confusion with externally applied potentials. In accor-
dance with idealization 5, the electric field (8 = — d¢/dx) is assumed to vanish as onc
P ds into the semicond! F ing dard , the potential is
chosen to be zero in the field-free region of the substrate referred to as the semiconductor
bulk. ¢ evaluated at the oxide icond interface (at x = 0) is given the’ special
symbol, ¢, and is known as the surface potential.

Figure 16.7(b) indicates how ¢(x) is related to band bending on the energy band dia-
gram. As shown (and consistent with Eq. 3.12),

) = ‘1, [E,Gulk) ~ E0)] (164)

and

1
b5 = P [E;(bulk) — E;(surface)] (16.5)

Figure 16.7(b) also introduces an important material parameter; namely,

1
br = 2 [E;(bulk) — Eg] (16.6)

¢ is clearly related to the semiconductor doping. For one, the sign of ¢ indicates the
doping type; directly from the definition one concludes ¢g > 0 if the semiconductor is p-
type and ¢ < 0 if the semiconductor is n-type. More importantly, the magnitude of ¢ is
functionally related to the doping ion. Given a nondeg Si sub main-
tained at or near room temperature, we know from Chapter 2 that

Do = melECIISEINT = N Ny B Ny (16.72)

Py = melEr=BONIAT = No_if Np > N, (16.7b)

149

MOS FUNDAMENTALS

point, with Eq. (16.2) quantitatively specifying the onset of inversion for both »- and p-
type devices.

Exercise 16.1

P: Construct line plots (with V,; plotted along the x-axis) that visually identify the
voltage ranges corresponding to lation, depletion, and inversion in ideal n-
and p-type MOS devices.

S: The “plots” shown below are in essence a graphical representation of the word
summary given at the end of the preceding section. Note that acc, depl, and inv are
standard iations for lation, depletion, and i ion, respectively.

o [ ]
‘e

T
vy 0

INV |DEPL| ACC
T

ACC | DEPL | INV
I 1

0 vy

16.3 ELECTROSTATICS—QUANTITATIVE FORMULATION
16.3.1 Semiconductor Eiectrostatics

e N "

Prep y

The purpose of this section is to for the charge density
(p), the electric field (8), and the clectrostatic potential existing inside an ideal MOS-C
under static biasing conditions. The task is simplified by noting that the metal is an equi-
potential region. Charge appearing near the metal-oxide interface resides only a few Ang-
stroms (1 Angstrom = 108 cm) into the metal and, toa high degree of precision, may be
modeled as a 5-function of charge at the M-O interface. Since by assumption there is no
charge in the oxide (idealization 3), the magnitude, of the charge in the metal is simply
equal to the sum of the charges inside the semiconductor. Also, as noted previously, with
no charges in the oxide, it follows that the electric field is constant in the oxide and the
potential is a linear function of position. In other words, solving for the electrostatic vari-
ables inside an ideal MOS-C essentially reduces to solving for the electrostatic variables
inside the semiconductor component of the MOS-C.

analy

The matt ical ption of the el inside the is estab-
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Figure 16.7 El p (a) Graphical
tween ¢(x) and band bending; graphical definition of .

of ¢ and ¢. (b) Relationship be-

Thus, combining Egs. (16.6) and (16.7) yields

kT "
4 Y In(N,/n;) . .. p-type semiconductor (16.83)
. =

—%T In(Np/n;) . .. n-type semiconductor (16.8b)

Extensive use will be made of the ¢ and ¢, parameters throughout the MOS discus-
sion. Qur immediate intcrest in these p involves their use in quantitatively speci-
fying the biasing state inside the semiconductor. Clearly, under flat band conditions
s = 0. Moreover, substituting Eqs. (16.5) and (16.6) into Eq. (16.2), one concludes

¢s = 24

at the depletion—inversion transition point (16.9)
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With ¢ > 0 in a p-type semiconductor, it follows that ¢5 < 0 if the semiconductor is
accumulated, 0 < ¢ < 2¢bg if the semiconductor is depleted, and ¢ > 2¢y if the semi-
conductor is inverted. For an n-type semiconductor the inequalities are merely reversed,

Exercise 16.2

P: (2) Construct line plots (with ¢ plotied along the x-axis) that visua]l)t idem.ify
the surface potential ranges cor ing to lation, depletion, and n
in ideal n-type and p-type MOS devices.

P P

(b) For each of the ¢, ¢ parameter scts listed below, indicate the doping lyPe and
the specified biasing condition. Also draw the corresponding energy band diagram
and block charge diagram that characterize the static state of the ideal MOS system.

2B

kTlg kTlq
@ k?'lq =9 ﬁf} i3
(iii)%;q= - ,%7; -1
) ;%’ = 1s, /;_/sq -3
» lg‘/q =5 %q- =0

S: (a) Converting the discussion at the end of the preceding subsection into a graphi-
cal representation yields

INV_ | DEPL | ACC
T 1
25

— . [ ]
o oo ]

ACC | DEPL | INV
1 T

0 ¢
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Delta-Depletion Solution
The approximate closed-form solution for the electrostatic variables based in pzjn on the
pletion approximation is iently divided into threc segments corresponding to the
three, biasing regions of i letion, and i i

Let us first consider accumulation. l;lgure 16.8 displays charge densit}.' and potential
plots constructed using the exact solution found in Appenclix. B. After verifyl_ng the gcnel_'al
correlation between the Fig. 16.8 plots and the p-bulk semiconductor portion of the dia-

4001~
300
2 ™~ 1] o
N, 2001 Accumulation -2
» layer
&
kT/q
100~ -0~
L 1. \ ! i
0.5 1.0 0.5 1.0
x(um) x(um)
(a) Accumulation (¢g = —6kT/q)
x(zm)
0.5 1.0
0
£
o, !
Depletion
region
-2 20}-

(b) Middle of depletion (65 = ¢ = 12k7/q)

Figure 16.8 Exact solution for the charge density and potential inside the semiconductor compo-
nent of an MOS-C assuming ¢, = 12kT/g and T = 300 K (kT/q = 0.0259 V). (a) Accumulation
(¢s = ~6kT/q), (b) middle of depletion (¢s = ¢ = 12kT/q), (c) onset of inversion (¢s = 2 =
24kT/q), and (d) heavily inverted (@5 = 245 + 6kT/q = 30kT/q). The p-diagrams were dm\_ﬂn ona
linear scale and the +¢ axes oriented downward to enhance the correlation with the diagrams
sketched in Fig. 16.6. The dashed lines on the part (b) through (d) p-plots outline the depletion
approximation version of the charge distribution.
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(d) Deep into inversion (¢ = 2 + 6kT/q = 30kT/q)

Figure 16.8 Continued.

grams sketched in Fig. 16.6, specifically note from Fig. 16.8(a) that the charge associated
with majority carrier lation resides in an ly narrow portion of the semi-

di i diately adj. 10 the oxide icond: interface. By comparison,
the depleted portion of the semiconductor under moderate depletion biasing shown in
Fig. 16.8(b) extends much deeper into the semiconductor. Given the narrow extent of
the accumulation layer, it would appear reasonable as a first order approximation to replace
the accumulation charge with a 8-function of equal charge positioned at the oxide—
semiconductor interface. Indeed, we have just described the delta-depletion solution for
accumulation. Because of the assumed 8-function of charge at x = 0, it automatically
follows that the electric field and ic p ial are i i zero for all x > 0
under accumulation biasing in the delta-depletion solution. This is clearly somewhat inac-
curate, but ble as a first-order imati

'PP
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Turning next to inversion, we note from Fig. 16.8(d) that, lik_e (he. accumulation layer
charge, the charge associated with minority car ier inversion resides in an extremely nar-
i d: i diately adj to the oxid icond, inter-
;:;:P:"’"D" Dflhi: ing the depl cmicc regions when ¢bs = ¢ (middle
of depletion), ¢ = 24:; (onset of inversion), and ¢ = 2¢¢ + 6kTlg (u‘wcrsmn).. we find
the depleti 'wisd(h i t ially with i d depletion biasing, but increases
only slightly once the semiconducior inverts. Base'd on fhe ﬁrs‘t ‘of‘t}_ne forc%o:r\g Jobscyya.
tions, the actual inversion layer charge is app i y mod in the deple
solution by a 8-function of equal charge p! ned at the oxi s et ce.
To account for the second observation, it is additionally assumed the 3-function of charge
added in inversion precisely balances the chargF adt'ied to thejM?S.-C galg. As a conse-
quence, in the delta-depletion solution fori biases, the ; region charge, the
x> 0 electric field, and the x > 0 electrostatic potential remain fixed at their b = 2
values. In other words, the inversion bias solution is established by merely adding a

-function of surface charge to the solution existing at the end of depletion.

leted icond:

ining biasi i id is depleti dard depletion
aining biasing region to be d is depl In the dard deq

Th'e o thcg actual g‘ 'g ion charge is replaced with a squared-off dlsmbutlor.l ter-
n:i:mtad abruptly a distance x = W into the icond A a p-type

ductor and invoking the depletion approximation, one can write

p=q(p—n+ND—NA)§_qNA O=x=W (16.10)

Poisson’s equation then reduces to

ﬁ= P a_qNA

Osx=<W (6.1
dx  Ksgp Kseo

The straightforward integration of Eq. (16.11) employing the boundary condition® = Oat
x = W next yields

__db_ aNs oy 0=x= W (16.12)
0= - = e T ©==x

A second integration with ¢ = 0atx =W gives

_ 9 w2 0sx=W (16.13)
90 = e (W = 9 ©=x

The final in the ic relationships, the depletion width W, is d.clermined
from Eq. (16.13) by applying the boundary condition ¢ = g at x = 0. We obtain
b = 2A w2 16.14)
ST 2Kgey

FIELD EFFECT DEVICES

16.3.2 Gate Voitage Reiationship

Tn Subsection 16.3.1 the biasing state was described in terms of the semiconductor surface
potential, ¢ . Results formulated in this manner are dependent only on the properties of
the semiconductor. ¢, however, is an internal system constraint or boundary condition. it
is the Ily applied gate p ial, Vg, that is subject to direct control. Thus, if the
results of Subsection 16.3.1 are to be utilized in practical probl an expression relating
Vi and ¢g must be established. This subsection is devoted to deriving the required
relationship.

We begin by noting that V; in the ideal structure is dropped partly across the oxide
and partly across the semiconductor, or symbolically,

Vo = A + Ad,, (16.17)

B ¢ = Q in the semiconds bulk, |
ductor is simply

, the voltage drop across the semicon-

A = dlx = 0) = &g (16.18)

The task of developing a relationship t
lem of expressing A, in terms of ¢.

As stated previously (Subsection 16.2.2), in an ideal insulator with no carriers or
charge centers

Vg and ¢y is therefore reduced to the prob-

d%
L8
=0 (16.19)
and
B = —dj:" = constant E (16.20)
Therefore
Ady, = fv Boxd = 2,8, 1621y
~%

where x, is the oxide thickness. The next step is to relate €, to the electric field in the
semiconductor. The well-known boundary condition on the fields normal to an interface
b two dissimil ials requires

Dyems = DoxMlo-s imertuce = Qo-s (16.22)

MOS FUNDAMENTALS
and therefore
”
2K e,
w= |22 16.15
[ o, ¢s] (16.15)

Taken together, Egs. (16.10), (16.12), (16.13), and (16.15) constitute the desired depletion

bias solution. For an n-bulk device N, in the preceding equations is replaced by — Np,.
Before concluding, special note should be made of the depletion width, Wr, existing

at the depletion—inversion transition point. In the delta-depletion formulation, Wi is of

@5 = 2¢, simple substitution into Eq. (16.15) yields

n
2KsEo ]
wy = | 5% 16.16
A [qNA Q¢e) (16.16)

A plot of Wi versus doping covering the typical range of MOS doping concentrations is
displayed in Fig. 16.9.
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Na or Np (c™3)
Flgure 16.9 Doping of the *equilibrium width inside silicon de-
vices maintained at 300 K.
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where D = £% is the dielectric displacement and Q, ¢ is the charge/unit area located at
the interface. Since Qg_s = 0 in the idealized structure (idealization 3),t

Doy = Dyemilxmo (16.23)
Ks
B, = X B (16.24)
and
K
Ady, = ;% x,%8s (16.25)
°
Ksis 'the d diel Ko, the oxide dielectric constant; and %, the
electric field in the semicond at the oxid i interface.* Finally, substi-

tuting Egs. (16.18) and (16.25) into Eq. (16.17), and recognizing that %8s is a known or
readily determined function of ¢, we obtain

K,
Vo = ¢s + F: x,8s (16.26)

If the results of the delta-depletion solution are employed, a combination of
Egs. (16.12) and (16.15) gives

172
24N,
%s = [—‘ 2 ] 16.27
S Kse, 75 ( )

Vo= o¢s + =

© = ¢s = 25) (16.28)

v the deludep}e(ion formulation s invoked, the B-function layers of carrier charge at the O-S interface would
ibute a Q. 5 under ion and inversion conditions. However, ¢bg = 0 for all accumulation

biases and gg = 24 for all inversion biases in the delia~depletion solution. In the cited formulation, therefore,

the Vg —~ ¢ relationship we are deriving would only be used in performing depletion-bias calculations.

¥ Since Kg = 11.8 for silicon and K, = 3.9 for SiO,, we conclude from Eq. (16.24) that €, = 3%, in an MOS

system with no charge at the Si-SiO, interface. All energy band diagrams in this chapter should be consistent
‘with this observation.

course the maximum attainable equilibrium depletion width. W when
—
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where D = &% is the dielectric displacement and Qg is the charge/unit area located at

i . Since Qo_g = 0 in the idealized structure (idealization 3),t
hip the interface o-s
16.3.2 Gate Voltage Relationsl

In Subsection 16.3.1 the biasing state was described in terms of the semiconductor surface

l Dex = Duemite- (16.23)
N Results formulated in this manner are dcpendcpl only on the prop:ft_)cs olf . .
Polﬁmlil.l- oy is an infernal system constraint or boundary con m.on. t .
e oratt & ¢s':°wwﬂ‘tl tial, Vg, that is subject to direct control. Thus, if the 6 - & . v
N Iy applied gate potential, Vg, © - 0 ot .
;T;sa:esrl::s;ﬁm o ?re o u'tiliwd mtl{on is :lervoted to Q:rivi:lg the rcquireg
Vg and g must be established. This subsec! »
el i i is dropped partly across the oxide
We begin by noting that V; in the ideal structure is dropped p: )
. mbolically, p - p .
and partly across the semiconductor, or sy! e s
(16.17)
= i+ A
Vg = Adyemi + Afox K is the semiconductor dielectric Ko, the oxide dielectric constant; and s, the
¢ = 0 in the semiconductor bulk, however, the voltage drop across the semicon- electric field in the icond at the oxid # Finally, substi-
Because ¢ = 01 )

tuting Egs. (16.18) and (16.25) into Eq. (16.17), and recognizing that % is a known or
ductor is simply readily determined function of ¢, we obtain

Ay = 85 = 0) = 85 1619

i ced to the prob-
The task of developing a relationship between Vg and ¢ is therefore redu

lem of expressing Ad,, in terms of jﬁs~
As stated previously (Subsection
charge centers

Vo = ¢s + % x,%s (16.26)
0

16.2.2), in an ideal insulator with no carriers or

If the results of the delta-depletion solution are employed, a combination of

s. (16.12) and (16.15) gives
%y _ o (16.19) Eas.( g
= 20N I3
% = [_A" ¢s] (16.27)
Kseo
and
and
%, = —%’5 = constant (16.20)
o
Vo= by + 55 2:& s (O =< bs =< 2¢) (16.28)
Therefore Ko s

° s = 58 @621
Ado = = % %ax psgTe— o= = )
b i = 11 the delta-depletion formulation is invoked, the 8-function layers of carrier charge at the O-S interface W!l]ﬂ
i ibute 3 O, s under and i i itions. However, ¢ = 0 for all accumulation
biases and @5 = 24 for all inversion biases in the delta-depletion solution. In the cited formulation, therefore,
the Vg — s relationship we are deriving would only be used in performing depletion-bias calculations.
? Sinoe K = 1.8 for silicon and Ko = 3.9 for SiO;, we conclude from Eq. (16.24) that B,, & 38, in an MOS
system with no charge at the Si-SiO, interface. All energy band diagrams in this chapter should be consistent
with this observation.

where x, is the oxide thickness. The next ste] to relate 6, to the electric field in the
o p 18 2| ox
uctor. The well-known undary condition on the fields normal to an interface
semiconductor. The bo
between two dissimilar materials requires

16.22)
(Dyemi Dylo-s imerface = Qo-s (

.
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4 F Exercise 16.3
I Exact 7 P: An MOS-C is maintained at T = 300 K, x, = 0.1 um, and the silicon doping is
3 Detta-depletion 15 N, = 10'3/cm3. Compute:
Ve - N I (a) ¢ in kT/q units and in volt:
(volts) ) F q in volts

(b) Wwhen ¢s = [
() 85 when ¢ = ¢
(d) Vg when ¢ = ¢

20

L% : ’
30 40 ATig fic S:@) ¢ 115
% Tre = Nuln) = '“(W) =us ./
] i q
$p = 1151 (kT/g) = (11.51X0.0259) = 0.298 V
(b) Using Eq. (16.15),

S

mn 3
_ [2Kss, - [2018x885 x 10-4)0298)]"* d
v [qN,\ ] [ (16 X 10-19)(10'5) ] = 0624 yn

() Evaluating Eq. (16.12) at x = 0 yields 5. Thus

-4}

Figure 16.10 Typical interrelationship between the applied gate voltage and the semiconductor
surface ial; +H-H-HH- delta-depletion solution, exact solution (x, = 0.1 um,
Ny =10%/cm3, T = 300 K). )

Z9Ns g, (6 X 10-0)001)624 X 10-5) | )
&= xe (11.8)(8.35 x 10-7) 956 X 10° Viem .

(d) Substituting into Eq. (16.26) gives
The Vg — ¢ dependence calculated from Eq. (16.28) employing a typical set of device
parameters is displayed in Fig. 16.10. Also shown is the corr ing exact depend

The figure nicely illustrates certain important features of the gate voltage relationship. For
one, ¢ is a rather rapidly varying function of Vi when the device is depletion biased.
However, when the semiconductor is accumulated (#s < 0) or inverted (¢ps > 2¢g), it

K.
Vo = ¢ + K—S %8s ... % evaluated at =
o

-5
: . . = 0298 + (I1.8X(10-5)(9.56 x 103) = 0587V

takes a large change in gate voltage to produce a small change in ¢s. This implies the gate 39

voltage divides proportionally between the oxide and the semiconductor under depletion

biasing. Under accumulation and inversion biasing, on the other hand, changes in the ap- Comment: The manipulations and results in this are fairly rep ive
plied potential are dropped almost totally across the oxide. Also note that the depletion bias

In kTiq units, || typically ranges between 9 and 18 at T = 300 K. For the non-
degenerate dopings used in MOS devices, one also expects |¢b] to be less than one-
half a Si band gap expressed in volts (< 0.56 V at T = 300 K). As required, the
calculated W is less than Wx associated with the given doping (see Fig. 16.9). The
only possible surprise is the size of the surface electric field; 85 ~ 10* V/cm. Finally,

region is only slightly greater than 1 volt in extent. Since the character of the semiconductor
changes drastically in progressing from one side of the depletion bias region to the other,
we are led (o anticipate a significant variation in the electrical characteristics over a rather
narrow range of voltages.
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i in thi i identical to those used in con-
the device parameters assumed in this exercise are I v
structing F‘:pg 16.10. As must be the case, the computed Vg agrees with the value
read from the Fig. 16.10 plot.

16.4 CAPACITANCE-VOLTAGE CHARACTERISTICS

d by the oxide, the major observable exhibited by MOS-Cs is

i blocke:
With dc cur’r;':\l flow . varies as a function of the applied gate voltage and the mea-
€ * < h, p 2 nal i To

;ed acitance—voltage (C-V) characteristic is of onsi ¢ al imp ,
:l‘:e dc‘w:l::ge specialist, the MOS-C C-V characteristic is like a picture window, a wnnz?ow
internal nature of the structure. The characteristic serves as a power.ful ddlag-

identifyi iations from the ideal in both the oxide and the semiconduc-
r identifying deviations “stics are routinely itored during MOS

revealing the
nostic tool fo "
tor. For the reasons cited, MOS-C C-V
device fabrication. »
In most laboratories and fabrication facilities, the ?—V fneasnrem.ems are pen‘";)m:‘cd
with automated equipment such as that previously described in Subse'cnon 7._2.3 and sc I;:-
matically pictured in Fig. 7.6. The MOS-C is positioned on a probing station, norma y
housed in a light-tight box to exclude room light, and is connected by shielded cables to a
-V meter. The meter superimposes a small a.c. signal on top of a preselected d.c. 'vollag'e:
and detects the resulting a.c. current flowing through the test structure. TT!e ac. slg_ns_:l 15‘
typically 15 mV rms or less, and a common signal frequency is 1 MHz. Bmll-lm provisions
are made for slowly changing the d.c. voltage to obtain a continuous (or quasvconlmuous)
capacitance versus voltage characteristic. Output from the meter ns'usually_dlsplayed ona
ter monitor and a hardcopy of the data is produced employing a pn“n‘v.c: Er plotter.
IR . . i
hat more quip
(1 MHz) C-V meter with low-frequency (q )
in Fig. 16.11(a). ) _
’%’his section is primarily devoted to modeling the observed fon-_n c';f the MOS:C R
h istic in the lled | y and high-frequency limits. These hmmng.-
gn igi ¥ ignal used in the capaci-
designations originally referred to the frequency of }he a.c. signal u A
faa::e meisuremem .ilthough the theoretical treatment in this chapter is :iest;:;led lt:_lhc
* practi i i included at the end of the section.
ideal structure, practical are

J
capabilities is pictured

16.4.1 Theory and Analysis

Qualitative Theory .
i i ive MOS-capacitor are dis-
h- and low-frequency C-V data derived from a representative ito
:lllagyed in'Fig. 16.11(b). To explain the observed form of the C-V ci'laract:nﬁuc:i Iel(::
consider how the charge inside an n-type MOS-C responds to the applied a.c. signal as

d.c. bias is ically changed from lation, through depletion, to inversion. We
d.c. bias s sy

FIELD EFFECT DEVICES

begin with accumulation. In accumulation the d.c. state is characterized by the pileup of
majority carriers right at the oxide—semiconductor interface. Furthermore, under accumuy-
lation conditions the state of the system can be changed very rapidly. For typical semicon-
ductor dopings, the majority carriers, the only carriers involved in the operation of the
accumulated device, can equilibrate with a time constant on the order of 10~ to [0~ 13
sec. Consequently, at dard probing freq of 1 MHz or less it is reasonable to
assume the device can follow the applied a.c. signal quasistatically, with the small a.c.
signal adding or subtracting a small AQ on the two sides of the oxide as shown in
Fig. 16.12(a). Since the a.c. signal merely adds or subtracts a charge close to the edges of
an insulator, the charge ion inside the fated MOS-C is ly that of
an ordinary parallel-plate capacitor. For either low or high probing frequencies we therefore

W wr

(] W)

Figure 16.12 a.c. charge fluctuations inside an a-type MOS-capacitor under d.c. biasing condi-
tions ing to (a) ion, (b} ion, () i ion when @ — 0, and (d) inversion
when w — ®. Equivalent circuit models appropriate for ion and biasing are also
shown beneath the block charge diagrams in parts (a) and (b), respectively.

MOS FUNDAMENTALS

High-frequency
L o2 4
P R | S T b
-5 -4 -3 ~2 =1 0 1 2
Vg (volts)
®)
Figure 16.11 (a) The Kcithley simul high- and I C-V system. (b) Sample

MOS-C high- and low: pacil voltage istics. The device was fabricated on
Np = 9.1 X 10"/cm? (100) Si: x, = 0.119 um. (Part (a) appears in the Keithley 1993-1994 Test
& Measurement Caralog. Photograph courtesy of Keithley Instruments, Inc.]
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conclude

Clace) = C, = &:‘L‘“ (16.29)
o

where Ag is the area of the MOS-C gate.

Under depletion biasing the d.c. state of an n-type MOS structure is characterized by
a —Q charge on the gate and a +Q depletion layer charge in the semiconductor. The
depletion layer charge is directly related, of course, to the withdrawal of majority carriers
fror_n an effe : width W adj to the oxide: icond interface. Thus, once
again, only majority carriers are involved in the operation of the device and the charge state
u.mde the systerq can be changed very rapidly. As pictured in Fig. 16.12(b), when the a.c.
signal p!aces an increased negative charge on the MOS-C gate, the depletion layer inside
the semiconductor widens almost instantaneously; that is, the depletion width Qquasistati-
cally ﬂuctufates about its d.c. value in response to the applied a.c. signal. If the stationary
d.c. charge in Fig. 16.12(b) is conceptually eliminated, all that remains is a small fluctuating
ch_arg.c on the two sides of a double-layer insulator. For all probing frequencies this situ-
ation is clearly analogous to two parallel plate capacitors (Cy, and Cs) in series, where

KoepA,
Co = Lx“—ﬁ (oxide capacitance) (16.30a)
3
Kse,4,
Cs = 4# (semiconductor capacitance) (16.30b)
and
CoC C
C(depl) = —2=S_ - _Z0
(dep Cot G |, KW (163n
Kx,
Note from Eq. (16.31) that, because W i with i d depletion biasing, C(depl)

.corres?ondingly decreases as the d.c. bias is changed from ﬂa; band
inversion.

. Once inversion is achieved we know that an appreciable number of minority carriers
pile up near the oxide. i interface in resp to the applied d.c. bias. Also,
the d.c. w}dth of the depletion layer tends to maximize at Wr. The a.c. charge response:
howeyer, is not immediately obvious. The inversion layer charge might conceivably fluc-
tuate in response to the a.c. signal as illustrated in Fig. 16.12(c). Alternatively, the semicon-
duc.(m.' charge required to balance AQ changes in the gate charge might result from small
variations in the depletion width as pictured in Fig. 16.12(d). Even a combination of the
twt? extremes is a logical possibility. The problem is to ascertain which alternative de-
scribes the actual a.c. charge fluctuation inside an MOS-C. As it turns out, the observed

charge fluctuation depends on the frequency of the a.c. signal used in the capacitance
measurement.

to the onset of
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First of all, if the measurement frequency is very low (w —» 0), minority carriers can
be g d or annihilated in resp to the applied a.c. signal and the time-varying a.c.
state is essentially a succession of d.c. states. Just as in one has a sitati
(Fxg 16.12c) where charge i ls bemg added or subtracted close to the edges of a single-layer
lator. We theref

Clinv) = Co forw = 0 (16.32)
If, on the other hand, the measurement frequency is very high (w — ), the relatively
sluggish generation—recombination process will not be able to supply or eliminate minority
carriers in response to the applied a.c. signal. The number of minority carriers in the inver-
sion layer therefore remains fixed at its d.c. value and the depletion width simply fiuctuates
about the Wy d.c. value. Similar to depletion biasing, this situation (Fig. 16.12d) is equiva-
lent to two parallel-plate capacitors in series and

CoC, C,

i —0=s _ O __

C(inv) = Co t G . A for w = » (16.33)
Ksx,

Wy being a ind: of the dc. i bias makes C(inv),..., =

C(depl) yinimem = constant for all inversion biases. Finally, if the mcasurement frequency is
such that a poruan of the i mversmn layer charge can be created/annihilated in response to
the a.c. signal, an i i b the high- and low-frequency
limits will be observed.
An overall theory can now be constructed by combining the results of the foregoing
accumulation, depletion, and inversion considerations. Specifically, we expect the MOS-C
capacitance (o be approximately constant at Co, under biases, to d as
the d.c. bias progresses through depletion, and to be approximately constant again under
inversion biases at a value equal to ~Cy, if @ — 0 or C(depl),y, if @ — ®. Moreover, for
an - type device, accumulanng gate vollages (where C = Cp) are posmve, inverting gate
are neg; and the d letion bias region is on the order

ofa voll or so in width. Quite obviously, dus theory for !he capacitance—voltage character-
istics is in good with the experi 1 MOS-C C-V, characteristics presented
in Fig. 16.11(b).

Exercise 16.4

P: Complete the following table making use of the ideal-structure C-V characteristic
and the block charge diagrams included in Figure E16.4. For each of the biasing
conditions named in the table, employ letters (a-g) to identify the corresponding
bias point or points on the ideal MOS-C C-V characteristic. Likewise, use a num-
ber (1-5) to identify the block charge diagram associated with each of the biasing
conditions.

FIELD EFFECT DEVICES

Deita-Depletion Analysis

Building on the develop in the pi subsection, it is selatively easy to establish a
ﬁrsl-order quantitative theory based on the delta-depletion formulation. Specnﬁcally, in the
delta-depletion formulation the charge blocks rep

Iaycrs in Fig. 16.12 are formally replaced by 8-functions of charge right at q:e oxide—

interface. C: ly, C in the deita-depletion solution is p ly equal
to Co, for accumulation biases nnd for mversxun biases in the low-frequency limit. On the
other hand, the depleti 1 p and the high-freq inversion relationship
(Eqgs. 16.31 and 16.33, mpeclwely) can be used wnhout modification. The block charge
modclmg of the d:plcnon reg:ons m Fig. 16. 12 conforms exactly with the simplified charge
d in the d pp ion. Within the fi k of the deita-
Co ace (16.342)
_Co . dep (16.34b)
Ko W
1+ 2=
Kgsx,
C=
Co inv (@ = 0) (16.34c)
__&__ inv (@ — ) (16.34d)
Ko W,
—0T
1+ or,

Given a set of device parameters, one can compute Co and Wy from ptevxous relation-
ships. For the analytical solution to be pl the s Win
Eq. (16.34b) must be expressed as a function of Vg. Inverting Eq. (16. 18) to obtain ¢ (or
more precisely, V/gs) as a function of Vg, and then substituting the result into Eq. (16.15),
yields the required expression. We find

W= ﬁx,[ 4 Ye 1] (16.39)
0
where
_ g K22 . p-bulk device 16.36
Vy = 2 K3e, Na (for n-bulk Ny, = —Np) ( )

Note that if Eq. (16.35) is substituted into Eq. (16.34b), one obtains the very simple result
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Bias Condition Capacitance (a-g) | Charge Diagram (1-5)

Accumulation

Depletion

Inversion

Flat band

Depl/inv transition

Ve

@ Ionized donors @
x
-2 ol s

Holes

L lonized donors

Figure E16.4

*g'p-uonisues
Auyidop ‘zJ-pueq Jey ‘p'3/q/e~uoisiaAul {[‘a-uonajdep ‘¢'S-uoneunocy g
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(depletion biases) (16.37)

A sample set of low- and high-frequency C—V characteristics constructed using the
results of the delta-depletion analysis is displayed in Fig. 16.13.

16.4.2 Computations and Observations
Exact Computations

The delta-depletion characteristics, as typified by Fig. 16.13, are a rather crude represen-
tation of reality. The first-order theory does a credible job for gate voltages comfortably
within a given biasing region, but fails badly in the nelghbcrhood of the transition points
going from lation to depletion and from di to i A more
modeling of the observed ch istics is often required in ical appli and is
established by working with the exact-charge distribution inside the MOS-capacnor The

results of the exact-charge analysis are presented in Appendix C. Although the derivation

Low-frequency 1.0
0.8
-1 06 <
Co
- 04
High-frequency
-1 02
1 1 1 1 i1 1
-20 -15 -10 -0.5 0 05 1.0

Vg (volts)

Figure 16.13 Sample set of low- and high-frequency C-V characteristics established using the
delta-depletion theory (x, = 0.1 um, Np = 10'3/em?, T = 300 K).
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1.0

of the exact-charge relationships is beyond the scope of this text, the results themselves
are quite tractable. Highly accurate ideal-structure C-V characteristics can be readily
constructed.

A number of sample C-V characteristics calculated using the exact-charge relation-
ships arc displayed in Figs. 16.14 to 16.16. These figures, respectively, exhibit the general
effect of varying the doping concentration (Fig. 16.14), the oxide thickness (Fig. 16.15),
and the device temperature (Fig. 16.16). Note in particular from Fig. 16.14 the significant

in the high-freqs i i pacil and the substantial widening of the
depletion bias region with increased doping. In fact, at very high dopings (not shown) the
capacitance approaches a constant independent of bias. This should not be an unexpected
result, for with increased doping the semiconductor begins to look more and more like a
metal and the MOS-C should be expected to react more and more like a standard ~apacitor.
As illustrated in Fig. 16.15, an increase in the oxide thickness also widens the depletion
bias region and affects the high-frequency inversion capacitance. The increased width of
the depletion bias region with increased x, is simply a consequence of a proportionate
increase in the voltage drop across the oxide component of the structure. Finally, Fig. 16.16
nicely displays the moderate sensitivity of the i ion-bi paci and the near in-
sensitivity of the depletion-bias capacitance to changes in temperature.

i /] [rirpe]

—TrY

02

0.0

Vg (volis)

(C) Exercise 16.5

P: (a) Employing the t-charge relati ips found in Appendix C, write a
MATLAB (computer) program that can be used to calculate and plot low-frequency
CI/Cq versus Vg ch istics. The program is to calculate C/C and the corre-
sponding Vg for Us = ¢s/(kT/q) stepped in one-unit or less increments from Us =
Ug = 21 10 Up + 2. Up = ¢/(kTlq). Employ K5 = 11.8 and Ko = 3.9; let T =
300 K. Only N, and x, are to be considered input variables. Setting N, = 10'3/cm?,
use your program to plot out the low-frequency C/C,, versus V curves for x, =
0.1 zm, 0.2 um, and 0.3 um. Comparc your program results with Fig. 16.15.

, N =

< \ N Np=10'/cm3

(b) Again employing the exact-charge relationships found in Appendix C, follow the
same general computational procedures noted in part (a) to generate high-frequency
CIC, versus Vg characteristics. Setting x, = 0.1 um, output high-frequency CICy
versus V curves for N, = 10M/em3, 10'3/cm?, and 10'¢/cm?. Compare your pro-
gram results with Fig. 16.14. (Be advised that the high-frequency calculation is far
more involved and ion i ive than the I (| Iculation.)

P

\ Np = 10" e
oo

02

\ Np= 104
T
i i
0.0 | I |
30 20 10 00 10 20 30 40 50
Vg (wolts)
)

Figure 1}6-14 Doping dependence of the MOS-C high C-Vy isti
Sample (2) n-type and (b) p- isti ing the =
iy p-iype exact-charge theory (x,

S: (a)/(b) The construction of a program or prog; 10 g¢ exact-charge C-V/
characteristics is a very informative exercise. The reader is urged to at least complete
part (a) of the exercise before referring to the MOS_CV MATLAB file included on
disk and listed in Appendix M. In any event, characteristics generated by the reader’s
program or the MOS_CV program should p bly with the C-V curves
plotted in Figs. 16.14 and 16.15. .
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7 i Practicai Observations

r——_ |
x

o \ [l:l the discussion to this point we have more or less sidestepped any clarification of pre-

X i cisely what was meant by “low fr y” and “high fr y” in terms of actual mea-

I surement frequencies. One might wonder, will a 100 Hz a.c. signal typically yield low-

frequency C-V characteristics? Perhaps surprisingly, the answer to the question is no.

Ry
il

06 Given modem-‘ilay MOS-Cs with their long carrier lifetimes and low carrier generation
c \ \f s =0 ,”,x rates, even prpblng. frequencies as low as 10 Hz, the practical limit in bridge-type measure-
oy \ \ T . ments, \_w]l yle.ld hlgh-frequcncy type characteristics. If an MOS-C low-frequency charac-
04 .:u = Iml teristic is required, indirect means such as the quasistatic technique!!3 must be employed
\ i i | to n the char istic. In the istati hnique a slow (typically 10-100 mV/
g o g i sec) llmear voltage ramp is applied to the MOS-C gate and the current into the gate is
o I monitored as a function of the gate voltage. As is readily confirmed, the quasistatic dis-

1 placement current flowing through the device is directly proportional to the low-freqy

. o 7
capacitance; properly calibrated, the measured current versus voltage data replicates the
desired low-frequency C~V characteristic.

i i
e 20 0 00 10 20 30 40 30 - . “(2" the high-frequency side, one cannot actually let w — o and expect to observe a
Vg (volts) % 1gn-Irequency ¢ 15hC tfrequencies, in fact, seldom exceed 1 MHz. At
P higher freq . the of the d bulk comes into play and lowers the
observed capacitance. At even higher frequencies (=1 GHz) one must begin to worry about

Figure 16.15 Oxide thi jcpendence of the low- and high MOS-C C-V,; charac- i the response time of the majority carriers.
teristics. Sample (a) n-type and (b) p-type characteristics comg ploying the harge i Normally, it is the high-frequency characteristic that is routinely recorded and the
theary (N, or N, = 10'S/cm?, 7= 300 K). dard, almost uni fi y is 1 MHz. This is not to say the high-
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R=26 Total deep depletion
Rio Visec 4

. TS G Y SRS | TR

1
-12 ~10 -8 -6 -4 -2 0 2 4

Vg (volts)

Figure 16.17 Measured C-V characteristics as a function of the ramp rate (R). In inversion the
high i bained by stopping the ramp and allowing the device to equilibrate.

freq ¥ istics can be ded at 1 MHz without exercising a certain amount of
caution. Suppose, for ple, the C-V is performed as described earlier in
this chapter, with the d.c. voltage being ramped from accumulation into inversion to ob-
tain a p 1t h istic. Figure 16.17 illustrates the
usual results of such a measurement performed at various ramp rates. Note that at even the
slowest ramp rate one does not properly plot out the i portion of the high-frequency
characteristic. One must stop the ramp in inversion and allow the device to equilibrate, or
slowly sweep the device backward from i ion toward ion, to accurately re-
cord the high-freqs i i paci

The discussion in the preceding paragraph really serves two purposes, the second being
an entry into the important topic of deep depletion. Let us examine the ramped measure-
ment (Fig. 16.17) in greater detail. When the ramp voltage is in accumulation o depletion,
only majority carriers are involved in the operation of the device, and the d.c. charge con-
figuration inside the structure rapidly reacts to the changing gate bias. As the ramp pro-
gresses from depletion into the inversion bias region, however, a significant number of
minority carriers are required to attain an equilibrium charge distribution within the MOS-
C. The minority carriers were not present prior to entering the inversion bias region, cannot
enter the semiconductor from the remote back contact or across the oxide, and therefore
must be created in the near-surface region of the semiconductor. The generation process,

FIELD EFFECT DEVICES

ly depleted condition, we should note, is central to the oPerauon of the dy-
nnnﬁzh:agzl:nyacczss memory (DRAM) and the charge-coupled devices (CCDs) men-
tioned in the Section 15.1 General Introduction. D.RAMS use deel_)ly depleted MOS-
capacitors as storage elements. In CCD imagers, carrier charge is optically prodfuced and
temporarily stored in partially deep depleted potential wells beneath an array of MOS-C

gates.

Exercise 16.6

V characteristic shown in Fig. E16.6 was observed _undcx the
d.c. bias was changed very slowly from point (1) to
i i i ially. Upon arriving
t (2). At point (2) the V; sweep rate was increased substanti: L ‘
l::to;noix(xt)c) tl?e sweep was sfnppcd and the capacitance decayed to point (4). Quali-
tatively explain the observed characteristic.

P: The experimental C—
following conditions: The

4

.9

Figure E16.6

3 oing from point (1) to point (2) the semiconductor clearly equilibrates at each
i.cx.nbigas pgoim besausc og mep:ery slow speed of theA ramp. One thcxeﬁ?re observes
the dard high-freq C-V ch isti Wuh' t.he ramp rate increased at
point (2), the semiconductor is no Jonger able to equilibrate and is conscquently
driven into deep depletion. W becomes larger than W and C decreases below the
minimum high-frequency equilibrium value. When the sweep is stopped and the ca-

i i int (3) to point (4), equilibrium is systematically restored
pacitance increases from point (3) to point (4), eq! e owace

inside the device through the generation of minority car.rier holes ar-surf
:egion. As the holes are generated they add to the inversion layer, the depletion width
cor dingly d and Ci back to the equilibrium high-frequency

value.
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Missing holes

-aQ
@) (h)

Figure 16..18 (a) Nonequilibrium charge configuration inside an n-type MOS-capacitor under
deep-depletion conditions. (b) a.c. charge fluctuations inside the MOS-C when the semiconductor is
totally deep depleted.

as we have noted several times, is rather sluggish and has difficulty supplying the minority
carriers needed for the structure to equilibrate. Thus, as pictured in Fig. 16.18(a), the semi-
conductor is driven into a nonequilibrium condition where, in balancing the charge added
to lhe_MOS-C gate, the depletion width becomes greater than Wr to offset the missing
mmo_my carriers. The described condition, the nonequilibrium condition where there is 2
deficit of minority carriers and a depletion width in excess of the equilibrium value, is
referred to as deep depletion.

The existence of a W > W, explains the reduced values of C observed in the ramp

M , the d in capaci with i d ramp rate indi a
greater deficit of minority carriers and a wider depletion width. This is logical, since the
greater lhe. ramp rate, the fewer the number of minority carriers generated prior to arriving
at a given inversion bias.

‘The limiting case as far as deep-depletion is concerned occurs when the semiconductor
is totally devoid of minority carriers—totally deep depleted. Except for a wider depletion
width, the total deep depletion condition shown in Fig. 16.18(b) is precisely the same as
the simple depletion condition pictured in Fig. 16.12(b). Consequently, by analogy, and
based on the delt: ion for ion, the limiting i

pletio hibited by the
structure under deep depletion conditions should be
- C total deep depletio
C=—=o__ P depletion (16.38)

1+ Yo (Vg > Vr p-type; Vg < Vy n-type)
\Z

L]

Equation (16.38) is in excell

Equation (1 g with experimental observations and is essen-
tially identical to the result obtained from an exact-charge analysis. The 2.6 V/sec ramp
rate curve shown in Fig. 16.17 is an of a total-deep-depletion ct istic

MOS FUNDAMENTALS

16.5 SUMMARY AND CONCLUDING COMMENTS

This chapter was devoted to i ing basic MOS inology, pts, visualizati
aids, analytical procedures, and the like. We began by describing the MOS-capacitor and
clearly defining what was envisioned as the ideal MOS structure. The ideat MOS-C serves
not only as a convenient tool for the introduction of MOS fi Is, but also provid:

a point of for und ding and analyzing the more plex behavior of real
MOS structures. The reference nature of the ideal structure will become more apparent in
Chapter 18 where some of the idealizations will be removed and the ensuing perturbations
on the device characteristics will be carefully examined.

The internal state of the MOS-C under static-biasing conditions was qualitatively
described using energy band and block charge diagrams, With the aid of the diagrams
the terms ion, flat band, depletion, and inversion were given a physical inter-
pretation. A lation corresponds to the pileup of majority carriers at the oxide-
semiconductor interface; flat band, to no bending of the semiconductor bands, or equiva-
lently, to no charge in the icondt ; depletion, to the repulsion of majority carriers
from the interface leaving behind an uncompensated impurity-ion charge; and inversion, to
the pileup of minority carriers at the oxide-semiconductor interface.

As a point of information, it should be mentioned that, in certain analyses, it is con-
venient and reasonable to divide the depletion bias region as defined herein into two sub-
regions. In some MOS publications one therefore finds the term depletion is only used in
referring to band bendings between ¢ = 0 and g = bp. Weak inversion is used to de-
scribe band bendings from ¢ = @ to ¢ = 2. In addition, strong inversion (implying
more i ion than weak i ion) rep i as defined herein.

Quantitative expressions for the charge density, electric field, and electrostatic poten-
tial inside an MOS-C are established by solving Poisson’s equation. A first-order solution
based on the depletion app: ion and 8-functi deling of the carrier charges was
presented in the chapter proper. An exact solution for the clectrostatic variables can be
found in Appendix B.

The qualitative and quantitative formalism that had been developed was next applied
to modeling the MOS-C C-V characteristics in the low- and high-frequency limits. Sample
ideal h were p d and ined for p ic dependenci
Finally, the p ing of “low-frequency” and “high-frequency™ was clarified, and
deep depletion was noted to occur when the MOS-C is not allowed (o equilibrate under
inversion biasing. Deep depletion is a nonequilibrium condition where there is a deficit of
minority carriers and a depletion width in excess of the equilibrium value.
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PROBLEMS
CHAPTER 16 PROBLEM INFORMATION TABLE
| Complete | Difficulty [ Suggested Short
Problem \fter Level Point Weighting Description
161 | 16.3.1 2 10 (one each di [ infer di
16.2 " 2 8 (a-2, b-3, ¢c-3) Examine Fig_._ 16.8(c)
©16.3 = 2 8 GaAs Wy vs. doping plot |
*16.4 16.3.2 2-3 |16 (a:d-2, e-8) | Calculate e, W, %8s, Vg
A LA -
®16.5 " | 15 (a-6, b-9) | Exact V¢ calculation
16.6 164.0 | 2-3 | 10(a-4,b6) Derive/use Eq. (16.35)
16.7 " 3 | 20(2each part) Interpret £-band diagram
16.8 " 2 5 (1/2 cach entry) C and E-band vs. bias table B
16.9 " 3 16 (2 each part) Given E-band, deduce info
16.10 " 3 8 (a-2, b-2, c-4) Intrinsic MOS-C
16.11 16.4.2 3 i 15(5 each'pan) SO0S-C |
1612 | " 2 8 (4 each part) | Given C-V, answer
16.13 | " 2-3 102 cac_h part) | Given C-V, (:lggucc info
16.14 2 2-3 16 (2 each part) | Given MOS-C, ans. questions
16.15 " 2-3 12 (2 each part) Given Q-di_s'sg.. deduce info
|®16.16 " 3 10 Deep depletion C-V
16.17 " 3 10 (a-2, b-3, ¢-5) x, and doping determination
16.1 For the ¢, ds parameter sets listed below first indicate the specified biasing condi-
tion and then draw the energy band diagram and block charge diagram that characterize the
static state of the system. Assume the MOS structure to be ideal. .
R b _ o B _,
(‘K XTlq 18, kTlqg ~ 5 ¢ @ kTlq 15 kTlg 3
P [ & & o) .3 &s o’
L o g, 25 = ZLE - g IS =3 g
® ¥Tiq 12, kTlq 0 © ¥Tlq K ¥Tiq
Ge 0 B oy
© e~ Py m R
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16.6 (a) Following the approach suggested in the text, derive Eq. (16.35).
(b) Assuming x, = 0.1 um, Np = 10'%/cm?, and T = 300 K, compute:
i) Wr;
(i) C/Cq inversion (@ — ®);
(iii) Vy (delta-depletion theory).
(iv) Comment ori the comparison of your C and V results with Fig. 16.13.

16.7 The energy band diagram for an ideal x, = 0.2 um MOS-C operated at T = 300Kis
sketched in Fig. P16.7. Note that the applied gate voltage causes band bending in the semi-
conductor such that E = E, at the Si-SiO, interface. Invoke the delta-depletion approxi-

mation as required in g the q that follow.
Erm
ZW/ Ne— —E
Mmoo Z" 0.29 eV
N 0.56eV
Ey
————————> X
] w
—Z{J_ Figure P16.7
777 (a) Sketch the electrostatic potential (¢) inside the semiconductor as a function of
. position.
"ﬁ‘/ (b) Roughly sketch the electric field (8) inside the oxide and semiconductor as a function
of position.

() Do equilibrium conditions prevail inside the semiconductor? Explain.
(d) Roughly sketch the electron concentration versus position inside the semiconductor.
(¢) What is the electron concentration at the Si-SiQ, interface?
(f) Np=?
(8 ¢s=7
ORZES

'h{-(i) What is the voltage drop (Ad,, ) across the oxide?

(j) Whatis the lized 11-signal C/Cy,, of the MOS-C at the pictured
bias point?

MOS FUNDAMENTALS

16.2 Let us examine Fig. 16.8, particularly Fig. 16.8(c), more closely.

(a) Draw the block charge diagram describing the charge situation insid i -
MOS-C biased at the onset of inversion. S fon eide am st pbulk

®) Is your part (a) diagram in agreement with the plot of plgN, versus x in Fig. 16.8(c)?
Explain why the p/gN, plot has a spike-like nature near x = 0 and shows a value of
plgNy = —2atx = Q.

(¢} Noting that ¢e/(kT/g) = 12 and T = 300 K was assumed in constructing Fig. 16.8,

determine Wr.. Is the deduced W, with the charge distributi
shown in Fig. 16.8(c)? B wBe ditrbution

©16.3 Construct a Wy versus doping plot similar to Fig. 16.9 that i i
Assume Tm 300K ke o i 2. 16.9 that is appropriate for GaAs.

164 An MOS-C is maintained at T = 300 K, x, = 0.1 d et -
10'$/cm . Compute: o #m, and the Si doping is Ny,

(a) &g in kT/q units and in volts;

(b) Wwhen ¢ = 2¢y;

© S5 when g = 24

(d) Vg = Vywhen ¢ = 2. (How is this result related to Fig. 16.107)

o (e) Wi!h lhe Si doping (N, or Np), X,. and the depletion-bias ¢ value of the Mos-c
maintained at 300 K as input variables, write a that y
calculates ¢, W, s, and V. Check the output of your rrogerxam against thy 1
recorded in Exercise 16.3. Use the program to verify the e lly g0 ':nr::er:
to parts (a)—(d) of this problem.

©16.5 (a) Making use of Appendix B, show that the t-soluti i
ey exact-solution equivalent of Eq.

z; F(us.ur)]

kT ~ K

Vo = —|Us + S
° 4 [ st Ko
where Ug = ¢o/(kT/q) and Uy = $e/(kT/q). See Eqs. (B.5), (B.17), and (B.18) i

Appendix B for the definitions of Ly,, F(Us, Ug), ancll:‘}ls. respec!ively). B9

(b} (" s L_a puter program that calculates V; as a i of Us using the part (a)

p. Only the doping and x, are to be considered input vari-

ables; let T = 300 K and step Us in onc-unit incrernents from Us=Up—2lto Ug =

Upg + 21. Run the program assuming x, = 0.1 sm and Np = 10%3/cm3. Compare your
numerical results with the exact solution curve in Fig. 16.10.
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16.8 Complete the following table making use of the ideal C-Vch istic
and energy band diagrams in Figure P16.8. For each of the biasing conditions named in the
table, employ letters (a-e) to identify the corresponding bias point on the ideal MOS-C
C-V characteristic. Likewise, use a number (1-5) to identify the band diagram associated
with each of the biasing conditions.

Bias Condition Capacitance (a~e) | Band Diagram (I1-5)
Inversion [ Lﬂ
Depletion C 5
Flat band I \
Vo= Yy 5. 7
Accumulation g 5

Figure P16.8
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16.9 Figure P16.9 is a dimensioned energy band dfugr_nm for an ideal MOS-C operated at
T = 300 K with V2 0. Note that E;, = E;at the Si-SiO, interface.

Ee

p, L0S6CY

Ep 3030eV
E,

Eps

Figure P16.9

(a) Do equilibrium conditions prevail inside the semiconductor? e

@ ¢e=1 O7
£« bs="7 o7
4 V=1 06

x, =7

‘(2 D:aw the block charge diagram corresponding to the state ,“ ; .‘ in :he‘en.ergy band
diagram. For reference purposes, include the equilibrium dep width,
Wr. on your diagram.

(g) Sketch the general shape of the low-frequency C-V ?hgmcwﬁslic to be expected from
the given MOS-C. Place an X on the C-V characteristic at a point that roughly corre-
sponds to the state pictured in the energy band diagram.

(h) For the specific bias point pictured in the energy band diagram, which of the following

is the correct expression for the hibited by the ? Explain.
C
MCZ——CO——. (ii)C=—g—,
P Le L
Ksx, 2V,
CO

Co " =
(iii) C = AT iv) C= v
1+ —NoWr 1+
V2 Kgx, Vs

FIELD EFFECT DEVICES

16.12 (a) Consider the C-V curves shown in Fig. P16.12(a). For which curve or curves is
an equilibrium inversion layer present when Vg > V1.2 Explain.

(b) C-V curves derived from two MOS-Cs with the same gate area (Ag)_ are compared in
Fig. P16.12(b). The MOS-C exhibiting curve b has (chfmse one: a thyrner, the same, a
thicker) oxide and (choose one: a lower, the same, a higher) doping than the MOS-C
exhibiting curve a. Briefly explain how you arrived at your chosen answers.

c
4 ‘-
b v
c
} 4
A ¢
Figure P16.12(a)
(4
a
5
Vs
0
Figure P16.12(b)

&

1
Q/\&Qa
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16.10 An ideal MOS itor is d on a sub: of intrinsic silicon.

(a) Sketch the energy band diagram for the capacitor under flat band conditions. Include
the diagram for all three comg of the MOS-C, properly position the Fermi level
in the metal and semiconductor, and label the energy levels.

(b) Construct block charge diag P ing the cap under the conditions of
positive and negative gate bias.
(c) Invoking the delta-depletion approximation, sketch the | C-Vch

istic for the given MOS-C. Justify the form of your sketch in each region of operation.

16.11 With modern-day ing it is possible to produce icond id

d (SOS) cap in which a semi replaces the metallic gate in a stan-
dard MOS-C. Answer the q posed below ing an SOS-C composed of two
id { n-type nond silicon el des, an ideal structure, and a biasing arrange-

ment as defined by Fig. P16.11. Include any comments which may help to forestall a mis-

interpretation of the requested pictorial answers.

(a) Draw the energy band diagram for the structure when (i) Vo =0, (ii) V > O but small,
(iii) Vg > 0 and very large, (iv) Ve < 0 but small, and (v) Vg < 0 and very large.

(b) Draw the block charge diagrams corresponding to the five biasing conditions consid-
ered in part (a).

(c) Sketch the expected shape of the high-freq C-V ch istic for the SOS-C
described in this prob For refe purp also sketch on the same plot the

high-frequency C-Vj; characteristic of an MOS-C assumed to have the same semi-
conductor doping and oxide thickness as the SOS-C.

e s [ o] s ]

Figure P16.11
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16.13 The C-V characteristic exhibited by an MOS-C (assumed to be ideal) is displayed
in Figure P16.13.

0 Yo

Figure P16.13

Is the semiconductor component of the MOS-C doped n-type or p-type? Indicate how
you arrived at your answer.

M/ Draw the MOS-C energy band diagram corresponding to point (2) on the C~V char-
acteristic. (Be sure to include the di for all three of the MOS-C,
show the proper band bending in both the oxide and semiconductor, and properly po-
sition the Fermi level in the metal and semiconductor.)

,_(,wﬁ)mw the block charge diagram corresponding to point (1) on the C~V characteristic.

P (d)J[fthc area of the MOS-Cis 3 X 10~2 cm2, what is the oxide thickness (x,)?

(,e)'{ king the delta-depletion app determine W and the associated semi-
conductor doping concentration for the given MOS-C.

16.14 An ideal MOS-C s operated at T= 300 K. x, = 0.1 #m, Np = 2 X 10!5/cm3, and
Ag = 10-3cm2

. (2) Sketch the general shape of the high-frequency C~V characteristic to be expected from
the given device.

(6) Defining Cyypx to be the maximum high-frequency capacitance, determine Cyxy.

«f Defining Cyyy, to be the mini high-fi Cyyn employ-
ing the delta-depletion approximation.

If Vg = Vy, determine ¢. (Give both a symbolic and a numerical answer.)
G =Vt s
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M Compute V.

(f) Suppose the gate bias is such that ¢ = 3¢p/2. Draw the MOS-C energy band diagram
corresponding to the specified gate bias. (Be sure to include the diagrams for all three
components of the MOS-C, show the proper band bending in both the oxide and semi-
conductor, and properly position the Fermi level in the metal and semiconductor.)

() Suppose the gate bias is such the ¢ = S¢p/2. Draw the block charge diagram corre-
sponding to the specified gate bias.

(h) The C-V characteristic of the device is measured as the d.c. bias is rapidly swept from
accumulation into inversion. Using a dashed line, sketch the expected form of the re-
sulting C-V characteristic on the same set of coordinates as the part (a) answer.

16.15 The d.c. state of an ideal MOS-capdcitor is characterized by the block charge dia-
gram shown in Fig. P16.15.

A S SUINSNNNNNN

Figure P16.15

(a) Is the semiconductor n- or p-type? Explain. (’

(b) Is the device accumulation, depletion, or inversion biased? Explain.ﬁ/

(c) Draw the energy ba\ryingnm corresponding to the charge state pictured in the block
charge diagram.

(d) By appropriately modifying the block charge diagram, characterize the chargyfc
inside the MOS-C when a high-frequency a.c. signal is applied to the device.

(e) Sketch the general shape of the high-fi y C~Vch ristic to be expected from
the structure. Place an X on the C-V characteristic at the point which roughly corre-
sponds to the charge state pictured in the Fig. P16.15 block charge diagram.

(f) While biased at the same gate voltage giving rise to the Fig. P16.15 diagram, fhe
MOS-C is somehow fotally deep depleted. Draw the block charge diagram describing
the new state of the system. /

T
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© 16.16 Write a MATLAB (computer) program that can be used to calculatc and plot total-
deep-depletion C/C, versus V; characteristics. To simplify the programming, take the
MOS-C to be p-type. Let V, be the gate voltage when s = 5. Following the procedure
outlined in Exercise 16.5, use the low-freq lationships found in Appendix C to
compute the Vg < V, (ds < ¢b) portion of the characteristic. Calculate CIC, versus Vg
for Vg > V) employing Eq. (16.38); stop the computation at V, = 5V;. Combine the
calculated C/Cg, values from the two voltage ranges into a single plot. Setting x, = 0.2 um
and N, = 7.8 X 10'*/cm?, run your program and compare the plotted output with the
total deep depletion curve in Fig, 16.17. (It will be necessary to Mifror your computed
p-type characteristic about a vertical line through V& = 0 10 obtain the desired n-type
characteristic.)

16.17 The oxide thickness (x,) and doping concentration (N, or Ny) required in con-
structing C-V ch: istics and in modeling MOS devices are often deduced directly
from the measured high-frequency MOS-C C-V data, Let us expiore the determination
proced; ploying the high-frequency C-V data ded in Fig. 16.17.
(a) The measured capacitance with the MOS-C heavily d is used to d
the oxide thickness. The MOS-C yielding the characteristic shown in Fig. 16.17 exhib-
ited a maximum capacitance (C,) of 82 pF and had a gate area of Ag = 4.75 X
10~ cm?. Determine x, from the given data.

(b) The measured high-frequency capacitance with the MOS-C heavily inverted is used to
d ine the semicondi doping ion. Referring to Fig. 16.17, record the
minimum high{requency value of C/C, observed when the device is biased far into
inversion (Vg < ~4 V). Per Eq. (C.1), found in Appendix C, associate a W,; with the
observed C/C,. Calculate W,q(inv) using the X, determined in part (a). Divide
Weq(inv) by Lj, = 2.91 X 10~ cm (0 obtain the experimental value of W,g(inv)/Ly,.
(The intrinsic Debye length, Ly, is defined in Appendices B and C. The value quoted
here is appropriate for 7 = 300 K)

© ;o alrl|‘4lxccuracy better than 0.05% over the range 9 < |Up| = 18, it has been established

at

Wt
—‘“l? = 2e7W2 2QUg] - 1 + In[115(U:| — 1]}

where Ug = ¢¢/(kT/q). Using manual or p based iterative techniq deter-
mine the value of Up needed to match the part (b) experimental value of W,q(inv)/L,.
Determine U to four significant figures and the ponding N, ing
T = 300 K. [NOTE: The N, value deduced from Fig. 16.9 corresponding to
Wy = W,g(inv) provides an excellent first guess for Np, which in turn can be used to
compute a first-guess value for Uy.]

17 MOSFETs—The Essentials

MOSFET-based integrated circuits have become the domi; hnology in the

ductor industry. There are literally hundreds of MOS: circuits in p ion today,
ranging from rather simple logic gates used in digital-signal processing to custom designs
with both logic and memory functions on the same silicon chip. MOS products are found
in a mind-boggling number of el ic systems, including the now place per-
sonal computer. Initially the MOS-transistor was identified by several competing acro-
nyms, namely, metal—oxid, icond istor (MOST), insulated gate field effect
transistor (IGFET), and metal-oxide—semiconductor field effect transistor (MOSFET).
(PIGFET and M[S_FBT were even suggested with a smile at one time or another.) With the
passage of time, h the i has ly come to be known as the
MOSFET. In this chapter we are concerned with describing the operation of the MOSFET
and modeling the device ch: istics. We continue to assume the MOS structure to be
ideal. Moreover, the development focuses on the basic transistor configuration, the long-
channel (or large-di ion) enh ode MOSFET. An examination of small-
dimension effects and structural variations is undertaken in Chapter 19. We begin here with
a qualitative di of MOSFET operation and d.c. current flow inside the structure,
progress through a quantitative analysis of the d.c. (I,~V,,) characteristics, and conclude
with an ination of the a.c.

17.1 QUALITATIVE THEORY OF OPERATION

Figure 17.1(a) shows a cut-away view, and Fig. 17.1(b) a simplified cross-sectional view,
of the basic MOS-transistor configuration. Physically, the MOSFET is essentially nothing
more than an MOS-capacitor with two pn junctions placed i diately adj to the
region of the semiconductor controlled by the MOS-gate. The Si substrate can be either
Pp-type (as pictured) or n-type; p* junction islands are of course required in n-bulk devices.
Also shown in Fig. 17.1(b) are the standard terminal and d.c. voltage designations. The
drain current (), which flows in response to the applied termina] voltages, is the primary
d.c. observable. Consistent with the naming of the device leads, the current flow is always
such that carriers (electrons in the present case) enter the structure through the source (S),
leave through the drain (D), and are subject to the control or gating action of the gate (G).
The voltage applied to the gate relative to ground is V;, while the drain voltage relative to
ground is Vp,. Unless stated otherwise, we will assume that the source and back are
grounded. Please note that under normal operational conditions the drain bias is always
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Phosphosilicate glass

p-type substrate

@

Vp (Vp20)

®)

Figure 17.1 The basic MOSFET structure. (a) Idealized cut-away view of a p-bulk ('n-channel)
MOSFET. (b) Simplified cross-sectional view of the p-bulk (n-channel) structure _sl_wwmg the ter-
minal designations, carrier and current flow directions, and standard biasing conditions. [(2) From
Beadle, Tsai, and Plummer!'), Reprinted with permission of AT&T.]
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Inversion layer

Figure 17.2 Visualization of various phases of V5 > V, MOSFET operation. (a) Vp, = 0:
(b) channel (i layer) ing under V,, biasing; (c) pinch-off; and (d) postpinch-
off (Vp, > Vp,,) operation. (Note that the inversion layer widths, depletion widths, etc. are not drawn
to scale.)

channel pinches off inside the device, the point B is reached on the Fig. 17.3 characteristic;
that is, the slope of the Ip—Vy, ch istic b pp! y zero. .

For drain voltages in excess of the pinch-off voltage, Vp,,,. the Pmched-.oﬁ' portion of
the channel widens from just a point into a depleted channel section AL in extent (see
Fig. 17.2d). Being a region with few carriers, and hence low conducla'nce. the pinched-off
AL section absorbs most of the voltage drop in excess of V. Given a long-channel

j
i
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such as to reverse bias the drain pn junction (V;, = 0 for the Fig. 17.1(b) device). Finally,
reflecting the normal flow of electrons within the structure, the drain current for the p-butk
device is taken to be positive when flowing from the external circuit into the drain terminal.

To determine how the drain current is expected to vary as a function of the applied

inal voltages, let us first ptually set Vp = 0 and examine the situation inside the
structure as a function of the imposed gate volage. When Vg is accumulation or depletion
biased (Vg = V., where Vy is the depletion-—i i ition-point voltage), the gated
region between the source and drain islands contains either an excess or deficit of holes and
very few electrons. Thus, looking along the surface between the n* islands under the cited
conditions, one effectively sees an open circuit. When Ve is inversion biased (Vg > V),
however, an inversion layer ing mobile el is formed to the Si sur-
face. Now looking along the surface between the n* islands one secs, as pictured in
Fig. 17.2(2), an induced *“n-type” region (the inversion layer) or conducting channel con-
necting the source and drain islands. Naturally, the greater the inversion bias, the greater
the pileup of electrons at the Si surface and the greater the conductance of the inversion
layer. An inverting gate bias, therefore, creates or induces a source-to-drain channel and
determines the maximum conductance of the channel.

Turning next to the action of the drain bias, suppose an inversion bias Vo> Vyis
applied to the gate and the drain voltage is increased in small steps starting from Vp, = 0.
At V, = 0 the situation inside the device is as pictured in Fig. 17.2(a), thermal equilibrium
obviously prevails, and the drain current is identically zero. With V;, stepped to small posi-
tive voltages, the surface channel merely acts like a simple resistor and a drain current
proportional to V;, begins to flow into the drain terminal. The portion of the I~V rela-
tionship corresponding to small Vp biases is shown as the line from the origin to point A
in Fig. 17.3. Any V;, > 0 bias, it should be interjected, simultaneously reverse biases the
drain pn junction, and the resulting reverse bias junction current flowing into the Si sub-
strate does contribute to /5, In well-made devices, however, the junction current is totally
negligible compared to the channel current, provided Vp is less than the junction break-
down voltage.

Once Vp, is increased above a few tenths of a volt, the device enters a new phase of
operation. Specifically, the voltage drop from the drain to the source associated with the
flow of current in the channel starts to negate the inverting effect of the gate. As pictured
in Fig. 17.2(b), the depletion region widens in going down the channel from the source to
the drain and the number of inversion layer carriers correspondingly decreases. The re-
duced number of carriers d the channel which in turn is reflected as
a decrease in the slope of the observed I5-V), characteristic. Continuing to increase the
drain voltage causes a progressive reduction in the channel carrier concentration and the
systematic slope-over in the I,—V,, characteristic noted in Fig. 17.3. The greatest decrease
in channel carriers occurs near the drain, and eventually the inversion layer completely
Vanishes (M,yq,c, drops below N, ) in the near vicinity of the drain (see Fig. 17.2c), The
onset of surface depletion at the drain end of the channel, the special situation where
the channel carrier concentration at the Si-SiO, interface immediately adjacent to the
drain becomes equal to the bulk doping concentration, is referred to as pinch-off When the
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Figure 17.3  General variation of Iy, with Vy, fora given V> Vi

device where AL <€ L, the source to pinch-off region of the MOSFET will be essentially
identical in shape and will have the same endpoint voltages for all Vp = Vipg,. When the
shape of a conductive region and the potential applied across the region do not change, the
current through the region must also remain invariant. Thus, I, remains approximately
constant for drain voltages in cxcess of Vy,, provided AL < L If AL is comparable to L,
the same voltage drop (V) will appear across a shorter channel (L — AL) and, as noted
in Fig. 17.3, the post-pinch-off /;, in such devices will i with i
Vo> Vo

Thus far we have examined the response of the MOSFET to the separate manipulation
of the gate and drain biases. To establish a complete set of 15-Vp characteristics, it is
necessary to combine the results derived from the separate considerations. Clearly, for
Vo = Vi, the gate bias does not create a surface channel and Iy = 0 for all drain biases
below the junction breakdown voltage. For all Vi > Vy a characteristic of the form shown
in Fig. 17.3 will be observed. Since the conductance of the channel increases with increas-
ing V, it follows that the initial slope of the Ip—Vy, characteristic will likewise increase
with increasing V,;. Moreover, the greater the number of inversion layer carriers present
when Vp, = 0, the larger the drain voltage required to achieve pinch-off. Thus Vp,,, must

increase with increasing V. From the foregoing one that the varia-
tion of Iy, with V;, and V; must be of the form displayed in Fig, 17.4.
The Ip~Vy, char istics just d confirm the nature of the MOS-

FET structure. Transistor action results, of course, when Iy, flowing in an output circuit is
modulated by an input voltage applied to the gate. Relative to terminology, we should note
that the portion of the characteristics where Vy, > Vi, for a given Vg is referred to as the
saturation region of operation; the portion of the characteristics where Vi < Vpgy is called
the linear (or sometimes friode) region of operation. Also, the MOSFET is known as an
n-channel device when the channel carriers are electrons; when the channel carriers are
holes the MOSFET is designated a p-channel device.
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1o

§ Vg increasing

|

Figure 17.4 General form of the f,~V;, characteristics expected from a long channel (AL < L
MOSFET.

Exercise 17.1

P: Suppose the preceding section is to be rewritten with the illustrative MOSFET

hanged from an n-channel to a p-channel device. Indicate how the figures in the
section must be mogified if the MOSFET used for illustrative purposes is a p-channel
device.

S: The required modifications can be summarized as follows:

Figure 17.1(a). .. p-type sub: - n-type n* drain/ — p* drain/
source.

Figure 17.1(b) . . . holes replace electrons as the channel carriers; p-Si bulk (sub-
strate) — n-Si bulk; Vp, = 0 > V,, < 0 in the polarity comment near the drain
terminal; the arrows are reversed to show positive J;, current flow from the
source to the drain and out of the drain contact. (IEEE convention always defines
the current flowing into a device terminal to be positive. Strictly adhering to the
convention would make /j, < 0 in p-channel MOSFETs under normal operating
conditions. Herein we prefer to deal with positive drain currents.)

Figure 17.2 . . . change the source/drain dopings to p*.

Figure 17.3 ... Vo = —Vpand Vp,, = — Vb, along the x-axis of the plot. Alter-
natively, the existing V}, labeling could be retaincd and the characteristics appro-
priately redrawn along the negative portion of the x-axis. (Adhering to IEEE

ion, the ch istics are imes drawn in an upside-down fashion

in the third plot quadrant where both I, = 0 and Vj, <0.)
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Effective Mobility

In deriving quantitative expressions for the MOSFET d.c. characteristics one encounters a
new parameter known as the “effective mobility.” The carrier mobilities, H and My, Were
first described in Section 3.1 and were noted to be a measure of the ease of carrier motion
within a semiconductor crystal. In the semiconductor bulk, that is, at a point far removed
from the semiconductor surface, the carrier mobilities are typically determined by the
amount of lattice scattering and ionized impurity scattering taking place inside the material,
For a given temperature and semiconductor doping, these bulk mobilities (p, and p,) are
well-defined and well-d d ial Carrier motion in a MOSFET, how-
ever, takes place in a surface inversion layer where the gate-induced electric field acts so as
to accelerate the carriers toward the surface. The inversion layer carriers therefore experi-
ence motion impeding collisions with the Si surface (see. Fig. 17.5) in addition to lattice
and jonized impurity scattering. The additional surface scattering mechanism lowers the
mobility of the carriers, with the carriers constrained nearest the Si surface experiencing
the greatest reduction in mobility. The resulting average mobility of the inversion layer
carriers is called the effective mobility and is given the symbol Z, or -

Seeking to establish a formal math ical ion for the effective mobility, let us
consider an n-channel device with the structure and dimensions specified in Fig. 17.6. Let
x be the depth into the i d from the oxi i interface,
y the distance along the channel measured from the source, x, (y) the channel depth, a(x, y)
the electron concentration at a point (x, y) in the channel, and K (x, ¥) the mobility of
carriers at the (x, y) point in the channel. Invoking the standard averaging procedure, the
effective mobility of carriers an arbitrary distance y from the source is given by

()
I Fa % YI0(x,y) dx
° (17.2)

"—"" = %e(»)
. J; n(xy)dx

For future reference it is useful to note that the electronic charge/cm? in the channel at an
arbitrary point y is

()
0w = —q [ ntayac ar

Source WV SN Drain
our

Figure 17.5 Visualization of surface scattering at the 8§i-8i0, interface.
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Figure 17.4 ... replace “V,; increasing™ with “ ~ Vg increasing™ and Vp, with — V.
Since Vy < 0in a pchannel device, no current flows if Vg > V; and current is
observed if Vg < V.

In addition to the noted changes to the figures proper, the inequality signs must
be reversed in the Fig. 17.2 and 17.3 captions.

v

17.2 QUANTITATIVE /,— V, RELATIONSHIPS

During the course of MOSFET development there has evoled a hierarchy of long-channel
Ip~Vy, formulations that provide p ively i acy at the expense of in-

y
creased complexity. We will examine two of the formulations: the “square-law” theory and
the “bulk-charge” theory. The former provides very simple relationships; the latter is a
much more accurate rep ion of reality. I ingly, all but the final derivational

steps in the two theories are identical. Comments relative to more exacting long-channel
theories can be found at the end of the section.

17.2.1 Preliminary Conslderations
Threshold Voltage

From the qualitative description of MOSFET operation it should be obvious that the pa-
rameter V. plays a prominent role in determining the precise nature of the device charac-
teristics. In MOSFET analyses V7 is commonly called the threskold or turn-on voltage.
The transistor starts to carry current (turns on) at the onset of inversion. A computational
expression for the important V; parameter is readily established using the results of Sub-
section 16.3.2 and the fact that Vg = Vi when ¢g = 2¢,. Specifically, given an ideal
n-channel (or p-bulk) device, simple substitution into Eq. (16.28) yields

= Ksx, [4gN, . . . ideal n-channel
Vr = 26 + Ko Kseo br (p-bulk) devices (17.1a)
Analogously,
Kox, 4N, . . . ideal p-ch: 1
_ _ Ksx, [4qNp Pp-channel
Vr = 2 Ko Kseo( be) (n-bulk) devices (17.1b)
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Figure 17.6 Device structure, di ions, and coordi ientations assumed in the quantitative
analysis.
leading to the alternative expression
_ q J’ () ( &
= - X x, 17.4;
78 On0) Jo  HaEIR() (17.4)

If the drain voltage is small, the channel depth and carrier charge will be more or less
uniform from source to drain and the effects ility will be ially the same for all
y-values. When the drain voltage becomes large, on the other hand, x. and Qy vary with
position, and it is reasonable to expect that z, likewise varies somewhat in going down the
channel from the source to the drain, Fortunately, in long-channel devices the cited »-
dependence can typically be neglected without introducing a significant error. Thus, in this
chapter we will subsequently consider &, to be a device parameter that is independent of y
and the applied drain voltage Vo

Relative to the dependence of K, on the applied gate voltage, increased inversion bi-
asing increases the x-direction electric field acting on the carriers and confines the carriers
closer to the oxide—semiconductor interface. Surface scattering is enhanced and z, there-
fore decreases with increased inversion biasing—a dependence that cannot be ignored. The
exact z, versus V,; dependence varies from device to device but generally follows the form
displayed in Fig. 17.7. To first order the dependence can be modeled by the empirical
relationship

= Ho
BT T o, - vy a7



620

622

FIELD EFFECT DEVICES

08 T

A 1 L 1 1 1 1
% 4 8 12 16

Vg-V (volts)

Figure 17.7 Sample variation of , with the applied gate voltage (Vp, = 0). Data () from Sun
and Plummer!6!, Equation (17.5) was used to construct the solid-line curve. (pyyy = 1340
cm?/V-sec, j1g = 847 cm?/V-sec, and 6 = 0.0446/V.)

where /4, and 6 are constants. Equation (17.5) was used to construct the solid line curve in
Fig. 17.7 after determining u, and 6 from a least-squares fit to the experimental data. Fi-
nally, note from Fig. 17.7 that the surface scattering phenomenon can be rather significant,
giving rise to effective mobilities iderably below the bulk x,.

17.2.2 Square-Law Theory
The MOSFET under analysis is taken to be a long-channel device with the structure and
dimensions as specified in Fig. 17.6. The figure also indi the d d

orientations. )
For gate voltages above turn-on (Vg = Vi), and drain voltages below pinch-off

(0 = Vp = Vp,,,)» the derivation of the square-law I, — Vj, relationship proceeds as
follows: In general one can write

In = qu,n® + gDyVn (17.6)

Within the conducting channel the current flow is almost exclusively in the y-direction.
M , the diffusi p of the current is often found to be negligible when

dealing with the more numerous carrier at a given point inside a semiconductor. Thus,

FIELD EFFECT DEVICES

expression, we recall that the equilibrium inversion-layer charge in an MOS-C almost pre-
cisely balances the charge added to the MOS-C gate when V; exceeds Vi In other words

charge charge

Because the charges are added immediately adjacent to the edges of the oxide, we can also
assert

char,

AQ,,.‘( cmf‘) = CAVG=CV - Vo) ...Ve2 ¥y (IT.13)

and therefore
On= —CVg - Vo) ...Vg=Vp (17.14)

where
K,
c, = Lo - Kot (17.15)
Ag X

is the oxide capacitance per unit area of the gate.

Whereas the entire back side in an MOS-C is grounded, the bottom-side “plate” po-
tential in 2 MOSFET varies from zero at the source to Vj, at the drain. As envisioned in
Fig. 17.8, the MOSFET can be likened to a plate capacitor where the plate-t
plate potential difference is V; at the source, V; — Vp, at the drain, and Vg — ¢ at an
arbitrary point y. Clearly, the potential drop V; — ¢ at an arbitrary point y in the MOSFET
functionally replaces the uniform V;; potential drop in an MOS-C. Utilizing Eq. (17.14) we
therefore conclude

O = —C(Vg — Vr — ¢) (17.16)

Yo Ve
5i0, —y §i0;
e o] TSN |
= = ¢ g
MOSC MOSFET

Figure 17.8 Capacitor-like model for the charge in the MOSFET channel.
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based on preced bl in similar probl itis ble to neglect the diffusion
component of the current (¢DyVn) in Eq. (17.6). Impl ing the suggested simplifi
tions yields

Iy = Ty = qun$, = —q,u."n% (in the conducting channel) (17.7)

All of the quantities in Eq. (17.7)—g,, n, and Jy,—are, of course, x- and y-position de-
pendent. Jy, , like n, is expected to be quite large at x = 0* and to drop off rapidly as one
moves into the semiconductor bulk.

Since current flow is restricted to the surface channel, the current passing through any
cross-sectional plane within the channel must be equal to ;,. That is,!

()

—ffl,,,dxdz= -Z A Inydx

_ ﬂ _ ely)
( Zdy)( qfo A(&y)n(x.y)dx)

Upon examining Eq. (17.8b), note that the second bracket on the right-hand side of the
equation is just Z,Qy, (see Eq. 17.4). Eq. (17.8b) thus simplifies to

(17.8a)

o

(17.8b)

de
b= - 7RO a79)

Next, realizing that Iy, is independent of y, we can recast Eq. (17.9) into a more useful form
by integrating Iy, over the length of the channel. Specifically,

L Vo
L Indy = IhL = —ZL 2, Ondd (17.10)
or, with z, being position independent,
= B J' o
Iy L b QOnde (17.11)

An analytical expression relating Qy to the channel potential ¢ at an arbitrary point
y is obviously required to plete the derivation. Working to establish the required

*(a) The minus sign appears in the general formula for 7, because Zy, is defined to be positive in the — y-direction.
(b) Generally speaking, ¢ and d¢/dy are functions of x. The very narrow extent of the inversion Jayer dictates,
however, that ¢ is a weak function of x (¢ ~ ¢,) in the channel region. Therefore, in writing down the final form
of Eq. (17.8), d/dy was taken 1o be constant over the x-width of the channel.
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An explicit I, — V,, relationship can now be established by si ituti
; t Y simply substituting the
Eq. (17.16) expression for Q into Eq. (17.11) and integrating. The result is ¢

2i,C, 3 =
b= —“'i—[(Va - VoV - h] (0 =Vo= V"“‘_) (17.17)

2 Vo= ¥y

It should be h that the f¢ ing devel i i
pl P and Eq. (17.17), in icu-
:)ar, .npply o:ly below pinch-off. In fact, the computed Iy, versus Vy, for a given Vg s::ally
egins to decrease if Vy, values in excess of Vp,, are inadvertently substi i
Eq. (17.17). As pointed out in the litative discussion, IDyissu -
constant if Vy, exceeds V;,,,,. To first order, then, the pi portion of | .
nste s , the post pinch-off portion of the -
teristics can be modeled by simply setting ? % chiree

o> Vom = Tolvo=Vou = Tomm (17.18)
or
_ Zm, C, V3
Jow = = °[(Va = Vr)Vp,, - -—;i'] (17.19)
The Ip,, ip can be simplified by noting that pinch-off at the drain end

of the channel implies QOn(L) — O when ¢(L) = Vb = Vpu.- Thus from Eq. (17.16)

OND) = ~Co(Vg = Vo = Vo) =0 (17.20)
or
Vou = Vo = Vp 7.21)
and
= Z&.GC
l oa = =570V = W) (17.22)

Neg]ecting R,'s dependence on V;, Eq. (17.22) predicts a saturation drain current
that varies as the square of the gate voltage above turn-on, the so-called “‘square-law”
dependence.
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(C) Exercise 17.2
P: If the square-law /;, divided by Z, C,/L is plotted versus Vp, for select values of
Vo— Vs, the resulting normalized istics are device ind\ d the same
h istics are ob d for any combination of Z, L, z,, x,, and N, . Construct
such a “universal” plot specifically showing the ch istics corresponding to

Vo-Vr=1,2,3,and4 V.

8: The requested plot is presented in Fig. E17.2. The MATLAB program listed below
was used to generate the plot.

MATLAB program script . . .

% "Universal" ID-VD Characteristics /// Square-Law Theory
%lnitialization

close

clear

%Let VGT = VG- VT,
for VGT=4:-1:1,

%Primary Computation
VD=linspace(0,VGT);
ID=VGT.*VD-VD.*VD./2;
IDsat=VGT*VGT/2;
VD=[VD,9];
ID=(ID,1Dsat};

%Plotting and Labeling

if VGT==4,

plot(VD,ID); grid;

axis([0 100 10]);

xlabel('VD (volts)); ylabel('ID/(ZuColL));
text(8,IDsat+0.2, VG-VT=4V");

hold on

else,

plot(VD,ID);

%The following ‘i labels VG-VT curves < 4
if VGT==3,
text(8,IDsat+0.2,'VG-VT=3V");

elseif VGT==2,

text(8,IDsat+0.2,' VG-VT=2V");

clse,

text(8,IDsat+0.2,' VG-VT=1V");
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where, making use of the delta-depletion results in Chapter 16,

172
W) = [“‘.s__‘o(;,qbF + 4,)] (17.24)
qN,,

mn
_ | 2Ks8 (17.25)
Wy = [ i (MF)]

Thus, combining Egs. (17.23) to (17.25) and introducing

Ve = aNa Wr
w

(17.26)

one obtains the bulk-charge theory analogue of Eq. (17.16), namely,

[
o0 = —co[vo - Vr-¢- Vw( LS ol l)] a7.27m

i i i formulation is next
The predicted /, — Vj, relationship based on the bulk—chargc. .
readily oll:uined bynsubstituﬁng Eq. (17.27) into Eq. (17.11) and integrating. The end
result is

n
- v: 4 Yo _ JVD)
b= %L_CQ{(VG BROL I i SV‘""’F[(l * w;) (1 s

(17.28)

for 0 = Vp = Vpy
and Vg = Vy

As in the square-law analysis, the post pinch-off portion of the characteristics are approxi-
mately modeled by setting I, evaluated at V, > _VDsal equal to I, at V!7 = V,_,,,&’. Iz..;kew;\se.
an expression for Vp,, can be obtained by noting QN(y)Iy_,_ — 0 in Eq. (17.27) when
S(L) = Vp = Vp,,,. One finds

v v VT Vw)}
G — "1 A A - —_—
Vo = Vo — Vr — Vw{[ 2¢ * (] * MF)] (l * 4,

(17.29)

Having luded the math ical P letus the results and make
appropriate comments. First of all, it should be recognized that _th: primary asset of the
square-law theory is its simplicity. General trends, basic interrelationships, and the like can
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end

end
end
hold off

IDAZKCAL)

VD (vols)
Figure E17.2

17.2.3 Bulk-Charge Theory

Although appearing very reasonable and sound on first inspection, close scrutiny reveals
that the square-law theory contains a major flaw. The capacitor-like model used in the
square-law analysis assumed changes in gate charge going down the MOSFET channel
were balanced solely by changes in Qy. This is equivalent to implic ly ing the de-
pletion width at all channel points from the source to the drain remains fixed at Wy even
under V;, » O biasing. In reality, as pictured in Figs. 17.2(b) to (d), the depletion width
widens in progressing from the source to the drain when Vp # 0. This point-to-point varia-
tion in the depletion layer or “bulk” charge must be included in any charge balance
relationship.

dea With changes in the depletion width, W(y), taken into account, one more accurately

uces

O = =Co(Vg = Vi —~ @) + gN, (W) — Wy] (17.23)
N
MOSFETS— THE ESSENTIALS
~——— Square-law theory
0~ - Bulk-charge theory (M, = 10"/cm?)
- = - ~ Bulk-charge theory (N4 = l})"lcm’)
8
Ip 6
(Zﬂn Cn)
L
4
) o ———— JVo-vr=2v
il el oy Vg-W=1V
[ 2 4 6 8 10 12
Vp (volts)
Figure 17.9 Comparison of the Ip~V;, derived from the sq 1aw and bulk-charge

theories. The bulk-charge curves were computed assuming X, =0.1 umand T =300K.

be established using the sq; 3! ion without an amount of mathe-
matical entanglement. The bulk-charge theory, on the other hand, is in good agreement
with the experimental ch istics derived from long-channel MOSFETS. It should also
be noted that, although Eqs. (17.28) and (17.29) are decidedly more complex than their
square-law analogues, the added terms, the terms not appearing in Eqs.(17.17)and (17.21),
respectively, are always negative and act primarily to reduce I, and V), for a given set of
operational conditions. Figure 17.9, which compares the two theories, confirms the fore-
going observation and also illustrates another well-known property—the accuracy of the

q law theory imp as the doping is ds d. 1a fact, the bullecharge
theory mathematically reduces to the square-law theory as N,, (or Np) — 0 and x,530.

Exercise 17.3

P: Suppose the gate and drain of an ideal n-channel MOSFET are tied together as
pictured on the following page. x, = 500 A, N, = 10'%/cm?, 2/IL = 10, i, =
625 cm?/V-sec, and T = 300 K. Employing the bulk-charge theory, determine I,
when

@Vg=Vo=1V;

®)Vg=Vp=3V.
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S: (a) This is somewhat of a trick question. We note
L2 16/1010) =
$r = — In(N,/n;) = 0.0259 In(10'6/10'%) = 0.358 V
q

and

K 4gN,
- s, 2
Vr =26 + Ko"° Kseg ¥

2
_ (L85 X 10-9) [ @)L6 X 10-mya0ts) o 1 _ a2y
=0716 + 39 (11.8)(8.85 X 10=1) )
With Vg =1V, V5 < V,and th the is turned off; (I, = 0].

(b) Computing /5, by simply substituting Vg = Vp = 3 Vinto Eq. (17.28) gives an
incorrect result. As noted in the text and as illustrated in Fig. 17.9, Vp,, in the bulk-
charge theory occurs at a lower voltage than the square-law Vp,, = Vg — V... Since
Vo = Vg, it follows that Vi, = Vg > Vg — Vo> V... With the gate and drain tied
together. the MOSFET is saturated biased for all Vy, = Vg > V.,

Respectively employing Eq. (17.15), (17.25), and (17.26), we find C, = 6.90 X
10=8 F/em?, Wy = 3.06 X 10~% cm, and Vy, = 0.71 V. Substituting into Eq. (17.29)
then yields Vp,,, = 1.15 V. Finally, computing I, using Eq. (17.28) with Vj, = Vp,,,
= L15V gives (I = 038 mA}.

17.2.4 Charge-Sheet and Exact-Charge Theories

Both the square-law and bulk-charge theories suffer from two severe inherent limitations.
For one, the charge in the MOSFET channel (Qy, in the ding anal; was d
to be identically zero for gate voltages at and below the threshold voltage. In an actual
device, the channel charge becomes small, but does not completely vanish. As a conse-
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E 7 T :
Ny = 10" fem?
107
[ : —

=4 - I ? t 1
H—F— : ——
_1olf= 17 I 1
08 04 -0z 0.0 02 04
Vg (volts)

Flgure 17.11 transfer of n-channel MOSFE'l;s having the same pa-
rameters as the Fig. 17.10 device except Ny = lO"Icm_’ or N, = lO“{cm and x, = 0.013 “p:d
The (*) are experimental data. Setting Vp = 1V, the soh.d' un_d dashed-l'me curvc:'w;re ’lc':mipd e
respectively from the exact-charge and charge-sheet relationships found in A?pm v‘{u‘ ‘m e o
device curves were shifted along the voltage axis to enhance .lhe Fompanspn‘mfm Eelxsf:ier
mental data. (Reprinted from Pierret and Shields!'”), © 1983, with kind permission from

Science Ltd.)

17.3 a.c. RESPONSE

17.3.1 Smali-Signal Equivalent Circuits
i i I-signal equivalent
the MOSFET, routinely expressed in terms of a smal v
:‘ll:ceuanc!rscs;::tse . iently blished by idering the two-port network .shown in
Fig. l‘;.lZ(a)‘ Initially we restrict our considerations to low opemion.a.l frequencies whcr;
capacitive effects may be neglected. It should be noted that the follm{ung development an
results are very similar to those of the J-FET presentation in Subsection 15.2.4.
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quence, a residual drain current flows between the source and drain at and below the
thmsﬁold voltage. This residual drain current is called the subthreshold current and its
precise value is often of interest, Second, the square-law and bulk-charge relationships do
not self-saturate—it is necessary to artificially construct the above pinch-off portion of the
characteristics.

) The noted failings are removed jn the charge-sheet and exact-charge formulations;
cither l'hcory can be used to compute the subthreshold current, and both theories are self-
saturating. The /,,-V,, i lati ip: lting from the charge-sheet and
exact-charge models are reproduced in Appendix D. The exact-charge results are estab-
lished by working with the exact-charge distribution inside the MOSFET. Although not
overly complex, the exact-charge result does involve integrals. The charge-sheet model
may be viewed as a simplified version of the exact formulation, Of the theories discussed,
the charge-sheet formulation provides the best trade-off between accuracy and complexity.
S.ample Ip~Vp characteristics resulting from the cited more-exacting theories are shown in
Fig. 17.10. C d and observed subtt Id ch: istics of 7, versus V; with Vo
held constant are presented in Fig. 17.11.

3.0
Vo=5volts | ]
25
20
E Ls Vg =4 volts
&8
1.0
Vo =3 volts
0.5
Vo =2 volts
Il I I
0 10 20 30 40 5.0 6.0 7.0 8.0 9.0

Vp (volts)

Figure 17.10 Theoretical current-voltage characteristics of an n-channel MOSFET with x, =
9,05 wm, Ny = 10'em’, 7, = 550 em/V-sec, L = 7 yum, Z = 70 wum and T = 23°C. The solid-
lm.e cuux;vccsh were derived from the exact-charge result while the dashed-line curves were computed
using the charge-sheet theory. (Reprinted from Pierret and Shields!'”), © 1983, with kind permissi

from Elsevier Science Ltd.) e e
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Figure 17.12 (a) The MOSFET viewed as a two-port network. (b) Low-frequency and (c) high-
£ 1l-signal equi

| n i

order) like an open circuit at low fi

circuits the a.c. response of the MOSFET.

g q

We begin by examining the device input. Looking into the input port between the gate
grounded /sub one seesa itor. A capacitor, h , behaves (to first
practice, to model

Itis

the low-frequency input to the MOSFET by an open circuit.

At the output port the d.c. drain current has been established to be a function of Vo
and Vg; that is, I, = I,(V,, V). When a.c. drain and gate potentials, v, and v,, are
respectively added to the d.c. drain and gate terminal voltages, Vy, and Vg, the drain current
through the structure is modified to Io(Vp, Vi) + iy, where ijis the a.c. component of the
drain current. Provided the device can follow the a.c. changes in potential, which is cer-
tainly the case at low operational frequencies, one can state

fa + Ip(Vo, Vo) = Ip(Vptv,, Vg +v,) (17.302)
and

iy = Ip(Vp+u, Vgt o) — Io(Vp, Vo) (17.30b)
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Expanding the first term on the right-hand side of Eq. (17.30b) in a Taylor serics about the
d.c. operating point, and keeping only first-order terms in the expansion (higher-order
terms are negligible), one obtains

ol al,
IoVo+vaYotvp) = o(Vo.Va) + 332 L ;i LU (17.31)
‘a g

which when substituted into Eq. (17.30b) gives

al al,
;= o LY (7.32
4T Wl T Vel )

Dimensionally the partial derivatives in Eq. (17.32) are conductances. Introducing

8= 3 . . . the drain or channel conductance (17.33a)
A2 PrR—
o = % . or mutual (17.33b)
Gl vgmconstant
we can then write
iy = 84V * Bm¥y (17.34)

Equation (17.34) may be viewed as the a.c.-current node equation for the drain terminal
and, by inspection, leads to the output portion of the circuit displayed in Fig. 17.12(b).
Since, as concluded earlier, the gate-to-source or input portion of the device is simply an

open circuit, Fig. 17.12(b) then is the desired small-signal equivalent circuit ch: izing
the low-frequency a.c. response of the MOSFET.
For field-effect i the g, p plays a role analogous to the a and 8 in

the modeling of bipolar junction transistors. As its name indicates, g, may be viewed as
cither the device output i or the ac. of the channel between the
source and drain. Explicit g, and g,, ionship ined by direct diffe of Egs.
(17.17), (17.22), and (17.28) using the Eq. (17.33) definitions are catalogued in Table 17.1.

At the higher opcrational freqy often d in practical applications, the
Fig. 17.12(b) circuit must be modified to take into account capacitive coupling between the
device terminals. The required modification is shown in Fig. 17.12(c). A capacitor between
the drain and source terminals at the output has been omitted in Fig. 17.12(c) because the

drain-t p is typically negligible. C,q. which provides undesirable feed-
back between the input and output, is associated in large part with the so-called overlap

paci the capaci lting from the portion of the gate that overlaps the drain
FIELD EFFECT DEVICES

Thus, setting iy, /i,,] = I and solving for f = £, . one obtains

1

o = 8 _ AN
™ 2rCo  2wl?

if Vp s Vo (737

The latter form of Eq. (17.37) was established using the below pinch-off g, entry in
Table 17.1. The important point to note is that the channel length L is the key parameter in
determining £, ; i d MOSFET operating frequencies are achieved by d ing
the channel length.

17.3.3 Smali-Signal Characteristics
Representative plots of selected small-signal ch istics that have d special at-
tention in the device literature are shown in Fig. 17.13. g, versus Vg with V;, = 0 has been
used to obtain a reasonably accurate estimate of V. This is accomplished by extrapolating
the linear portion of the g,-V,; characteristics into the V; axis and equating the voltage
intercept to V. The basis for this procedure can be understood by referring to the below
pinch-off g, entries in Table 17.1. With V;, = 0 the drain conductance in both the square-
law and bulk-charge theories reduces to

Zi, C,
84 = m(Vc( -V

7 (17.38)

Vp=0)

To first order, then, g, is predicted to be a linear function of V;, going to zero when Vg =
V. The experimental ch istic does not ly vanish at V; = Vy because there
is a small minority-carrier concentration in the surface channel at the depletion—inversion
transition point. This residual ation is neglected in both the sq law and bulk-
charge theories. The g, versus V,; characteristic with Vy, = 0 has also been used to deduce
the effective mobility, Since g, is directly proportional to iz, according to Eq. (17.38), i,
versus V; can be computed readily from the g,—V; data. This mobility measurement
method is accurate provided the device contains a low density of interfacial traps (see Sub-
section 18.2.4). A moderate-to-large density of interfacial traps would spread out the
84—V ch istic and yield a fall ly low value for ,.

The second characteristic in Fig. 17.13 typifies the gate capacitance versus V; depen-
dence derived from the MOSFET when the drain is grounded. The MOSFET Cg-Vq
(Vp = 0) characteristic has been used for diagnostic purposes in much the same manner as
the MOS-C C-V,; characteristic. The MOSFET characteristic can, in fact, be modeled to
first order by the low-frequency MOS-C C-V; theory. Unlike the MOS-C, however, a low-
frequency type characteristic is observed even when the MOSFET is probed at frequencics

ding 1 MHz. A low-fi y ch istic is obtained because the source and drain

islands supply the minority carriers required for the structure to follow the a.c. fluctuations
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Table 17.1 MOSFET Small-Signal P !

Below pinch-off (Vp, < Vo) Above pinch-off (Vp, > Vi)
Square Zji, C, =0
Bulk 73, C ) ) -0
charge 8= T (Vo = Vp G &

- Vo (VT F Vpl2gy — 1]

Square Zp, C, i, C,
law =W 8 = ’Zp%(vo -
Bulk Zu,C, Zi,C,
charge &m = _z— Yo 8m = _L_Vom

with Vo, per Eq. (17.29)

'Enn:i:s in the table were obtained by direct differentiation of Egs. (17.17), (17.22), and (17.28). The variation of
i with Vg was neglected in establishing the g, expressions.

island. The overlap capacitance is minimized by forming a thicker oxide in the overlap
region or preferably through the use of self-aligned gate procedures. In the self-aligned
gate fabrication process a MOSFET gate material that can withstand high-temperature pro-
cessing, usually polysilicon, is deposited first. After the gate is defined, the source and drain
islands are subsequently formed abutting the gate by diffusion or ion implantation. The
remaining capacitor shown in Fig. 17.12(c), Cis» is associated primarily with the capaci-
tance of the MOS gate.

17.3.2 Cutoff Frequency

Given the small-signal equivalent circuit of Fig. 17.12(c), it is possible to estimate the
maximum g frequ or cutoff freq of an MOS Let £, be de-
fined as the frequency where the MOSFET is no longer amplifying the input signal under

i diti that is, the fi 'y where the ab value of the output current
to input current ratio is unity when the output of the transistor is short-circuited. By inspec-
tion, the input current with the output short-circuited is

in ™ jw(Cy + Cylvy = j(21rf)CQv' (j=V-1 (17.35)
where C,g is taken to be small and Cys = Co. Likewise, the output current is
fout = 8mVy (17.36)
MOSFETS—THE ESSENTIALS
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Figure 17.13 MOSFET. -si it .
Vo with V, = 0, small-signal characteristics. (a) g, versus Vg with Vi, = 0; (b) Cg versus

in the gate potential when the device is
surface channel to flow laterally into
applied a.c. signal.

inversion biased. Minority carriers merely use the
and out of the MOS gate area in response to the

Exerclse 17.4

P: (a) The transconductance (&) Pl i i
! 0 ') Plotted as a function of V, with V,, held constant
is another small-signal characteristic encountered quite oﬂenc in the NIIJOSFET li:m-

tu:i.i Deduce the expected general form of the 8~V characteristic. Specifically,
m; /(;g_ u(s:e/t;f) the square-law entries in Table 17.1 and assuming V. = 2 V, plot
&n/(Z, versus Vg (0 Vg < 10 V) for V,, = :

Enl Zhin o;ﬁ,ﬂ sl () G V) for Vy =2,4,and 6 V. Neglect the

) L — Vg C! iC CS Wi eoretic:

(b) Compare similar experimental g - V,; characteristics with the part (2) theoretical

characteristics, Speculate as to the origin of any differences in the shape of the
g

S:(@@)Let¢= Zjz, C,/L. As deduced from the square-law entries in Table 17.1,

L..0= Vc—V-r—<-Vp

&L\:{VG—VT
¢ Ay Ve - V=Y,
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i — Vy < Vp. the device
Forall Vy, g,/ =0if Vg < Vy = 2V.For Vg > Vrbut Vg — Vp < Vp
is satura&::l;ufed and g:lfin;remlim.rly with V. Once V,, reaches the voltage
where V; — V= Vp, the device drops oul of saturation and g /£ = V, = constant.
The g,,—qvc, chatacteristics are therefore concluded to be of the form shown below

6 Vo=6V
3
B 4 Vp=4V
E
- A
'!E”l Vr Vp=2V
it
b+
0 2 4 6 B 10 12
Vg (volts)
(b} Experi lg,.~ derived from an n-channel MOSFET are
{3 '

o i dif-
presented below. The data are from Part [I1 reference [18). The most noticeable dif-
ference between theory and experiment is the 'decreaae_m the rr:mh:e:cf,‘ at
Vg = Vg + Vo This falloff in g, is readily explmmd—'-h.lslcmd by d rease
in jz, with ¥, that was negl in g the

£ (mS)
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PROBLEMS
CHAPTER 17 PROBLEM INFORMATION TABLE
Complete | Difficulty Suggested Shqrr.
Problem 1;;’?!7” Level Point Weighting Description
17.1 17.4 1 10 (1 each part) Quick quiz
17.2 " 2 10(a, ¢, f-2; b, d, e, g-1) | Sample p
173 17.1 2 {10(a-3,b-2,¢-5) Sketch di
0174 17.2.1 2 10 Plot V; vs. N, for select x,
8175 " 3 10 Vr temperature dependence
17.6 17.2.2 2 5 Vs from Jp, maximum
17.7 " 2-3 |10 n = pin Sut ion 17.2.2
®178 B 1 |5 Plot Iy~ Vy, &, per Eq. (17.5)
17.9 N 3 10 (5 each part) Vo=Vo—Va
17.10 " 3-4 |10 I, versus Vg — Vp
17.11 " 3-4 |10(a-8,b-2) Circular MOSFET
®17.12 " 3 12 (a-2, b-10 discuss-2) | /r, temperature dependence
17.13 " 3-4 |12 Include R, Ry in theory
17.14 17.2.3 3-4 |10 Derive Eq. (17.29)
®17.15 " 3 10 Plot bulk-charge - Vp,
©17.16 | 1724 4 [25(a-10,b-15) Plot sheet, exact Ip—Vy
17.17 17.3.1 2 5 Verify Table 17.1 entries
17.18 N 2 5(a-3,b-2) MOSFET Ons 8y
17.19 17.3.2 3 10 Deduce Z, L for match
17.20 ” 2-3 {15(a-3,bug-2) General MOSFET revtevl/
17.21 17.3.3 3 12 (4 each part) Small signal ch: istics
17.22 174 2 12 Compare FETs
17.1 Quick Quiz .
Answer the ing questions as isely as possible.
(a) Why are the current-carrying contacts in the MOSFET referred to as the source and
drain?

(b) Precisely what is the channe! in MOSFET terminology?
(c) When referring to the MOSFET J;,~Vj, characteristics, what exactly is the saturation
region of operation?

iR e
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17.4 SUMMARY

This chapter was intended to provide an introd to MOSFET terminology, operation,
and analysis. The MOS structure was to be ideal and iderations were limited
to the basic transistor configuration. We began with a qualitative discussion of MOSFET
operation and d.c. currcnt flow inside the structure. When biased into inversion, the induced
surface inversion layer forms a conducting channel between the source and drain contacts.
The greater the applied gate voltage in excess of turn-on, the larger the conductance of the
internal channet at a given drain voltage. A nonzero drain voltage in turn initiates current

voltages, slopes over due to channel narrowing as Vp isi d, and
once the internal channel vanishes or pinches off near the drain.

The quantitative analysis of the MOSFET d.c. characteristics, considered next, was
subject to two notable complications. First of all, carriers in a surface channel experience
motion-impeding collisions with the Si surface, which lower the mobility of the carriers

i i i carrier mobility. Second, the carrier concen-

and the d of an effe
tration and therefore the current density in the surface channe! are strong functions of po-
sition, dropping off rapidly as one i i
first-order results for the MOSFET current-voltage relationship are surprisingly simple.
The results of the first-order theory, referred 10 herein as the square-law theory, are con-
tained in Egs. (17.17), (17.21), and (17.22). The bulk-charge theory, a second formulation
culminating in Eqgs. (17.28) and (17.29), provides a more P ion of reality
at the expense of ity. Even m ing formulations were di d briefly,
with the reader referred to Appendix D for computational details,

The last section of the chapter was devoted to the a.c. response of the MOSFET. The
equivalent circuits of Figs. 17. 12(b) and (c), respectively, specify the small-signal response
at low and high frequencies. With the aid of the Fig. 17.12(c) circuit it was established that
a short channel length is necessary to achieve high-freq , high-speed operation, It was
also pointed out that useful information can often be extracted from the small-signal pa-
rameters (g, £, Cg) monitored as a function of the d.c. terminal voltages.

Although designed to be self-contained, the MOSFET development in the present
chapter does closely parallel the J-FET presentation in Chapter 15. The reader may find it
a useful exercise to note similarities and differences in the operation and analysis of the

two devices. In Chapter 18 we the impact of nonidealities on MOSFET
As noted previously, an ination of small-di cffects and | variations is
undertaken in Chapter 19,

MOSFETS—THE ESSENTIALS

(d) What is the relationship between the depletion-inversion transition point voltage intro-
duced in the MOS-C di ion and the threshold (tum-on) voltage introduced in the
MOSFET discussion?

(e) Why is the mobility in the surface channel of a MOSFET different from the carrier
mobility in the semiconductor bulk?

(f) Why is the I-V,, th ical formulation of Sub: 17.2.2 referred to as the
square-law theory?

(2) Why is the J,—V,, theoretical for ion of Sub 17.2.3 referred to as the bulk-
charge theory?

(h) What variables are plotted in displaying the “subth Id transfer ch isties”?

(i) What is the mathematical definition of the drain condi ? the ?

(j) Why is the observed MOSFET Co-Vg(Vp = 0) curve typically a low-frequency char-
acteristic even at a measurement frequency of 1 MHz?

17.2 Sample Calculations

Simple numerical computati help to establish the expected size of device variables. An
ideal n-channel MOSFET maintained at T = 300 K is characterized by the following
parameters: Z = 50 ym, L = 5 um, x, = 0.05 um, N, = 10'%/cm?, and &, = 800 cm?/
V-sec (assumed independent of V). Determine:

(@) Vp;

(b) Ip,,, (square-law theory) if Ve=2V,;

(€) Ipyy (bulk-charge theory) if Vg =2 V;

(d) g4if Vg =2Vand V, =0;

(e) g, (square-law theory) if Vo=2VandV,=2V;
() gy, (bulk-charge theory) if Vg =2 Vand V, = 2 V;
(®) faaxif Vg =2Vand Vp=1V.

17.3 Given an ideal p-channe]l MOSFET at room

(a) Assuming Vj, = 0, sketch the MOS encrgy band diagram for the gate region of the
given transistor at threshold.

(b) Assuming Vp, = 0, sketch the MOS block charge diagram for the gate region of the
given transistor at threshold.

(c) Sketch the inversion layer and depletion region inside the MOSFET at pinch-off. Show
and label all parts of the transistor.

®17.4 Construct a plot of V;. versus N, for ideal n-channel MOSFETs operated at room
temperature. Superimpose on the same plot the curves corresponding to x, = 0.01, 0.02,
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0.05, and 0.1 zm. Let the semiconductor doping vary over the range 10'/cm® < N, =
10'8/cm?; limit the plotted Vo to0 = Vo s 3 V.

© 17.5 Explore the temperature dependence of the MOSFET threshold voltage. Considering
an ideal n-channel MOSFET, taking x, and N, to be input parameters, and perhaps refer-
ring to Exercise 2.4, construct 2 p prog that calcul and plots Vy versus 7
over the range 200 K = T < 400 K. Record the output of the program when x, = 0.1 um
and N, = 10'$/cm?. Describe the general nature of the V; versus T dependence.

17.6 1f Eq. (17.17) is used to compute /,, as a functiori of Vy, for a given Vg, and if'VD 15
allowed to increase above Vp,,. one finds /p, to be a peaked function of Vy, maximizing at
Vi~ The foregoing suggests a second way to establish the Eq. (17.21) relationship or
Ve - Specifically, show that the andard math ical procedure for determining extrema
points of a function can be used to derive Eq. (17.21) directly from Eq. (17.17).

17.7 Suppose Subsection 17.2.2 is to be rewritten with the illustrative MOSFET changed
from an n-channel to a p-channel device. Indicate how the equations in the subsection must
be modified if the MOSFET used for illustrative purposes is a p-channel device.

®17.8 The i, in relationships throughout the chapter can be replaced by the Eq. (17.5)
expression to approximately account for the dependence of jz, on the applied gate volla'gc.
Modify the computational program in Exercise 17.2 to illustrate the effect of incorporating
the &~V depend Introducing the new nor factor, ZuoC,/L, superimpose
plots of the /o Zsuo C,/L) versus Vy, characteristics corresponding to 8 = 0 and 8 = 0.05/
V. Note that 8 = 0 should yield characteristics identical to Fig. E17.2, while § = 0.05/V is
roughly the value used to fit the i,~V,; data of Fig. 17.7.

17.9 Suppose a battery Vy = 0 is connected between the gate and drain of an ideal n-
channel MOSFET as pictured in Fig. P17.9. Using the square-law results,

(a) Sketch I versus Vp (Vp = 0) if Vg = Vo/2;
(b) Sketch Ip, versus Vy, (Vp = 0) if Vp = 2V7.

Figure P17.9
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Repeat the ion and plotting taking V, = 10 V. Discuss your

results.

17.13 As pictured in Fig. P17.13, resistances Rg and Ry, exist between the source/drain
terminals and the channel proper. These arise from a ion of the metal-
Si contact resistance and the bulk resistance of the source/drain islands. Typically Rg and
Ry, are negligible in long-channel MOSFETSs. However, as the dimensions of MOSFETs
are reduced to achieve higher operating frequencies and higher packing densities, Rg and
Ry, have become i ingly important. Working with the sq law theory, show that
the source and drain resistances are appropriately taken into account by replacing Vy, with
Vp—Ip(Rs + Rp)and Vg with Vg—Iy R in Egs. (17.17), (17.21), and (17.22).

y= y=L
¢()=IpRs  ¢(L)=Vp-IpRp
Figure P17.13

17.14 Derive Eq. (17.29).

@ 17.15 Write a computer program that can be used to calculate and plot /p/(Zi, C,/L) ver-
sus Vp, characteristics based on the bulk-charge theory. Use your program to verify the
accuracy of the bulk-charge characteristics pictured in Fig. 17.9.

© 17.16 Utilizing the relationships in Appendix D, puter programs t
and plot the /p~V;, characteristics based on (a) the charge-sheet theory and (b) the exact-
charge theory. As a check, run your programs to obtain results that can be compared with
the characteristics shown in Fig. 17.10 and/or Fig. 17.11.

17.17 Perform the mathematical manipulations to verify the bulk-charge g, and g, entries
in Table 17.1.

17.18 Biases V; = 3 V and Vi, = 0 are applied to an ideal n-channel MOSFET with Z =
70 pm, L = 7 pm, f&, = 550 cm?/V-sec, x, = 0.05 um, and Vo = 1 V. Making use of the
square-law theory,

(a) determine the i (y = L12) of the channel.

(b) determine the drain conductance (g,) at the specified bias point.

layer charge/cm? at the midpoi

R
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17.10 The most widely d MOSFET ch istics are a plot of /;, versus Vp,
with V5 or V-V held constant at select values. An alternative plot of /j, versus Vg or
V—Vr with Vp, held constant at select values is sometimes useful. Sketch the shape of the
Ip versus V—Vy characteristics to be expected from an ideal n-channet MOSFET. Specifi-
cally show the characteristics corresponding to V, = 1, 2, 3, and 4 V. Explain how you
arrived at your sketch.

17.11 A linear device geometry and a rectangular gate of length L by width Z were explic-
itly assumed in the text derivation of /- V, relatianships. However, MOSFETs have been
built with circular geometry as pictured (top view) in Fig. P17.11.

&

Figure P17.11

(a) If r, and r; arc the inside and outside diameters of the gated area, show that in the
square-law formulation one obtains

=2 Vi
I = (/) ll'ncq[(vﬂ Vo)Vp = 2 ]

for below pinch-off operation of a MOSFET with circular geometry. To derive the
above result, use cylindrical coordinates (# 8, z) and appropriately modify Eqgs. (17.7)
through (17.17).

(b) Setting r, = », + L and Z = 27r,, show that the part (a) result reduces {o the linear
geometry result, Eq. (17.17), in the limit where L/r, < 1.

® 17.12 As a follow-up to Problem 17.5, we wish to explore the temperature dependence of
the MOSFET saturation current. Consider an ideal n-channel MOSFET with X, =0.1 um
and N, = 10'S/cm®. Assume i, in the MOSFET channel has the same temperature depen-
dence as 4, in the semiconductor bulk.

(a) Establish an expression for Ip,, (T)//p,, (300 K) utilizing the square-law theory.

(b) Setting V; = 3 V, compute and plot /p,, (7)/1p,, (300 K) versus T over the range
200 K = T = 400 K. Superimpose a plot of p,(T)/u, (300 K) on the same set of

MOSFETS—THE ESSENTIALS

17.19 A complementary pair of ideal n-channel and p-channe]l MOSFETs are to be de-
signed so that the devices exhibit the same g,, and f,,, when equivalently biased and op-
erated at 7 = 300 K. The structural parameters of the n-channel device are Z = 50 um,
L=35pum, x, = 0.05 um, and N, = 10'5/cm®. The p-channel device has the same oxide
thickness and doping concentration, but, because of the lower hole mobility, must have
different gate dimensions. Determine the required Z and L of the p-channel device. Assume
the effective mobility of carriers in both devices is one-half the butk mobility.

17.20 General MOSFET Review

An Ip—Vy, characteristic derived from an ideal MOSFET is pictured in Fig. P17.20. Note
that I, = 10~2 A and Vp,,, = 5V for the given.characteristic. Answer the questions that
follow making use of the square-law theory and the information conveyed in the figure.

o

R 1)

o
V=5V 10V

Figure P17.20

(a) Carefully sketch the inversion layer and depletion region inside the MOSFET corre-
sponding to point (1) on the pictured characteristic. Show and label all parts of the
transistor.

(b) Given a turn-on voltage of Vy = 1V, what is the gate voltage one must apply to the
MOSFET gate to obtain the pictured characteristic?

() If x, = 0.1 um, what is the inversion-layer charge/cm? at the drain end of the channel
when the MOSFET is biased at point (2) on the characteristic?

(d) Suppose the gate voltage is readjusted so that V; — V. = 3 V. For the new condition,
determine Iy, if Vi, =4 V.

(e) Determine g, if the q perating point of the MOSFET is point (3) on the pic-
tured characteristic.

(f) D ine g,, if the qui perating point of the MOSFET is point (3) on the
pictured characteristic.

(g) If Vp, = 0(i.e., the drain is shorted to the source and back), sketch the general shape of
the Cg (gate versus Vg char istic to be expected from the MOSFET.
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17.21 Making free use of the squarc-law entries in Table 17.1, ignoring the variation of Z,
with Vg, and employing only one set of coordinates per each part of the problem, draw

(2) 84/(ZE, C, /L) versus Vs (0 < Vg = SV)if Vo =1Vand V5= 0,1,and2 V.
(b) g4/(Zi,C,/L) versus Vp (0 s Vs 5V) when Vg — Ve =1,2,and3 V.
©) 8n/(Zm,C,/L) versus V(0= V, = 5V)when Vg — Vo =1,2,and3 V.

17.22 Compare the MOSFET and J-FET:; concisely describe similarities and differences
in structure, operation, and analysis.
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Figure 18.1 (a) To scale energy band diagrams for the isolated components of the A1-SiO,-Si
system. (b) Equilibrium (V;; = 0) energy band diagram typical of real MOS structures.

Fig. 18.1(a). Moreover, band bending occurs inside the semiconductor—K % must equal
Bac- Byac and the semiconductor band bending increase of course as the components are
brought closer and closer together. Once the metal and semiconductor are positioned a
distance x, apart, the insulator is next inserted into the empty space between the other two
components. The addition of the insulator simply lowers the effective surface barriers

18 Nonideal MOS

The ideal structure provides a vehicle for ing the basic principles of
MOS theory in a clear and uncomplicated fashion. Real MOS device structures, however,
are never perfectly ideal. In this chapter we examine well-dacumented deviations from the
ideal that have been encountered in MOS device structures. The effect of a nonideality on
device ch istics, its identified or suspected physical origin, and methods implemented
to minimize the nonideality are noted. Because of ease of fabrication and functional sim-
plicity, the MOS-capacitor has long been the test structure of choice for probing nonideal-
ities. It is understandable, therefore, that the vast majority of nonideal effects arc illustrated
using MOS-C C-V data. The description herein likewise relies heavily on the comparison
of real and ideal MOS-C C-V characteristics. Nevertheless, any deviation from the ideal
has a comparable impact on the MOS transistor. To underscore this fact, the chapter con-
cludes with a section dealing exclusively with the MOSFET. We discuss how nonidealities
can affect the MOSFET threshold voltage, practical ramifications, and in-use methods for
adjusting the threshold voltage.

18.1 METAL~SEMICONDUCTOR WORKFUNCTION DIFFERENCE

The energy band diagrams for the isolated components of an A1-SiO,—(p-type) Si system
are drawn roughly to scale in Fig. 18.1(a). Upon examining this figure, we see that in a real
device the energy difference between the Fermi energy and the vacuum level is unlikely to
be the same in the isolated metal and semiconductor components of the system; that is, in
contrast to the ideal structure, ), # &g = x + (E, — Ep)gg. To correctly describe real
systems, the idcal theory must be modified to account for this metal—semiconductor work-
function difference.

In working toward the required modification, let us first construct the equilibrium
(Vg = 0) energy band diagram appropriate for the sample system of Fig. 18.1(a). We begin
by p ing a wire by the outer ends of the metal and semiconductor.
The two materials are then brought together in a vacuum until they are a distance x, apart.
The connecting wire facilitates the transfer of charge between the metal and semiconductor
and helps maintain the system in an equilibrium state where the respective Fermi levels
“line up” as the materials are brought together. With the metal Ey: and semiconductor £y at
the same energy, and By, x + (E, — Eg)gp, the vacuum levels in the two materials must
be at different energies. Thus an electric field, %o develops between the components,
with the Si vacuum level above the Al vacuum level given the situation picrured in

NONIDEAL MOS

@y = Py — xi = Pyrand x - x — x; = x') and reduces the electric field in the x,
region (K, > 1). The resulting equilibrium energy band diagram typical of real MOS
systems is shown in Fig. 18.1(b).

The point to be derived from the preceding argument and Fig. 18.1(b) is that the work-
function difference modifies the relationship between the semiconductor surface potential
and the applied gate voltage. Specifically, setting V; = 0 does not give rise to flat band

itions inside the semi Like in a pn junction or MS diode, there is a built-in
potential. The precise value of the built-in potential, V,;, can be determined by equating
the energies from the Fermi level to the top of the band diagram as viewed from the two
sides of the insulator in Fig, 18.1(b). One obtains

By + gAp,, = (E, ~ Ep)s - g5 + X'

(18.1)

metal side semiconductor side

Thus, taking the metal to be the zero-potential reference point (the usual procedure in de-
fining built-in potentials), we find

Vi = —(@s + Bdyy) = Pys 18.2)

where

1 1
bus = ;@M - @) = 7 [Py = X' = (E. = Ep)g) (18.3)

Perhaps the result here should have been intuitively obvious: The built-in potential inside
a @y # B, but otherwisc ideal, MOS is just the metal icond: work-
function difference expressed in volts.

In dealing with any nonideality, 2 major concern is the effect of the nonideality on
device ch istics. G ly speaking, one would like to know how the given non-
ideality perturbs the ideal-device characteristics. To illustrate the general determination
procedure and to specifically ascertain the effect of a ghyg # 0, let us suppose Fig. 18.1(b)
is the energy band diagram for an MOS-C. Also let the broken-line curve in Fig. 18.2 be
the expected form of the high-fi C-Vch istic exhibited by an ideal version
of this p-bulk MOS-C. Flat band for the ideal device occurs, of course, at a gale bias of
zero volts. On the other hand, from a cursory inspection of Fig. 18.1(b) one infers that a
negative bias must be applied to the nonideal device to achieve flat band conditions. In fact,
a gate voltage Vi, = ¢y (where ¢y < 0 for the given device) must be applied to offset
the built-in voltage and achieve a ¢bs = 0. Since both devices will exhibit the same capaci-
tance under flat-band conditions, we conclude the flat-band point for the real device will be
displaced laterally ¢y volts along the voliage axis.

As it turns out, we can begin the argument just presented at any point along the ideal-
device characteristic. There is a one-to-one correspondence between the degree of band
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[

Figure 18.2 Effcct of a ¢by,s # 0 on the MOS-C high-frequency C-V characteristic.

bending or ¢ and the observed cap Thus, regardless of the refe point along
the ideal-device C-V characteristic, one must always apply an added ¢ volts 10 the
gate of the real device to achieve the same degree of band bending and hence observe the
same capacitance. In other words, as pictured in Fig. 18.2, the entire real-device C-V char-
acteristic will be shifted ¢y volts along the voltage axis relative to the ideal-device
characteristic.

In the preceding discussion the effect of l.he ¢Ms #0 nonldeahly was described in
graphical terms. Alternatively, one can g ion for the voltage
shift, AV, between the ideal and real C—V curves, If Vg is the voltagc applied to the gate
of the ideal device to achieve a given capacitance, and V; the real-device gate voltage
required to achieve the same capacitance, then, simply converting the C-V curve discus-
sion into mathematical terms,

Iivc =V — VG)“:"n:-i o~ 4’:’ (18.4)

It should be interjected that it is common practice to use V; for the gate voltage when
referring to the ideal structure. For presentation clarity, we have herein limited the use of
Vg to this chapter where simultaneous reference is made to real and ideal devices.

The actual AV; = ¢y, value for a given MOS structure is routinely computed from
Eq. (18.3) using the &y, — x’ appropriate for the system and the (E, — Eg)g deduced
from a knowledge of the doping ion inside the d The Py
(T = 300 K) for the commercially important a* poly-Si-gate and Al-gate systems are
graphed as a function of doping in Fig. 18.3. The experimentally determined @y, — x’
values for a number of other metal-silicon combinations are listed in Table 18.1. Note from
Fig. 18.3 and the @y, — x’ vatues listed in Table 18.1 that ¢, is more often than not a
negative quantity, especially for p-type devices, and is typically quite small—on the order
of one volt or less.

FIELD EFFECT DEVICES

S: Noting that

(E; = Ep) = E. — E + (B, — Ep)
Eg12 — kT In(Ny/n;)
Eg/2 + kT In(Np/ny)

]

- . n-type Si
- ptype Si

n

and employing kT = 0.0259 eV, Eg = 1.12 eV, and n; = 10'%cm?, one calculates

0.08 eV < (E, — Ep)

=032eV ... if 10%cm® = N, = 10"%/cm?
080 eV = (E, — Ex)y < 1.04 eV

L if 10M%/em® = N, = 10'%/cm?
Since ¢y = (1/g)(Ppy ~
0.08eV =y, —

X' = (E, — Eg)sp), to achieve 2 ¢yys = O clearly requires

X'=032ev  ...or... 080eV=®dy - x <1.04eV
Examining Table 18.1, we find that the only gate material that meets the general
requirement is Au with a @y, — x' = 0.82eV.

The specific doping of the Au p-Si MOS-C exhibiting a ¢, = 0 must be such
that

(B, ~ Epdg = By ~ X' = 082 eV

or
(E; — Ep)pg = 026 eV
and
Ny = netfi=EnmiiT = [(10g02600259 = 229 X (0M/cm?
Thus

LAu gate; Ny = 229 X 10"/cm* = MOS-C with gy

18.2 OXIDE CHARGES
18.2.1 General information

As might be inferred from the comments at the end of Section 18.1, Pus # 0 is a relatively
minor nonideality. The voltage shift associated with @y # 0 is small, totally predictable,
and incapable of causing device instabilities. Oxide charge, on the other hand, can give rise
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Figure 18.3 Workfunction difference as a function of the #- and la type dopant concentration in
n* poly-Si-gate and Al-gale 8i0,-Si structures. (T = 300 K. &, = —0.18 ¢V for the n* poly-
Si-gate structure; Py — x' = ~0.03 eV for the Al-gate structure. )

Table 18.1 Barrier Height Differences in Selected
Metal-Si0,-Si Structures. (Data from Kar(19),)

Metal Gate Material by = x =Py ~ X' (eV)
Ag 0.73
Au 0.82
Cr -0.06
Cu 0.63
Mg —-1.05
Sn —-0.83
Exercise 18.1

P: Itis possible to build an MOS-C with a ¢;5 = 0 through the proper choice of gate
material and Si doping concentration. Restnctmg the Si doping to be in the range
10"%/cm® < N, or Np, < 10'8/cm?, and assummg operation at T = 300 K, identify
the gate- -zlldc,, g s) that gives rise to a ¢y, = 0.
Employ the ®y; — x’ values given in Table 18.1.
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Figure 18.4 Nature and location of charge centers in thermally grown Si0,~Si structures.
(Adapted from Deal®!, © 1980 IEEE.)

to far more significant effects, including large voltage shifts and instabilities. Through ex-
tensive research a number of distinct charg; ters have been identified actually within the
oxide or at the Si-S8iO, interface. The nature and position of the oxide charges are sum-
marized in Fig. 18.4.

To establish the general effect of oxide charges, let us postulate the existence of a
charge distribution, p,,, (x), that varies in an arbitrary manner across the width of the oxide
layer. Note from the Fig. 18.5 visualization of the charge di ion that, for
in this particular analysis, the origin of the x-coordinate has been relocated at the metal—
oxide interface. With the addition of the charge centers, a portion of the V¢ derivation
presented in Subsection 16.3.2 is no longer valid and must be revised. Specifically, in place
of Eqgs. (16.19) to (16.21), one has, respectively,

Loy _ P

= Koeo (18.5)
do,, | )
Bol) = — % = B,,(x) - afx Pox(x)dx (18.6)
and
l *a (% . .
Ao = Box (%) ~ o fo L Do ()dx' dx 18.7)

The double integral in Eq. (18.7) can be reduced to a single integral employing integration
by parts. Moreover, €, (x,) = Ks%s/K, if a plane of charge [other than one possibly
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Figure 18.5 Arbitrary distribution of oxide charges.

included in p,, (x,)] is excluded from the oxide icond interface. P ing the
indicated modifications yields
K Ju.
Ad,, = X X85 — Kos, Jo XPo, (X)dx (18.8)

Since Vg = ¢ + Ad,, for a structure that has charge centers in the oxide but is otherwise
ideal, one obtains

K, 1 =
Vg = ¢s + ?: X85 — m;f“ XPoy (X)dx (18.9)
However, for an ideal device

K,
Ve =¢s + 7; X8 (18.10)

o

oxide 1
AVG(charges) = (Vo = Vélame ¢ = ‘mfo XPy (X)dx (18.11)

As ized in the d J: the voitage lation specified by Eq. (18.11) is
valid for an arbitrary charge distribution and is added to the Eq. (18.4) voltage translation
due 10 ys. In the following subsections we ically review known information
about the various types of charge centers and examine their specific effect on MOS device
characteristics.

FIELD EFFECT DEVICES
If pin (x) is taken to be the ionic charge distribution with
o
Qv = fo Pion(x)dx (18.12)

being the total ionic charge within the oxide per unit area of the gate, then it clearly follows
from Eq. (18.11) that

mobileY _ 1 f"
AVG( fons ) = Kot Jo XPion(x)dx (18.13)

Note from Eq. (18.13) that positive ions in the oxide would give rise to a negative shift in
the C-V characteristics as observed experimentally, while negative ions would give rise to
a positive shift in disagreement with experimental observations. Furthermore, because the
integrand in Eq. (18.13) varies as XPion(x), AV is sensitive to the exact position of the ions
in the oxide. If, for example, the same Q,, charge per unit gate area is positioned (a) ncar
the metal and (b) near the semiconductor as shown in Fig. 18.7(a), one computes
AV (@) = —(0.05)Qu/C, and AVg(b) = —(0.95)Q\/C,, Where C, = Ko£g/x,. For the
cited example, the shift is predicted to be some 19 times larger when the ions are located
near the oxide—-semiconductor interface! Indeed, based on the preceding observations, it is
reasonable to speculate that a large as-fabricated negative shift in the measured C-V char-
acteristics and the attendant instability is caused by positive ions in the oxide that move
around or redistribute under bi p ing. The required ion t, away
from the metal for +BT stressing and toward the metal for ~ BT stressing, is in fact con-
sistent with the direction of ion motion grossly d from the repulsive/: ive action
of other charges within the structure (see Fig. 18.7b).

Actual verification of the mobile ion model and identification of the culprit (the ionic
species) rivals some of the best courtroom dramas. The suspects were first indicted because
of their past history and their accessibility to the scene of the crime. Long before the fab-
rication of the first MOS device, as far back as 1888, researchers had demonstrated that
Na*, Li*, and K* ions could move through quartz, crystalline Si0;, at temperatures
below 250°C. Furthermore, alkali ions, especially sodium ions, were abundant in chemical
reagents, in glass apparatus, on the hands of laboratory personnel, and in the tungsten
evaporation boats used in forming the metallic gate. With the suspect identified, great care
was taken to avoid alkali ion ination in the of the MOS The net
result was devices that showed essentially no change in their C-V characteristics after they
were subjected to either positive or negative biases for many hours at temperatures up to
200°C. Nexi, other carefully processed devices were purposely contaminated by rinsing
the oxidized Si wafers in a dilute solution of NaCl (or LiCl) prior to metallization. As
expected, the purposely contaminated devices exhibited severe instabilities under bias-
temperature stressing. Finally, sodium was positively identified in the oxides of normally
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18.2.2 Mobille lons

The most perplexing and serious probl; d in the develop of MOS devices
can be described as follows: First, the as-fabricated early (c. 1960) devices exhibited C-V
k istics that were imes shifted negatively by tens of volts with respect to the
theoretical characteristics. Second, when subjected to bi P (BT) ing, a
common reliability-testing procedure where a device is heated under bias to accelerate
device-degrading processcs, the MOS structures displayed a severe instability. The negative
shift in the characteristics was i d additional tens of volts after the device was biased
positively and heated up to 150°C or so. Negative bias-temperature stressing had the re-
verse effect: The C-V curve measured at room temperature after stressing shifted positively
or toward the theoretical curve, In extreme cases the instability could even be observed by
simply biasing the device at room temperature. One might sweep the C-V characteristics
for a given device, go out to lunch leaving the device positively biased, and return to repeat
the C-V measurement only to find the characteristics had shifted a volt or so toward nega-
tive biases. Note that the characteristics were always shifted in the direction opposite to the
applied gate polarity and that the observed curves were always to the negative side of the
theoretical curves. The nature and extent of the problem is nicely summarized in Fig. 18.6.
From a practical standpoint, the nonideality causing the as-fabricated translation and
instability of the MOS device characteristics had to be identified and eliminated. A device
whose effective operating point llably changes as a fi of time is fairly use-
less. It is now well established that the large as-fabricated shifting and the related instability
can be traced to mobile ions inside the oxide, principally Na*.

0.9

S~

0.8

07 —
fobs LR bias Afier £30v or 0 v bias
) 1 { ! 300° C6Qmin
%7 a0 i <100 80 60 0 20 0
Ve
Figure 18.6 Ilh of the large as-fabricated C-V curve shifting and bias-temperature in-

stability observed with early MOS devices. All C-V curves were taken at room temperature; x,, =
0.68 um. The arrows adjacent to the after +BT curves indicate the direction of the voltage sweep.
(From Kerr et al.2!), © 1964 by IBM Corporation. Reprinted with permission.)
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Figure 18.7 (a) Two hypothetical ionic charge distributions involving the same total number of

jons situated near the metal (di: -a) and near the d ibution-b). (b) E;
motion of positive mobile ions within the oxide under (+) and (—) bias-temperature stressing.

fabricated devices (no intentional contamination) through the use of the neutron activation
technique; that is, the oxides were bombarded with a sufficient number of neutrons to create
a radioactive species of sodium. The analysis of the resultant radioactivity directly con-
firmed the presence of sodium within the oxide.

Although care to eli alkali-ion ination throughout the fabrication process
did lead to stable MOS devices, MOSFET manufacturers encountered difficulties in attain-
ing and maintaining the required degree of quality control in production-line facilitics.
Thus, in addition to alkali-ion reduction efforts, special fabrication procedures were de-
veloped and implemented to minimize the effects of residual alkali-ion contamination.
Twao different procedures found d usage: phospt stabilization and chlorine
neutralization.

Tn phosphorus stabilization the oxidized Si wafer is simply placed in a phosphorus dif-
fusion furnace for a short period of time. During the diffusion, as illustrated in Fig. 18.8(a),
phosphorus enters the outer portion of the SiO, film and becomes incorporated into the
bonding structure, thereby forming a new thin layer referred to as a phosphosilicate glass.
At the diffusion temperature the sodium ions are extremely mobile and invariably wander
into the phosphorus-taden region of the oxide. Once in the phosphosilicate glass the ions
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Figure 18.8 Pictorial description of MOS stabilization procedures: (a) phosphorus stabilization;
(b) chlorine neutralization.

become trapped and stay trapped when the system is cooled to room temperature. In this
way the alkali ions are “gettered” or drawn out of the major portion of the oxide, are
positioned ncar the outer interface where they give rise to the least amount of as-fabricated
C-V curve shifting, and are held firmly in place during normal operating conditions. The
phosphosilicate glass layer, it should be noted, also blocks any subsequent contamination
associated with the gate metallization or other poststabilization processing steps.

Chlorine neutralization involves a totally different approach, A small amount of chio-
rine in the form of a chlori ini pound is introduced into the furnace ambient
during the growth of the S$i0, layer. As pictured in Fig. 18.8(b), the chlorine enters the
oxide and reacts to form a new material, believed to be a i located at the
oxide-silicon interface. Stabilization occurs when the ionic sodium migrates into the vi-
cinity of the oxide-silicon interf: b trapped, and is neutralized. Once neutral-
ized, the sodium has no effect on the MOS device characteristics.

The shrinking size of MOS device dimensions, calling for gate-oxide thicknesses on
the order of 100 A, limits the use of the phosphorus stabilization procedure in present-day
structures. Because of a potential polarization problem, the phosphosilicate glass can be

FIELD EFFECT DEVICES
After — BT stressing, p;,, = Oy5(0) and

mobile ions) _ ! f d _
AV ( after —BT) B Koeo Jo *Qud(0)dx = 0

Assuming all other nonidealities are unaffected by the bias-temperature stressing, the

displacement between the two C~V curves is merely due to the difference between

the above AV, (+BT)and AV (—BT); that is

AVG(+BT) — AVG(=BT) = =10V = —0,/C,

Thus

% = —%[Avc(wn - AVg(-BD)
_ (39)885 x 10-1%)

= 216 X 10'*/cm?
(1.6 X 10"9)(10")(]0) 16 o

18.2.3 The Fixed Charge

The gross perturbation associated with mobile ions in the oxide tended to obscure or cover
up the effects of other deviations from the ideal. Indeed, with the successful elimination of
the mobile-ion p: it became possible to perform a more exacting examination of the
device characteristics. The results were rather intriguing. Even in structures free of mobile
ions, and after correcting for g # 0, the observed C-V ch istics were still lated
up to a few volts toward negative biases relative to the theoretical characteristics, The
possibility of mobile-i i had been eliminated because the were
stable under bi A , for a given set of fabrication conditions
the observed AV, was completely reproducible. Confirming data were obtained from de-
vices independently fabricated by a number of workers at different locations. Subsequent
testing (by etching the oxide away in small steps and through photo-measurements) re-
vealed the unexplained A Vy; shift was caused by a charge residing within the oxide very
close to the oxide~: d interface. B this quasi-interfacial charge was re-
producibly fabricated into the structure and was fixed in position under bias-temperature
stressing, the nonideality became known as the “built-in” or “fixed” oxide charge.

In modeling the quantitative effect of the fixed charge on the C—V characteristics, it is

typically assumed the charge is located i diately adj; to the oxid 4
interface. Under this assuraption one can write
Pox(®) = Qrdlx,) (18.14)

S
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only a small fraction of the overall oxide thickness. With x,~ 100 A, the gettering volume
becomes difficult to control. Chlorine i i to be employed, with careful
control of the chlorine concentration to avoid an oxide thickness variation that can accom-
pany the process. Neutralization coupled with improvements in the purity of fabrication
materials (chemicals, gases, etc.) and upgraded processing procedures now permit the rou-
tine fabrication of stable MOS devices. It is common practice, nevertheless, to closcly
monitor furnace tubes and the processing in general to detect the onset of ionic contami-
nation. As an extension of the chlorine neutralization procedure, chlorine has come to be
widely employed in the pre-oxidation cleaning of furnace tubes. Also, a phosphosilicate

glass layer is invariably deposited via ch I vapor techni to form a protective
coating on ICs. The layer helps to minimize ionic bseq to device
fabrication.

Exercise 18.2

P: Positive bias-temperature (+BT) and negative b (=BT) 2

performed for a sufficient amount of time to respectively cause the mobile ions to
pile up at the O-S and M-O interfaces, and the voltage displacement between the
corresponding C—V curves, are routinely used to deduce the total mobile-ion charge/
cm? (Q,,) inside MOS-Cs. Suppose an MOS-C with x, = 0.1 um exhibits the post-

ing C-V ch istics pi d below. A the mobile jons are all pited
up in a 8-function distribution adjacent to the O-$ interface after +BT stressing, and
all piled up in a 8-function distribution adjacent to the M-O interface after — BT
stressing, determine Q,,/q.

Vo

S: After +BT stressing, p,, = Qun8(x,). Substituting into Eq. (18.13) therefore
yields

mobile ions\ _ 1 f o _ X Ou
AV°(aﬁer +BT> h Koey Jo Hudro)dx = - KocaQM ¢

°
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where 8(x,) is a delta-fi P d at the oxid; interface and Q is
the fixed oxide charge per unit area of the gate. Substituting the Eq. (18.14) charge “distri-
bution” into Eq. (18.11) and simplifying yields .

(18.15)

From Eq. (18.15) it is obvious that, Jike the mobile-ion charge, the fixed oxide charge
must be positive to account for the negative A V;’s observed experimentally. Other relevant
information about the fixed oxide charge can be summarized as follows:

(1) The fixed charge is indi dent of the oxide thick the
and the semi doping type (n or p).
(2) The fixed charge varies as a function of the Si surface orientation; Oy is largest on
(111] surfaces, smallest on (100] surfaces, and the ratio of the fixed charge on the two
surfaces is approximately 3: 1.

(3) Qg is a strong function of the oxidation conditions such as the oxidizing ambient and
furnace temperature. As displayed in Fig. 18.9, the fixed charge decreases more or less
linearly with i ing oxidation It should be h d, however, that
only the  oxidati ditions are imp If, for a §i wafer is first
oxidized in water vapor at 1000°C for 1 h, and then exposed to a dry O, ambient at
1200°C for a sufficiently long time to achieve a steady-state condition (~5 min), the
Qr value will reflect only the dry oxidation process at 1200°C.

(4) Annealing (that is, heating) of an oxidized Si wafer in an Ar or N, atmosphere for a
time sufficient to achieve a steady-state condition reduces Or. to the value observed for
dry oxidations at 1200°C. In other words, regardless of the oxidati diti the
fixed charge can always be reduced to a mini by ling in an inert

doping con-

The preceding experimental facts all provide clues to the physical origin of the fixed
oxide charge. For one, although doping impurities from the semiconductor diffuse into the
oxide during the high-temperature oxidation process, the fixed charge was noted to be
independent of the semicond: doping ion and doping type. The existence of
ionized doping impurities within the oxide can therefore be eliminated as a possible source
of Q. Second, the combination of the interfacial positioning of the fixed charge, the Si-
surface orientation dependence, and the sensitivity of Q to the terminal oxidation condi-
tions suggests that the fixed charge is intimately related to the oxidizing reaction at the Si-
S$i0, interface. In this regard, it should be understood that, during the thermal formation of
the SiO, layer, the oxidizing species diffuses through the oxide and reacts at the Si-Si0,
interface to form more Si0,. Thus, the last oxide formed, the portion of the oxide con-
trolled by the terminal oxidation conditions, lies closest to the Si-SiO, interface and con-
tains the fixed oxide charge. From considerations such as these, it has been postulated that
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Figure 18.9 Effect of the oxi it P and ling on the fixed charge in MOS struc-
tures. (2) M d C-V istics afterdry O, at various temp Ix, = 0.2 um.
Np=14X 10'6/em?, (111) Si surface ]. (b) Fixed l‘.:-., 3 n h sc‘rcalled
oxidation triangle specifying the expected Qp/q after dry 0, oxlda!{en and after inert ?mb!cn‘l an-
nealing. [(a) From Deal et al2) Reprinted by permission of the publisher, The El So-
ciety, Inc.}
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®) If p,, = 0, G, = constant and the oxide energy bands are a linear-function of
position. If p,, # 0, if there is charge distributed throughout the oxide, 4., becomes
a function of position and the oxide energy bands will in turn exhibit curvature. Since
the oxide energy bands are a linear function of position in Fig. E18.3 and €, =
constant, we conclude Oy = 0].

(c) The normal component of the D-field, where D = Ke,%, must be continuous if
there is no plane of charge at an interface between two dissimilar materials (see Sub-
section 16.3.2). When a plane of charge does exist, there is a discontinuity in the
D-field equal to the charge/cm? along the interface. Clearly, with D = Ko €,%0, <0
on the oxide side of the interface and D = Kggo%s > Oon the semiconductor side of
the interface, there must be a plane of charge at the Si-SiO, interface in the device
characterized by Fig. E18.3. Moreover, since Quertace = Ds = Dox = Kseo%s —
KoEoB,, the interfacial charge must be positive. The fixed charge closely approxi-
mates 2 plane of positive charge at the Si-Si0, interface and we suspect .
(In general a D-field discontinuity at the Si-SiO, interface can arise from other
sources of interface charge. These include the mobile ion charge drifted to the O-S
interface during +BT stressing and the interfacial trap charge discussed in the next
subsection.)

18.2.4 Interfacial Traps

Judged in terms of their wide-ranging and degrading effect on the operational behavior of
MIS devices, insulator—semiconductor interfacial traps must be considered the most im-
pértant nonideality encountered in MIS structures. A common manifestation of a signifi-
cant interfacial trap concentration within an MOS-C s the distorted or spread-out nature of
the C—V characteristics. This is nicely illustrated in Fig. 18.10, which displays two C-V
curves derived from the same device before and after minimizing the number of Si~Si0,
interfacial traps inside the structure.

From prior chapters the reader is familiar with donors, acceptors, and recombination—
generation (R-G) centers, which introduce localized electronic states in the bulk of a semi-
conductor. Interfacial traps (also referred to as surface states or interface states) are allowed
energy states in which electrons are localized in the vicinity of a material's surface. All of
the bulk centers are found to add levels to the energy band diagram within the forbidden
band gap. Donors, acceptors, and R-G centers respectively introduce bulk levels near E.,
E,,and E;. Analogousl deled in Fig. 18.11, interfacial traps introduce energy levels
in the forbidden band gap at the Si-SiO, interface. Note, however, that interface states can,
and normally do, introduce levels distributed throughout the band gap. Interface levels can
also occur at energies greater than E, or less than E,,, but such levels are usually obscured
by the much larger density of conduction or valence band states.

Figure 18.12 provides some insight into the behavior and significance of the levels.
‘When an n-bulk MOS-C is biased into inversion as shown in Fig. 18.12(a), the Fermi level
at the surface lies close to E, . For the given situation essentially all of the interfacial traps
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the fixed ox.ide c}.u?rge is due to excess ionic silicon that has broken away from the silicon
p::cper npd 1: walltmg to react in the vicinity of the Si-SiO, interface when the oxidation
process is abruptly d. The 1 of oxide adj to the Si i
I 1 surface has in
factk bccnlex?cn:nenla!!y dtftermmad to be x < 2 Si0,, which is consistent with the excess-
‘shlﬁ"ed : g in an inert ph a dard dure for minimizi
e fixed oxide charge, ion y
owers Oy B¢, apparently reduces the excess reaction components and thereby

Exercise 18.3

P: An MOS-C is characterized by the energy band diagram shown in Fig. E18.3.

(a) Roughly sketch the electric field (%) inside the oxi X
enction of pecition (%) inside the oxide and semiconductor as a

(b) Is there an ionic charge (Q,,) distributed throughout the $i0,? Explain.
(c) Is a fixed charge likely to exist at the Si-SiO, interface? Explain.

rgop

Figure E18.3
8: (a) The electric field is directly i
8: ( proportional to the slope of thy
d € versus x depend; is sketched below. F % ey basds. The
€
x
si0, | si
NONIDEAL MOS
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Figure 18.10 C-V characteristics derived fro

Igure ¢ m the same MOS-C before (— ) and (-ees)
minimizing the nur.nb.cr of Si-Si0, interfacial traps inside the structure. (Fronf Raz;nk “:Ifl;r“(llm)
Reprinted by of the i The El ical Society, Inc.) ’

will be empty because, to a first-order approximation, all energy levels abov

;nk: ialil er;argy l:vells belo.v\f Ep are filled. Moreover, if the slarlg:’s are a.ssum:df:)= g;;l:)?-l

o uz:: :: (‘tl at is, pos-tfvely chargef:l whcn.empty and neutral when filled with an elec-

i , n uwc arge per unit area assoc:at'ed with the interfacial traps, Qyy, will be positive.

]ev::fo l.‘g)e e gate bias to az.:hleve depletion conditions (Fig. 18.12b) positions the Fermi

. here ncar.thc middle of ﬂ.m band gap at the surface. Since the interface levels
ways remain fixed in energy relative to E, and E, at the surface, depletion biasing

Interfacial
traps

o |s

Figure 18.11 Electrical modeling of interfacial 1raps as allowed electronic levels in space
acial {lowed el [t Jocall
g ized
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Figure 18.12 Filling of the interface levels under (a)i (_‘*)‘ 'J' x .nnd (c)“ "
biasing in an a-type device. The charge state exhibited by d fike traps [“+" (plus) or

“0" (neutral)] is noted to the left of the respective diagrams.

obviously draws electrons into the lower interface state Icvcl.s and Qyy reflects the adc!ed
negative charge: Qyr (depletion) < Qyr (inversion). Finally, with the MOS-C acculfmlat_m'n
biased (Fig. 18.12c), electrons fill most of the interfacial trapsl and QO approach.eS its mini-
mum value. The point is that the interfacial traps charge and dischargeas a f_uncuf)n of bias,
thereby affecting the charge distribution inside the device, the Vg—¢s relationship, and the
device istics in an dable but h 1 manrer. )

The gross effect of interfacial traps on the Vg~ relationship is actually quite easy to
establish. Since Qyy, like Qp, is located right at the Si-Si0, interface, we can write by
analogy with the fixed charge result

Avc(imeﬂ'acial) _ _Oun(®s) (18.16)

traps C,

°

As cmphasized in Eq. (18.16), the result here differs from the fixed-charge result in that
Qyy varies with ¢, while Oy is a constant independent of ¢s. .

Combined with the earlier considerations on the filling of interface levels, Eq. (18.!6)
helps to explain the form of the C~V characteristics presented in Fig. l‘8.10. .Assnmm_g
donor-like interfacial traps, Qyy takes on its lasgest positive value under inversion condi-
tions and gives rise to a moderately large negative shift in the C-V characwns‘uc.s. If.l pro-
gressing through depletion toward lation, Qyy d and the on in the
C-V curve likewisc decreases as observed experi dly. Once in AVg
should continue to decrease and still remain negative according to the Fig. 18.12 model.
The Fig. 18.10 data, on the other hand, exhibits an increasingly positive shift in the char-

istics with i d lation biasing. This discrepancy can be traced to the
donor-like assumption. In actual MOS devices the interfacial traps in the upper half of the
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Dangling bond

—tee e oo e d —— = == —— 1=~ Surface

Interfacial
trap

(o}

Figure 18,13 Physical model for the interfacial traps. (a) “*Dangling bonds,™ which occur when
the Si lattice is abruptly terminated along a given plane to form a surface. (b) Postoxidation dangling
bonds (relative number greatly exaggerated) that become the interfacial traps. (Part (b) adapted from
Deall?1,)

requires a chemically active gate material such as Al or Cr, the metallized structure is
simply placed in a nitrogen ambient at ~450°C for 5 to 10 min. During the formation of
MOS structures, minute amounts of water vapor inevitably become adsorbed on the SiO,
surface. At the p allization ling the active gate material reacts with

the water vapor on the oxide surface to releasc a hydrogen species thought to be atomic
hydrogen. As pictured in Fig. 18.15, the hydrogen species ly mi through
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band gap are believed to be acceptor-like in nature (that is, neutral when empty and negative
when filled with an electron). Thus, upon reaching flat band (or roughly flat band), O
passes through zero and becomes increasingly negative as more and more upper band gap
states are filled with electrons. Qualitatively, then, we can explain the observed character-
istics. A complete quantitative description would require a detailed knowledge of the inter-
facial trap concentration versus encrgy and additional th i id to estab-
lish an explicit expressior for Q. as a function of ¢. .

Although models that detail the electrical behavior of the interfacial traps exist, the
physical origin of the traps has not been totally clarified. The weight of experimental evi-
dence, however, supports the view that the interfacial traps primarily arise from unsatisfied
chemical bonds or so-called “dangling bonds" at the surface of the semiconductor. When
the silicon lattice is abruptly terminated along a given plane to form a surface, one of the
four surface-atom bonds is left dangling as pictured 1n Fig. 18.13(a). Logically, the thermal
formation of the 8iO, layer ties up some but not all of the Si-surface bonds. It is the re-
maining dangling bonds that become the interfacial traps (see Fig. 18.13b).

To add support to the foregoing physical model, let us perform a simple feasibility
calculation. On a (100) surface therc are 6.8 X 10'* Si atoms per eni2. If 1/1000 of these
form interfacial traps and one el ic charge is with each trap, the structure
would contain a Q;/g = 6.8 X 10!'/cm?. Choosing an x, = 0.1 um and substituting into
Eq. (18.16), we obtain a AV (interfacial traps) = 3.15 V. Clearly, it only takes a relatively
small number of residual dangling bonds to significantly perturb the device characteristics
and readily account for observed interfacial trap concentrations.

The overall interfacial trap concentration and the distribution or density of states as a
function of energy in the band gap (given the symbol Dy with units of states/cm2-¢V) are
extremely sensitive to even minor fabrication details and vary significantly from device to
device. Nevertheless, reproducible general trends have been recorded. The interfacial trap
density, like the fixed oxide charge, is greatest on {111] Si surfaces, smallest on {100]
surfaces, and the ratio of midgap states on the two surfaces is approximately 3: 1. After
oxidation in a dry O, ambient, Dy is relatively high, ~10*! to 10'2 states/cm?-¢V at mid-
gap, with the density i ing for i d oxidation in a manner also
paralleling the fixed oxide charge. Annealing at high temperatures (=600°C) in an inert
ambient, however, does not minimize Dyy. Rather, as will be described shortly, annealing
inthe p of hydrogen at ively low temp (=500°C) minimizes Dyr. Diy
at midgap after an ideal interface-state anneal is typically =10'%/cm2-eV and the distribu-
tion of states as a function of energy is of the form sketched in Fig. 18.14. As shown in this
figure, the interfacial trap density is more or less constant over the midgap region and
increases rapidly as one approaches the band edges. Lastly, the states near the two band
edges are usually about equal in number and opp in their charging ch that is,
states near the conduction and valence bands are believed to be acceptor-like and donor-
like in nature, respectively.

The very important annealing of MOS structures to minimize the interfacial trap con-

ion is routinely plished in one of two ways, namely, through postmetallization
annealing or hydrogen (H,) ambient annealing. In the postmetallization process, which
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Figure 18.14 Energy distribution of interface states within the band gap. General form and ap-
i itude of the i ial trap density observed before and after an interface state

;nneal.

the Si0, layer to the Si-SiO, interface where it attaches itself to a dangling Si bond, thereby
making the bond electrically inactive. The hydrog! bient process op on a similar
principle, except the hydrogen is supplied directly in the ambient and the structure need
1ot be metallized.

Even though we originally stated that the i ial trap problem was of p
importance, it is a challenge to convey the true significance and scope of the problem.
Simply stated, if the thermal oxide didn't tie up most of the dangling Si bonds, and if an
annealing process were not available for reducing the j bonds or interfacial traps
to an acceptable level, MOS devices would merely be a laboratory curiosity. Indeed, high
interfacial-trap concentrations have severely stunted the develop of other insul:
semiconductor systems.

£,

Figure 18.15 Model for the annihilation of interface states during the postmetallization annealing
process. (H)'s represent the active hydrogen species involved in the process; X’s represent interface
states.
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18.2.5 Induced Charges
Radiation Effects

Radiation damage in solid-state devices has been a major concern of space ,a".d mnh(an:y
experts since the launch of the first Telstar satellite through the van Allen radiation be]l in
the early 1960s. Radiation temporarily disabled the Telstar satellite and can have debilitat-
ing effects on most solid-state devices and systems. Radiation in.th.e form of x-rays, ener-
getic electrons, protons, and heavy ionized particles all have a similar eﬂ'e?( on MQS de-
vices. After irradiation, MOS device structures invariabl)l'1 exhibit both an increase m.the
a) nt fixed charge within the oxide and an i in the interfacial-t ncentratio
Ppa:he scquem:rif events leading to radiation-induced dam.;g_e is .summnnzed in Fig.
18.16. The primary effect directly related 1o the ionizing radiation is the generation of
electron-hole pairs throughout the oxide. A p 1ge of the ge and l'm_les
recombine immediately. The electric field in the oxide operates to separate l.he. surviving
carriers, i and holes in opposite directi Electrons, which have a
relatively high mobility in SiO,, are rapidly (nsec) swept out of the'oxide. .Holcs, on the
other hand, tend to be trapped near their point of origin. Over a penod of time the holes
migrate to the Si-SiO, interface (assuming €, is positive as shown in Fig. 18.16) wr.xere
they either recombine with electrons from the silicon or becon_le _trapped at deep-level sites.
Once trapped in the near vicinity of the interface, the holes'mlmlc. the fixed charge lh;reby
giving rise to an apparent increase in Q. The process leading to mler.face-sm(c creation is
less well understood. Some of the interfacial traps are created immediately upon exposure

(4) Radiation-induced
interface traps
within Si bandgap

(3) Deep hole
trapping
near Si-Si0;
interface

(2) Hopping transport

(1) Electron-hole pairs c:czll{lasdmm::gh
generated by ionizing localized states
radiation in Si0; bulk

Figure 18.16 Response to ionizing radiation and the resulting damage in MOS structures. (From
Srour and McGarrity!®l, © 1988 IEEE.)

FIELD EFFECT DEVICES

Similar to ionizing radiation, the stress clearly causes an increase in the apparent fixed
charge within the oxide and an increase in the interfacial-trap concentration. {\‘n added peak
in Dyy near midgap is idered to be a distinctive sigl of the instability. Note that
the C-V curve shifting related to the negative-bias instability is opposite to that caused by
alkali-ion contamination. _

The exact mechanism causing the negative-bias instability has not been established.
However, because large hole concentrations are adjacent to the oxide under the cqnfiiti?ns
of the negative stress, it has been proposed that the instability may result from hole injection
from the Si into the oxide and the subsequent trapping of the holes at deep-level sites near
the Si-Si0, interface. The radiation-induced and stress-induced damagel wo.nld then hav'e
a related origin. Indeed, it has been found that the negative-bias instability is c.n!manced if
the MOS structure is first exposed to ionizing radiation. Sensitivity to the instability can be
minimized by annealing the device structure in hydrogen at 800°C-900°C prior to gate
deposition.

18.2.6 AV, Summary

In the first two sections of this chapter we cited and summarized four of the most commonly
encountered deviations from the ideal; specifically, the metal-semiconductor workfunction
difference, mobile ions in the oxide, fixed oxide charge, and interfacial traps. It was also
noted that ionizing radiation and ing with a large negative bias at elev‘aud tempera-
tures give rise to additional oxide charges. In both cases there is an increase in O, and the
apparent Q. o

The combined effect of the analyzed nonidealities on the Vg~ relationship is de-
scribed by

w _ Onlds)
AVo = (Vo = Vidlunes, = bus = 2 — Ses _ 220) | ig.15)

where

Xo
f *Pion (X) dx
= (18.18)

%
X J; Pion(X)dx

In writing down Eq. (18.17) we recast the mobile ion contribution (Eq. 18.13) to emphasize
the similarity between the three terms associated with oxide charges. 7, ls a unitless quan-
tity representing the centroid of the mobile ion charge in the oxide normall?cd to the wxd'lh
of the oxide layer; yy = 0 if the mobile ions are all at the metal-oxide interface, while
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to ionizing radiation, while the inder are created in proportion to the number of holes
reaching the Si-S5i0, interface. It has been proposed that the energy released in the decp-
level trapping of holes breaks the Si—H bonds associated with deactivated interfacial traps.

Over a period of days to years the trapped-hole charge tends to be slowly reduced at
room temperature by the capture of electrons injected inio the oxide from the metal or the
silicon. Naturally, removal of the trapped-hole charge is greatly accelerated by thermal
annealing; a standard interfacial-trap anneal totally removes both the trapped holes and the
induced interfacial traps. It should be noted, however, that once subjected to ionizing radia-
tion and d through ) P ling, MOS devices exhibit greater sen-
sitivity to subsequent radiation. This has been attributed to the creation of neutral traps
within the oxide in addition to the induced charges. Higher-temperature annealing
(T'> 600°C) has been found to be partially effective in removing the neutral traps.

Thermal annealing can be readily performed to remove radiation damage that oceurs
during fabrication. It is also feasible to increase the ambient temperature of completed
devices to 100°C or so to accelerate the removal of trapped holes caused by ionizing radia-
tion. After-the-fact recovery in leted devices, h yis ly limited. It is pref-
erable to “harden” the devices. The oxide is hardened (i.e., its itivity to radiation re-
duced) by employing empiricaily established opti growth conditions such as oxidati
temperatures below 1000°C. Other h p include Al-shielding, which
stops the majority of energetic electrons encountered in space, and increasing the threshold
voltage of MOSFETS so they are less sensitive to AV changes caused by radiation. (The
general topic of MOSFET threshold adj is di: d in Section 18.3.) Somewhat
fortuitously, the red in oxide thick that panies reductions in device dimen-
sions is also leading to harderMOS devices. A Vs for both the fixed charge and interfacial
traps is proportional 10 1/C, = x,/Ky&, and th ically d with de-
creasing x,. The improvement may also be due, in part, to the smaller hole trapping cross
sections at the higher oxide fields that exist across the thinner oxides. Projections even
suggest hole trapping and the iated interfacial-trap prod might actually vanish
as the oxide thickness drops below 100 A. It is envisioned that electrons from the metal
and semiconductor can tunnel into all parts of a very thin oxide and rapidly annihilate the
trapped holes.

Negative-Bias Instability

Negative-bias instability is a significant perturbation of MOS device characteristics that
occurs as a direct result of stressing the structure with a large negative bias at elevated
temperatures. Typical stress conditions would be a negative gate bias sufficient to produce
afield of 2 X 106 V/cm in the oxide and T > 250°C. The instability is characterized by a
large negative shift along the voltage axis and a distortion of the MOS-C C-V curve.

"fon i i lectron-by p of metals, of special-purpose thin films over the §i0,
layer in a hostile plasma ! ! and x-ray li and & number of other
fabrication processes can lead to varying degrees of radiation damage.
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¥m = L if the mobile ions are all piled up at the Si~Si0, interface. As a general rule, Qu»
Qr, and s all lead to a negative parallel translation of the C-V characteristics along the
voltage axis relative 10 the ideal theory. A Vi due 10 O, on the other hand, can be either
positive or negative, depends on the applied bias, and tends to distort or spread out the
characteristics.

From the discussion of nonidealities, it is safe to conclude that real MOS devices are
not intrinsically perfect; the devices are in fact intrinsically imperfect. Through an exten-

sive research effort, however, p have been developed for the net effect
of nonidealities in MOS . Although checks must be run to maintain
quality control, f: today fabricate ideal devices. We should
mention that, whereas the described or similar nonidealities apply to all MIS structures, the
specific minimization p d lined herein apply only to the thermally grown Si0,-
Si system.

Exercise 18.4

P: Identify the physical cause of the listed oxide charges. Place the appropriate letter

in the box preceding the charge.
Oxide Charge

[ Fixed charge

D Mobile ion charge

[ Interfacial traps

D Apparent fixed charge resulting
from ionizing radiation

Physical Cause
(a) Phosphorus ions (P+)
(b) Sodium ions (Na*)
(c) Nitrogen ions (N*)
(d) Dangling bonds at the Si surface
(e) Trapped electrons
(f) lonized Si waiting to be oxidized
(g) Ionized oxygen waiting to form SiO,
(h) Trapped holes

§: '4-*D waredde ‘p-L'g ‘q-Ng 4-4ip

Exercise 18.5

P: An Al-5i0,-Si MOS-C is to be formed on an N, = 10'%/cm? (100)-oriented Si
wafer. Thermal oxidation in dry O, at 1000°C is followed by an N, anneal sufficient
to achieve a steady-stat dition. The is next phosphorus getlered so that
an inadvertent alkali ion concentration, Ow/q = 2 X 10%/cm?, winds up being
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distributed in the oxide as shown in Fig. E18.5. The device is postmetallization an-
nealed, but there is a residual interfacial trap density. A constant Dy = 2 X 1010/
cm2-eV of acceptor-like states is found to exist for all band gap energies. Determine
the expected flat band voltage of the MOS-C if 7= 300 K and x, = 0.1 um.

Plon

0.1x,
° Xo

0
M o s
Figure E18.5

8: Under flat-band conditions, ¢s = 0 and Vg = 0. It therefore follows from
Eq. (18.17) that

2 _ Qurw _ On©®

‘We must systematically evaluate each of the terms in the Vi relationship.

Pus - - - Given N, = 10'S/cm? and an Al gate, we conclude from Fig. 18.3 that
bus = —0.90 V.

Qp/C, . .. The N, anneal after the dry oxidation minimizes the fixed oxide charge.
Figure 18.9(b) indicates an expected Qz/q = 2 X 10"/cm? for a (111)-oriented
Si Substrate. It was pointed out in the text di ion that Qp is approxi ly
three tithes smaller on (100) surfaces. Thus for the given device Qr/g = 6.67 X
10'%/cm? and

Qe _ a(Qelg) _ (16 X 107)(667 X 101) _ oy,

C, C, (3.45 X 10-9)
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18.3 MOSFET THRESHOLD CONSIDERATIONS

Thus far we have described the effect of nonidealities in terms of MOS-C C-V curve
shifting and distortion. The Vy point on the C-V curve, corresponding to the threshold
voltage of a MOSFET, is of course directly affected by any AV,; displacement. Figure
18.17(a) graphically illustrates the general effect of changes in the threshold voltage on the
MOSFET 1;,-V}, characteristics. A hypothetical p-channel MOSFET with an ideal device
Vi = — 1V was assumed in constructing the figure. The AV; leading to the perturbed

o Iy
Vo m=5V Yo=-1v
[P A
/,/
/I
= - ——’ / Vg=—6V
Yo=24v ape=2V | [ m—— SR
e
!/
Vo=—~3V '/ Vo=-5V
Vo=-2V V Vgm=—aV
- -
@)
o In
Yo==5V
> Vom-1V
Vg =~aV o e
avp=—2v -
plus /
Qy distortion / Vg==6V
// e ——
/,/ Vo=-5V
Vorm -4V
¥ -Vp
®

Figure 18.17 General effect of nonidealities on the MOSFET current-voltage characteristics. The
ideal ch istics of a hyp ical p-channel MOSFET with V3 = — 1 V are pictured on the left
and the perturbed characteristics are shown on the right. (a) Effect of a simple shift in the threshold
voltage caused by ¢ # 0, the fixed charge, and/or mobile ions. (b) g,,, degrading effect of interfacial
traps.
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QmY/Co - - - Referring to the specified mobile ion distribution in Fig. E18.5, and
making use of Eq. (18.18), we conclude

and

(1.6 X 10-'9)(2 X 10'')0.05)
(345 X 107%)

O _ 9CQu/Dvm _
C, C,

= 0.046 V

Qr(0)/C, . .. Acceptor-like centers are (—) charged if filled with an electron and
neutral if empty. Under equilibrium conditions the interfacial traps are mostly filled
below the Fermi level and mostly empty above the Fermi level. The filling and charge

states under flat-band conditions are th ¢ as pictpred below.
E
O _ o _____.. E;
Eg
©) E,

Because Dy = constant, Q:(0) = — gD AE, where AE is the range of energies in
the surface band gap containing negatively charged interfacial traps. Consequently,

AE = Ep — E, = Egl2 — (E; — E) = Egl2 — KT In(Np/n;)
= 0.56 — 0.0259 In(10'5/10'°) = 0.26 eV

and
O aDAE (L6 X 107'9)2 X 10'9)(0.26)
xm - = - = —0.024 V
c, C, (345 X 1079 0.024
Finally, ing the individual terms in the Vg relationship yields
Vg = —123V|. ’
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characteristics in Fig. [8.17(a) is taken to be caused bY s, the fixed charge, and/or atkali
ions in the oxide. Note that, analogous to the parallel translation of the MOS-C C—V char-
acteristics, the form of the perturbed MOSFET characteristics is unchanged, but larger | V|
values are needed to achieve comparable Z;, current levels. If present in large densities, the
interfacial traps can additionally decrease the change in current resulting from a stepped
increase in gate voltage. This effect, equivalent to a reduction in the 8, of the transistor, is
pictured in Fig. 18.17(b).

While it is true that both the mobile ion and interfacial trap problems were minimized
early in MOSFET devel the ini idealities, primarily through their effect
on Vr, have had a very large impact on fabrication technology, device design, and modes
of operation. In this section we examine the reasons for the impact and methods that have
evolved for adjusting the MOSFET threshold.

18.3.1 V; Relationships

For di: i P it is desirable to establish an ion for the expected threshol

voltage, Vr, of a real MOSFET. Let V; be the threshold voltage of an ideal version of the
given MOSFET. Simply evaluating Eq. (18.17) at b5 = 2¢g then gives .

Vr=V++¢Ms—~g—‘—%—w (18.19)

Although Eq. (18.19) can be used directly to compute Vr, it is standard practice to
express the threshold shift in terms of the real-device flat-band voltage. Under flat-band
conditions ¢s = 0, V1 = 0, and from Eq. (18.17),

Vis = Voigs=0 = dyus — %E - QJCZM - -Q—'g@ (1820)

C)

If Qry changes little in going from ¢bs = 0 to g = 2¢z, a reasonably good approximation
in well-made devices, the nonideality-related terms in Eq. (18.19) can be replaced by Vg
and one obtains

(18.21)
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where, repeating Egs. (17.1),

(+) for n-channel devices

a
Vi =2¢ = LS x, 49Ny (xdp) (=) for p-channel devices
% Kseo Ng = N, or Ny, as appropriate

(18.22)

18.3.2 Threshold, Terminology, and Technology

As an entry into the discussion, let us perform a simple threshold voltage computation
ploying relationships developed in the preceding subsection. Suppose the gate material
is Al the Si surface orientation is (111), 7= 300 K, x, = 0.1 um, N,, = 10'%/cm?, Q,/q
=2 X 10"/cm?, Qy = 0, and Q, = 0. For the given n-channel device, one computes
bus = —090V, =Qp/C, = =093V, Vi = — .83V, V4 = 1.00 V,and Vo = —0.83 V.
Observe that whereas Vz is positive, as expected, nonidealities of a very realistic magnitude
cause Vy to be negative. Since an n-channel device wrns on for gate voltages Vg > Vi,
the device in question is already “‘on” at a gate bias of zero volts. Actually, negative biases
must be applied to deplete the surface channel and turn the device off! For a p-channel
device with identical parameters (except, of course, for an Np doped substrate), one obtains
aVr= =100V, Vp=—123V,and Vr = =2.23 V. In the p-channel case the considered
nonidealitics merely increase the negative voltage required to achieve turn-on.

As illustrated in Fig. 18.18, a MOSFET is called an enkancement mode device when

<itis “off” at V; = 0 V. When a MOSFET is “on” at Ve = 0V, itis called a depletion
mode device. Routinely fabricated p-channel MOSFETS constructed in the standard con-
figuration are ideally and practically enhancement mode devices, n-channel MOSFETSs are
also ideally enhancement mode devices. However, because nonidealities tend to shift the
threshold voltage toward negative biases in the manner indicated in our sample calculation,
early n-channel MOS were typically of the depletion mode type. Up until ap-
proximately 1977 this difference in behavior led to the total dominance of PMOS tech-
nology over NMOS technology; that is, ICs incorporating p-ch | MOSFETs dominated
the ial marketp Subsequently, as exp d under the heading of threshold
adjustment, NMOS, which is to be preferred because of the greater mobility of electrons
d to holes, benefited from technological i widely i in the

. late 1970s and is now incorporated in the majority of newly designed ICs.

While on the topic of the threshold voltage in practical devices, it is relevant to note
that the i ion threshold of regions adj to the device proper is also of concern.
Consider, for example, the unmetallized region b the two n-ch 1 MOS i
pictured in Fig. 18.19(a). If the potential at the unmetallized outer oxide surface is assumed
to be zero (normally a fairly bl ) and if the threshold voltage for the
n-channel transistors is negative, then the intermediate region between the two transistors

1 1
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Intermediate
region

e ] ¥ eJ
Gate
oxide

N-§i

(b}

Figure 18.19 (a) Visualization of the intermediate region between two MOSFETs. (b) Identifica-
tion of the gate-oxide and field-oxide regions in practical MOSFET structures.
-

Thus employing an x, (field-oxide) > x, (gate-oxide) increases | Vx| in the field-oxide areas
relative to the gated areas in PMOS (and modem NMOS) structures. Inversion of the field-
oxide regions is thereby avoided at potentials normally required for IC operation.

18.3.3 Threshold Adjustment

Several physical factors affect the threshold voltage and can therefore be used to vary the
Vr actually exhibited by a given MOSFET. We have, in fact, already cited the adjustment
of Vy through a variation of the oxide thickness. Obviously, the substrate doping can also
be varied to i or the th voltage. F , although strongly influ-
encing the observed V. value, the gate-oxide thickness and substrate doping are predeter-
mined in large part by other design restraints.

Other factors that play a significant role in determining Vi are the substrate surface
orientation and the material used in forming the MOS gate. As first noted in Subsection
18.2.3, the Q; in MOS devices constructed on (100) surfaces is approximately three times
smaller than the @y in devices constructed on (111) surfaces. The use of (100) substrates
therefore reduces the A V,; associated with the fixed oxide charge. The use of a polysilicon

T
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n-channel MOSFET

p
s G D D 2
! All Vg >0 E
g
—lﬁl J I<eB g
/ G }—] V6=0, V<0 g
No channel s El
when Vg =0 [ ——1
Vi
b
Ip
V>0
D ©
3
Vo=0 E
B < g
Vo<0 £
c< g
Channel s 8
when Vg =0
Vo
Structure Symbol Characteristics

Figure 18.18 MOSFET operational modes. Vg = 0 channel status, circuit symbol, and I-V,,
h istics of n-ch 1 de and depl de MOSFETs.

will be inverted. In other words, a conducting path, a pseudo-channel, will exist between
the i This undesi i was another nuisance in early NMOS tech-
nology, where, as already noted, nonidealities tended to invert the surface of the semicon-
ductor in the absence of an applied gate bias. Unless special precautions are taken, un-
wanted pseudo-channels between devices can also arise in both n- and p-channel ICs from
the potential applied to the metal overlays supplying the gate and drain biases. To avoid
this problem, the oxide in the non-gated portions of the IC, referred to as the field-oxide,
is typically much thicker than the gate-oxide in the active regions of the structure (see
Fig. 18.19b). The idea behind the use of the thicker oxide can be understood by referring
to Egs. (18.20) and (18.22). Both Vi and V; contain terms that are proportional to x,.

NONIDEAL MOS

instead of an Al gate, on the other hand, changes @. Given a polysilicon gate the effec-
tive “metal” workfuncton becomes

Dy’ = Xsi + (B = Eppoyys, ) (18.23)

and
1
bus = ‘—I ((E, - Egdpory-si (E, - Er)mmuimm] (18.24)

If the calculation in Subsection 18.3.2 is revised assuming a (100) surface orientation
(Qp/g = 2/3 X 10"/cm?) and a p-type polysilicon gate where Ep = E,, one obtains a
Pus = +0.26V, Vig = —0.05 V, and V; = +0.95 V. Thus positive NMOS thresholds are
possible in (100)-oriented structures incorporating p-type polysilicon gates.

Although the foregoing calculation shows positive threshold voltages are possible, the
Vy in actual structures may be only nominally positive, or the structure impractical—in
forming n-channel MOSFETS, the polysilicon is conveniently doped n-type, the same as
the drain and source islands, not p-type as assumed above. Also, a larger threshold voltage
may be desired, or one may desire to modify the threshold attainable in a PMOS structure,
or tailoring of the threshold for both - and p-channel devices on the same IC chip may be
required. For a number of reasons, it is very desirable to have a flexible threshold adjust-
ment process where V. can be controlled essentially at will. In modern device processing
this is accomplished through the use of ion implantation.

The general ion-implantation process was described in Chapter 4. To adjust the thresh-
old voltage, a ly small, p ly lled number of either boron or phosphorus
ions are implanted into the near-surface region of the semiconductor. When the MOS struc-
ture is depletion or i biased, the implanted dopant adds to the exposed dopant-ion
charge near the oxide-semiconductor interface and thereby translates the V; exhibited by
the structure. The implantation of boron causes a positive shift in the threshold voltage;
phosphorus implantation causes a negative voltage shift. For shallow implants the proce-
dure may be viewed to first order as placing an additional “fixed” charge at the oxide—
semiconductor interface. If N, is the number of implanted ions/cm? and Q; = # gV, is the
implant-related donor (+) or ptor (—) charge/cm? at the oxid icond! inter-
face, then, by analogy with the fixed charge analysis

implanted) _ _ Oy
AVG( s )- c (18.25)

Assuming, for example, an N; = 5 X 10! boron ions/cm? and x, = 0.1 um, one computes
a threshold adjustment of +2.32 V.
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@

Figure 18.20 The back-biased MOSFET. (a) Cross -sectional view indicating the double slfb-
scripted voltage variables used in the analysis. Also shown are the semiconductor encrgy band dia-
ion when (b) Vgs = Oand (¢) Vg < 0.

18.3.4 Back Blasing

Reverse biasing the back contact or bulk of a MOS transistor relative to the source is an-
other methed that has been employed to adjust the threshold potential. This clectrical
method of adj which predates ion imp ion, makes use of the so-called body
effect or substrate-bias effect.

" To explain the effect, let us consider the n-channel MOSFET shown in Fig. 18.20(a).
If the back-to-source p ial di (Vgs) is zero, i ion occurs, of course when
the voltage drop across the semiconductor (¢bs) equals 2¢b as pictured in Fig. lB.20(b).. if
Vgs < 0, the semiconductor still attempts to invert when ¢ reaches 2. However,. with
Vgs < 0 any inversion-layer carriers that do appear at the semiconductor surface migrate
laterally into the source and drain because these regions are at a lower potential. Not \lmul
@ = 2¢ — Vgs, as pictured in Fig. 18.20(c), will the surface invert and normal transistor
action begin. In essence, back biasing changes the i ion point in the i .
from 2@ 10 2¢ — Vps. The ideal device threshold potential given by Eq. (18.22) is in

FIELD EFFECT DEVICES

Exercise 18.6

P: The Co—Vq(V, = 0) characteristic derived from an n-channel MOSFET is pic-
tured in Fig. E18.6.

(a) What is the threshold voltage, V., of the transistor? Explain how you arrived at
your answer.
(b) Is the MOSFET a depleti

mode or an mode device? Explain.

(c) Sketch the general form of the /- V;, characteristics expected from the device,
specifically labeling those characteristics corresponding to Vg = -2, -1, 0, 1,
and2 V.

(d) Given ¢y = — 1V, Qr = 0, and the fact that the device is stable under bias-
temperature stressing, how do you explain the observed flat band voltage of —2.2V?

(e) If the MOSFET is doped such that ¢z = 0.3 V, what substrate bias (Vjs) must be
applied to attain 2 Vg1 sreshota = 1 V?

St (a) [Vp = —1 V]. In progressing toward positive biases, the C-V curve increases
toward C = C,, at roughly the inversion-depletion transition point. V; at the inver-
sion—depleti ition point is the threshold voltage in MOSFETS.

(b) {Depletion Mode]. With V= —1 V, the MOSFET is clearly “on” or conducting

when Vg = 0.

B Tk Lo
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turn modified to

' K. 29N,
Vébhmeos = 205 = Vs = £ x, ‘, = (£2¢p +Vps)
Ko Kseo

(+), Vys < O for n-channel
(=), Vs > 0 for p-channel (18.26)

. , )
of, 5ince Voplamresnons = Vastumeeshos = Vas»

, K [2aN,
Vostmarenos = 2r * 3 5 K';e: (%265 FVgs) 18.27)

Finally, introducing A Vi = (Vi preshors — Vr)» We obtain

1= Vs _ 1] g > 0, Vs < O for nchamnel g o)

"=y

AVs = (V7 = 24) [ 20, $p <0, Voe > 0 for pechannel

Having established Eq. (18.28), we make the following observations concerning back
biasing or the body effect: (1) Back biasing always increases the magnitude of the ideal
device threshold voltage. It therefore makes the p-channel threshold of actual devices more
negative and the n-channel threshold more positive—it cannot be used to reduce the nega-
tive threshold of a p-channel MOSFET. (2) The current~voltage relationships developed in
Chapter 17 are still valid when Vg # 0 provided 2¢ — 2 = Vs, Vg = Vos, Vp =
Vps., and Vy is interpreted as Vegiy mrestoid- (3) Care must be exercised in describing back-
biased structures to properly identify voltage differences through the use of double-
subscripted voltage variables.

18.3.5 Threshold Summary

All nonidealities shift the MOSFET threshold voltage; interfacial traps in addition reduce
the low-freq 2., of the transi: A two-step procedure is followed in computing the
expected threshold voltage of a real MOSFET. The flat-band voltage is first deduced from
known information about device nonidealities. Subsequently Vy is added to the threshold
voltage of an ideal vérsion of the given MOSFET. A transistor that is normally “off" when
Vg = 0 is referred to as an enhancement mode device; a depletion mode MOSFET is “on™
or conducting when Vj; = 0. B of residual nonidealities, real n-channel MOSFETs
are ‘typically depletion-mode devices. The i of n-ch 1 enh mode
MOSFETs, and threshold adjustment in general, is now accomplished through the use of
ion implantation. Biasing the back contact relative to the source has afso been employed to
adjust the threshold voltage.

NONIDEAL MOS

(c) The general form of the -V, characteristics expected from the device is
sketched below.

Ip

7 €]
Vg =—1V,—2 V (device off)

(d) Since the device is stable under bi p ing, one ludes that
O = 0. With Oy = 0, Oy = 0, and ¢hyys = — 1 V unable to account for the eatire
flat-band shift of —2.2 V, the residual shifting can only be attributed to the [fixed
charge|.

(e) If Eq. (18.28) is solved for Vg, one obtains

ave \*
Voo = - _aVr
s 2""[' (' - w;)]

Noting
Vst - Vp = Vi ~ Vi=AVy=2V
and
Vi=Vp—Vg=-10V+22V=12V
direct substitution into the Vgg esp then yields

2 2
Vas = 0.6[1 - (1 + T oe 0‘6) ] = -7V




FIELD EFFECT DEVICES
PROBLEMS
CHAPTER 18 PROBLEM INFORMATION TABLE
i hort
Problem C‘;"_;i’:f“ Dﬁi::’)’ Poil;g‘f':;;‘rng Deiriplian
18.1 18.3.5 1 10 (1 each part) Quick quiz
18.2 18.1 2 6 (2 each part) Polysilicon-gate MOS-C
®18.3 " 2 10 Pys versus doping plot
18.4 18.2.2 2 8 (4 each part) Mobile ion
18.5 18.2.3 3 10 (a-1, b-6, ¢c-3) Fixed charge calculati
18.6 . 2 10 (5 each part) Burs. Op from Vig—x, plot
18.7 18.2.4 2 8 (4 each part) Infer Q-info from E-band
18.8 " 3-4 14 (a-2, b-6, c-6) Deduce Qg from C-V data
18.9 " 3 10 Sketch p; led C~V
18.10 " 2-3 8 Dangling bond calculation
18.11 ! 3 10 (a-3, b-2, ¢-3, d-2) | Single-level interfacial trap
18.12 18.2.5 3 10 Half-irradiated MOS-C
18.13 18.3.1 2 6 (a-2, b-4) BT-stressed MOSFET
18.14 18.3.3 2-3 10 (2 each) Modification to V.
18.15 " 2 8 (a-4, b-3, c-1) Compute MOSFET Vi, Vi
18.16 " 2 8 Compute required N,
18.1 Quick Quiz

Answer the following questions as concisely as possible.

(a) What is the difference between ®,, — x and Dy, — x'?

(b) What is involved in subjecting a MOS-C or MOSFET to a bias-temperature stress?
(c) What is believed to be the physical origin of the fixed oxide charge in MOS structures?

(d) The interfacial trap density (D) is observed to depend on the silicon surface orienta-
tion. Describe the observed orientation dependence.

(e) What is the net effect of i

diation on MOS

?

(f) When performing bias-temperature stress experiments, how does one distinguish be-
tween the negative-bias instability and the voltage instability arising from alkali ions?

(g) Under what circumstances would Vp# Vy + Vi?

(h) Explain what is meant by the term “depletion mode™ transistor.

FIELD EFFECT DEVICES

band voltage (V) for each device in the set is measured and plotted as a function of x,.
The fabrication process is assumed to yield ideal devices other than ¢s # 0 and Qg # 0.

(a) Indicate how ¢ and QO can be deduced from the Vg versus x, plot.
(b) Given the Vg versus x, data tabulated below, determine ¢, and Qr/q.

%, (m) Ves (V)
0.1 —-091
0.15 -1.04
0.2 -12
0.25 —133
0.3 —152

18.7 An MOS-C is characterized by the energy band diagram in Fig. P18.7. Assume that
the interfacial trap density in the structure is negligible.

() Is Oy = 0 or Q¢ # 0 in the oxide? Explain.
(b) Is Qr = 0 or Qg #0 at the Si-SiO, interface? Explain.

£p

EV

Metal S0, si
Figure P18.7

18.8 The C-V characteristic exhibited by an Al-Si0,~Si capacitor maintained at 7 = 300
K is reproduced in Fig. P18.8. Note that Cyyax = 200 pF, Cyypy = 67 pF, and the flat-band
voltage Vig = —0.71 V. There are no mobsile ions in the oxide (Qy = 0), the interfacial
trap density is negligible (@ = 0), and Ag = 2.9 X 10~ cm?

e e
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(i) What is the difference between the “field-oxide” and the “gate-oxide” in MOSFETs?
(j) Precisely what is the “body effect™?

18.2 Consider a polysilicon-gate MOS-C where E — E, = 0.2 ¢V in the heavily doped
gate and Ez — E; = —0.2 eV in the nondegenerately doped silicon substrate. Assume
the structure to be ideal (other than an obvious @us # 0) and x'(polysilicon) =
X' (crystalline-Si).

(a) Sketch the energy band diagram for the polysilicon-gate MOS-C under flat-band

conditions.

(b) What is the “metal” -semiconductor workfuncticn difference for the cited polysilicon-
gate MOS-C?

(c) Will the given MOS-C be accumulation, depletion, or inversion biased when Vg =07
Explain.

©18.3 With the &y, — X' of the MOS system as an input parameter, write a computer pro-
gram that will output a plot similar to Fig. 18.3. Use your program to confirm the Al and
n* poly plots in Fig. 18.3. Also output a plot appropriate for MOS-Cs with p* polysilicon
gates doped such that £, = E, .
18.4 (a) An MOS-C is found to possess a uniform distribution of sodium ions in the oxide;
that is, pi, (x) = po = constant for all x in the oxide. Compute the A V; shift resulting
from this distribution of ions if py/g = 10'8/cm? and x, = 0.1 um.

p (+BT) ing, the sodium ions of part (a) all pile up
to the oxid icond interface. Determine the AV, after

(b) After positive bi

ed
+BT stressing.

18.5 In modeling the quantitative effect of the fixed charge, it is typically assumed the
charge is located i diately adj to the oxid: icond interface. Suppose the

charge is actually distributed a short distance into the oxide from the $i-5i0, interface.
(a) For reference purposes, write down the standard result for AV (fixed charge).

(b) Determine the expected AV, shift caused by an equivalent amount of charge distrib-
uted in a linearly increasing fashion from zero at a distance Ax from the $i-8i0, inter-
face to 2Qg/Ax right at the Si-SiO, interface.

(c) Compute AV (part b)/AV,; (part a) assuming Ax = 10 A = 10~ 7cm and X, =0.1 zm
= 10~ %cm. Repeat for x, = 0.01 zm = 10~ ¢cm. Comment on your results.

18.6 It is possible to determine ¢ys and Qy. for a given fabrication process and metal—
Si0,-Si system by fabricating a set of MOS-Cs with different oxide thicknesses. The flat-
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c
CmAX Cumax = 200 pF

B Cyin =67 pF

Veg=-071V

Cmin
I VG
Vl'm ]
Figure P18.8

(a) Adding to a copy of Fig. P18.8 and using a dashed line, sketch the C—V curve one
would expect from an ideal version of the given MOS-C. Also indicate the flat-band
point on the ideal-device characteristic.

(b) Ascertain the Si doping (An approxi deter
depletion C—V formulation is acceptable.)

using the delta-

(c) Determine the fixed charge/cm?, Qg, in the given device.

18.9 The C-V characteristics of an MOS-C are measured before and after performing a
postmetallization anneal to eliminate interfacial traps. The AFTER C-V characteristic ex-
hibited by the device is traced in Fig. P18.9. Assuming acceptor-like interfacial traps,
sketch the C-V characteristic of the device BEFORE annealing on the same set of coordi-
nates. Explain how you arrived at your answer.

Vo

Figure P18.9
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18.10 If interfacial traps are d with residual “dangling bonds™ at the Si surface,
and assuming the number of residual “dangling bonds™ is proportional to the number of Si
surface atoms, which silicon surface plane, (100) or (110), would be expected to cxhibit
the higher density of interfacial traps? Record all work leading to your answer.

18.11 A rather unusual n-bulk MOS-C is found to have interfacial traps at only one band-
gap energy, E,y, located right at midgap (see Fig. P18.11). Answer the following questions

ing a high-fr y C-V and an otherwise ideal MOS-C. Include a
few words of explanation, if necessary, to convey your thought process and to prevent a
misinterp of the d sketchi

|a— Surface

&

By
Interfacial 4
waplevel ™ T &

E,

Figure P18.11

(a) Sketch the general form of the expected MOS-C C-V characteristic if the interface
states giving rise to the E;y Ievel are donor-like in nature. (Assume the number of states
is sufficiently large to perturb the ideal-device characteristic.)

(b) Repeat part (a) if the interface states are acceptor-like in nature.

(c) Repeat part (a) assuming the interface states are donor-like but the energy level is
located very close to the conduction band (say £, — E,r = 0.001 eV).

(d) Repeat part (a) for donor-like interfacial traps that introduce an energy level very close
to the valence band (say E;r — E, = 0.001 eV).

18.12 The as-fabricated C-V characteristic derived from an MOS-C is pictured in Fig.
P18.12. After fabrication, precisely one-half of the gate area is exposed to ionizing radia-
tion, which increascs the apparent fixed charge (Q) in the exposed half of the device. The
increase in interfacial trap density caused by the irradiation is negligible. Sketch the ex-
pected form of the C—V characteristic after irradiation on the same set of coordinates as the
pre-irradiation characteristic. Also explain how you arrived at your answer. HINT: Think
of the two halves of the MOS-C as separate capacitors.
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(c) There is an increase in the substrate doping.
(d) The oxide thickness is decreased.
() Boron ions are implanted into the near surface region of the silicon.

18.15 A MOSFET is fabricated with ¢hps = — 046 V, Q/g = 2 X 10"/cm2, Q,, = 0,
Orr = 0,2nd Q/g = —4 X 10'em?, x, = 0.05 um, Ag = 10-3 cm?, and Np, = 105/
cm’. Q, is the ion charge implanted immediately adjacent to the Si-SiQ, interface.

(a) Determine V.

(b) Determine Vy.

(c) Is the given MOSFET an enhancement mode or depletion mode device? Explain.

18.16 Given an Al-5i0,-Si MOSFET, T = 300 K, a Si-substrate doping of N, = 1017/
em?, x, = 100 A, Q/g = 10'"/cm?, no interfacial traps and no mobile ions in the oxide.
Determine the boron ions/cm? (N,) that must be implanted into the structure to achieve a
Vr = 0.5 V. (Assume the implanted jons create an added negative charge right at the Si-
$iQ, interface.)
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Vs
Figure P18.12

18.13 ThF b?fore bias-temperature stressing /~V,, characteristics of a MOSFET are
sketched in Fig. P18.13(a). The 84—V (Vp = 0) characteristics of the same device before
and after bias-temperature stressing using a positive bias are shown in Fig. P18.13(b).

o 8

Before
After +BT
+BT
Y N\

S s 2
(a) (b}
Figure P18.13

(a) What was the probable cause of the shift in the 84—V characteristic after positive bias-
temperature stressing?

(b) Sketch the I;,-V;, ch istics after bi
Vo= —2, —3,and -4 V. Also record your reasoning.

ing for gate voltages of

18.1111 An_ n-channel (p-bulk) MOSFET is ideal except gy # 0. Indicate how the following
modifications to the structure, taken independently, will affect the threshold voltage V.
Include a few words of explanation in each case.

(a) Ionizing radiati Qr#0.
(b) The gate material is changed from Al to Cu.

causes an

19 Modern FET
Structures

FET device

have been subjected to greater and greater miniaturization. The decrease in FET device
dimensions, in itself, can lead to major modifications in the observed device characteristics.
Small dimension effects, also referred to as short-channel effects or small geometry effects,
include, for example, shifts in the threshold voltage and an increase in the subthreshold

To achieve higher op

ing speeds and i d packing d

current. The cited modifications in device behavior are of major importance in practical

pplications. Notably, an prediction of the threshold voltage is needed to deter-
mine logic levels, noise margins, speed, and node voltages, while the subthreshold current
affects the off-state power dissipation, dynamic logic clock speeds, and memory refresh
times. A large portion of this chapter is devoted to the description and discussion of small
dimension effects. It should be understood from the outset that smali dimension effects are
g lly undesirable and are mi d or avoided in commercial structures through the
proper scaling of device dimensions or modifications in device design. Relative to modifi-
cations in device design, the chapter concludes with a brief survey of select implemented
and developmental FET structures.

19.1 SMALL DIMENSION EFFECTS

19.1.1 Introduction

In 1965 the smallest MOSFETS had an L ~ 1 mil = 25 um. By 1990 industry-standard
versions of MOS device structures had attained submicron dimensions. The steady pro-
gression toward smaller and smaller FETs is pictured schematically in Fig. 19.1. Projec-
tions into the near future are summarized in Table 19.1.

e -] L

1. + it |
L S S B N I S S B S Bt s e e

1970 1980 1990 2000
Year

Flgure 19.1 The “shrinking” MOSFET. The relative scaling of the MOSFET channel length in
the figure roughly depicts the decrease in minimum feature size of production-line MOS DRAM:s.
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Table 19.1  Silicon IC Projections!?$). (DRAM is an acronym for dynamic random access
memory. 1/ is an abbreviation for input/output. Wiring levels refer to the number
of metalization levels that interconnect devices on an IC.)

YEAR of first DRAM ship 1995 | 1998 | 2001 | 2004 | 2007 | 2010
Minimum feature size (um) 035 | 025 | 0.18 | 0.13 | 0.10 | 0.07
o ® Microprocessor| 250 | 300 | 360 | 430 | 520 | 620
Chip size (mm?)
© DRAM 190 280 420 640 960 1400
Bits/chip in DRAMs 64M | 256M | 1G 4G 16G | 64G
Si wafer diameter (mm) 200 200 300 300 400 400
Wiring levels (maximum in on-chip logic) 4-5 5 5-6 6 6-7 7-8
1/0 pads per chip (high performance) 900 | 1350 | 2000 | 2600 | 3600 | 4800
@ Desktop 33 25 1.8 L5 1.2 0.9
Power supply voltage (V)
® Portable 25 |1.825/09-1.8| 09 0.9 09
Chip i y (MHz) |®On-chip 300 | 450 | 600 | 800 | 1000 | 1100
high petformance @ Chip-to-board | 150 | 200 | 250 | 300 | 375 | 475
The dep from long-channel behavior, which can pany the noted d

in device dimensions, is nicely illustrated using observed Ip—Vp characteristics. The onser
of short-channel effects is heralded by a significant upward slant in the post-pinch-off por-
tions of the /;,~V;, curves. Severe short-channel effects lead to characteristics of the form
reproduced in Fig. 19.2. Not only do the J,—V;, characteristics fail to saturate, but I, « Vp?
curves are observed for gate voltages below threshold. (The Fig. 19.2 device should be
“off” for V; > 0 V!) Another clear ifestation of short-ch 1 effects is provided by
the subtk Id transfer ch istics. A sample long-channel subthreshold characteris-
tic was presented in Fig. 17.11. In long-channel MOSFETS the subthreshold drain current
varies exponentially with V;; and is independent of V,, provided Vp > few kT/q volts. In
short-channel devices, on the other hand, the subthreshold drain current is found to increase
systematically and significantly with increasing V,,. Shifts in the observed threshold volt-
age constitute the third widely quoted indication of small-dimension effects. As is readily
confirmed by referring to the Vy relationship in Subsection 18.3.1, the threshold voltage
in a long-channel MOSFET is independent of the gate length and width. In short-channel
:l:cviccs, Vx becomes a function of the gate dimensions and the applied biases (see
ig. 19.3).
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The majority of small-dimension effects in MOSFETS are associated with the reduc-
tion in the channel length L. It is therefc ble to introduce and specify a minimum
channel length, L .,,,, below which significant short-channel effects are exPccted to occur.
Crudely speaking, L, must be greater than the sum of the depletion W|th1s associated
with the source and drain junctions. Values in the 0.1 zm to I xm range are indicated. As
suggested by computer simulations and confirmed by experimental observations, 2 more
precise estimate of L, is given by the empirical relationship?%

Lo = 0405z, (Wg + W) ... %, in A Lo, 730 as.n
We, Wp in um

r. is the source/drain junction depth, x, the oxide thickness, Ws the depletion width at the
s,ource junction, and Wy, the depletion width at the drain junction. Nolf from Eq. (19.1)
that L ;, can be made smaller by reducing the depth of the source/drain islands, by reduc-

ing the oxide thick and/or by i the sub doping, which in turn causes a
decrease in W and Wp,. All of the above have in fact been employed t{.) help assure long-
channe! operation of MOSFETs with i ingly scaled-down d

The causes underlying departures from long-channe} behavior fall into one of three
general categories. For one, differences between experiment and long-channel l.heory may
simply arise from a breakd of ptions used in the long-ch 1 analysns.' Second,
a reduction in device di 1ly leads to an enhancement of certain effects
that are known to occur but are negligible in long-channel devices. Lastly, some dep?rtures
from long-channel behavior arise from totally new phenomena. All three categories are

d in the i ideration of specific-case effects.

3

19.1.2 Threshold Voltage Modification

Short Channe!
In enhancement-mode short-channel devices [Vy| is found to monotonically decrease with
decreasing channel length L. Qualitatively, the in threshold voltage can be ex-

plained as follows: Before an inversion layer or channel forms beneath the gate, the subgalte
region must first be depleted (W — Wr). Ina short-channel device the source and drain
assist in depleting the region under the gate; that is, a significant portion of the subga.te
deletion-region charge is balanced by the charge on the other side of th'c source and dmr:
pn junctions. Thus less gate charge is required to reach the start of inversion and |V:,-,

decreases. The smaller L, the greater the p ge of charge balanced by the /d
pn junctions, and the greater the reduction in |Vy|. ) ]

A first-order itative expression for the AV d with shon—cllsm?el et?'ecm
can be established using straightforward geometric arg Although highly simplified,

the derivation to be presented is very informative in that it illustrates the general_m.e!hod. of
analysis. The derivation also indicates how parameters such as the source/drain junction
depth enter into the specification of short-channel effects.

-
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Vp chi isti i
Seited ron B o eharacteristics of a MOSFET exhibiting severe short-channel effects. (Re-

an et ali?’), © 1974, with kind permission of Elsevier Science L)
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Figure 19.3 Observed threshold-voltage variation with channel length and applied drain bias in

short-channel MOSFETSs. N, = 8 X 10'S/cmy, x = =
Fichtner and Potzl(281,) A fem?, %, = 0.028 ym, and 7y =1 um. (Adapted from
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As previously established, for an ideal device
K,
Vo = ¢s + %8s (19.2)
0

Let Qg be the total charge/cm? inside the semiconductor. Applying Gauss’ taw, it is readily
established that

Qs = —KsgoBs (193)

Combining Eqs. (19.2) and (19.3), we can therefore write

V5=¢S—EK2;%:=¢S‘% (19.4)

When Vg = Vr, s = 2¢gand Qg = Qg, where Oy is the bulk or depletion-region charge
per unit area of the gate. Specialized to the threshold point, Eq. (19.4) thus becomes

Vr = 2¢¢ - % (19.5)

Next introducing
AV = Vi(short channel) — Vi.(long channel) (19.6)

taking Qg and Qg to be the long-channel and short-channel depletion-region charges/
cm?, respectively, and making use of Eq. (19.5), we obtain

AVy = "CL(Qns = Q) = ‘QCA(l - %:‘S) a9.n

To complete the derivation, it is necessary to develop expressions for Qp; and Qpg in
terms of the device parameters. Working toward this end, consider the short n-channel
MOSFET pictured in Fig. 19.4. To simplify the analysis, Vy, is taken to be small or zero so
that W = Wi at all points beneath the central portion of the gate. The shaded areas in the
figure identify those portions of the subgate region that are assumed to be controlled by the
source and drain pn junctions. In a long-channel device, charge in the entire rectangular
region of side-length L is balanced by charges on the gate and

N, (ZLW,)
O = ~ TR = —aN, Wy 98
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Flgure 19.4 Cross section of a MOSFET identifying parameters that enter into the short-channel
analysis. The shaded portions of the subgate area are assumed to be controlled by the source and
drain pn junctions. It is also assumed that V, = 0.

ZLWr is the depletion-region volume and ZL the area of the gate. In a short-channel dlcvice,
the depleti gion charge lled by the gate is confined to the idal region of
side lengths L and L', Thus

L+ L

N, [%(L + L’)ZWT:’
=—gN, Wy T 19.9)

Qps = 7L

Substituting the Qg and Qy expressions into Eq. (19.7) then gives

N, L+r o0
AV c, (' 2L (19.10)

Next, looking at the source region in Fig. 19.4 and assuming W = Wy, one deduces from
geometrical considerations

)
L - L
(r; + Wp)? = (r, + : ) + W2 (19.11)

which can be solved to obtain

=1L 2rj[ /1 +2rﬁ —1} (19.12)
i

Finally, eliminating L' in Eq. (19.10) using Eq. (19.12), we conclude

FIELD EFFECT DEVICES

Replacing Qs in Eq. (19.7) with the narrow-width Qg one rapidly concludes

N, We mW,
AV (narrow width) = "—a—l = 19.15)

This result confirms our initial assertion that the narrow-width effect becomes important
when Z is comparable to Wr. )

As a concluding point it should be noted that a combmcd—cﬁ'c.c! AV must be estab-
lished for MOSFETS that have both a short channel and a narrow width. The short-channel
and narrow-width A Vs are not simply additive. The combined-effect AY., nqd more e;’-
acting AVy expressions for the individual effects can be found in the device literature.P

19.1.3 Parasltic BJT Action

Containing an oppositely doped region between the source anld the drgin, the MOSFET
bears a striking physical resemblance to a lateral bipolar junction transistor (BJT). Thus,
with the distance between the source and drain in 2 modern MOSF]:Z'I.' reduced to a value
comparable to the base width in a bipolar transistor, it is not surprising that pheromena
have been observed that are normally associated with the operation of BJTs. )
One such phenomenon is source to drain punch-through. When th? source and drfnn
are separated by a few microns or less it becomes possible for the pn ]uncn?n qepletlon
regions around the source and drain to touch or punch-through as pictured m_Flg. 19.6.
When punch-through occurs, a significant change takes Rlace in the operation of lthe
MOSFET. Notably, the gate loses control of the subgate region except for a sr.nall portion
of the region immediately adjacent to the Si-SiO, inl:rfacel. The source-to-drain current is
then no longer constrained to the surface channel, but begins to flow beneath lhe. surface
through the touching depletion regions. Analogous to the punch-through curre_m in BJTs,
this subsurface “space-charge™ current varies as the square of the voltage applied between

Depletion-region
boundaries

Figure 19.6 Punch-through and space-charge current in a short-channel MOSFET.

l
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,
AVy(short channely = —INaWr —‘( 1+ P 1) (19.13)
Cc L L

Although a first-order result, the AVy given by Eq. (19.13) does exhibit the same
paramctric dependencies initially noted in the Ly, discussion. Examining AVy/Vy(long-
channel), which is the relevant quantity in gauging the importance of short-channel effects,
one again finds the effects are minimized by reduci 8 %, reducing r;, and i ing N,.

Narrow Width

The threshold voltage is also affected when the lateral width Z of a MOSFET becomes
comparable to the channel depleti idth Wy. In enh de narrow-width de-
vices, |Vy] is found to ically i with d ing channel width Z Note that
the Z-dependence of the threshold voltage shift is opposite to the L-dependence. The
narrow-width effect, however, is explained in much the same manner as the short-channel
effect. Referring to the side view of a MOSFET in Fig. 19.5, note that the gate-controlled
depletion region extends to the side, lying in part outside the Z-width of the gate. In wide-
width devices, the gate-controlied charge in the lateral region is totally negligible. In
narrow-width devices, on the other hand, the lateral charge becomes comparable to the
charge directly beneath the Z-width of the gate; that is, there is an increase in the effective
charge/cm? being balanced by the gate charge. Thus, added gate charge is required to reach
the start of inversion and |V;| increases.

Paralleling the short-channel derivation, a i p for AV iated
with the narrow-width effect is readily established. If the lateral regions are assumed to be
quarter-cylinders of radius W, the lateral volume controlled by the gate is (7/2) WL and

qNA(ZLWT + gwy.)

Qg(narrow width) = —

zL

zZ

Figure 19.5 Side view of a MOSFET used to explain and analyze the narrow-width effect,
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the source and drain. The V,; > 0 characteristics presented in Fig. 19.2 are examples of the
Ip & V§ current that results from source to drain punch-through.

As a practical matter, punch-through in smail-dimension MOSFETs is routinely sup-
pressed by increasing the doping of the subgate region and thereby decreasing the source/
drain depletion widths. This can be ished by i ing the doping. How-
ever, increasing the substrate doping has the adverse effect of increasing parasitic capaci-
tances. Consequently, it is common practice to perform a deep-ion implantation to selec-
tively increase the doping of the subgate region.

Parasitic BT action involving carrier multipli and reg ive feedback leads
to a second p ially signifi P t of the MOSFET characteristics. There is a
certain amount of carrier multiplication in the high-field depletion region near the drain in
all MOSFETs. In long-channel devices the multiplication is negligible. In short-channel
devices, however, carrier multiplication coupled with ive feedback can dramati-
cally increase the drain current and place a reduced limit on the maximum operating V.
Catastrophic failure may even occur under extreme conditions.

The multiplication and feedback hanism operating in small-di ion MOSFETs
is very similar to that which lowers Visriceo in @ BIT relative to Vigg,cpo (see Subsection
11.2.4). The basic mechanism is best described and explained with the aid of Fig. 19.7.
The process is initiated by channel current entering the high-field region in the vicinity of
the drain. Upon acceleration in the high-field region, a small percentage of the channel
carriers gain a sufficient amount of energy to produce electron—hole pairs through impact
ionization. For an n-channel device the added electrons drift into the drain, while the added
holes are swept into the i bulk. B the bulk has a finite
resistance, the current flow i with the impact d holes gives rise to a po-
tential drop between the depletion region edge and the back contact. This potential drop is

=1 1°
Chan,
N
T T
— _%“Sdm: —/!\\ ‘\m Carrier multiplication

nal via impact ionization

electron injection N

and carrier flow :"”(’ek: o

: | o

into drain + bulk ~

R [3] Potentiat drop caused by hole current
Back-to-source forward biused

!

MA—~

.|]_

Figure 19.7 Vi of carrier iplication and
current enhancement in short-channel MOSFETs.

feedback that can give rise to

= —qNAWT(l + gﬁ) (9.14)
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of such a polarity as to foward bias the source pn junction. Forward biasing of the source
pn junction in turn leads to electron injection from the source pn junction into the quasi-
neutral bulk, an additional electron flow into the drain, increased carrier multiplication, and
so forth. The process is stable as long as the fractional increase in the drain current or the
multiplication factor is less than 1/a, where & is the common-base gain of the parasitic
BJT. At high enhanced currents there is the potential for excessive current flow through the
device and device failure.

19.1.4 Hot-Carrler Effects
Oxide Charging

Oxide charging, or charge injection and trapping in the oxide, is a phenomenon that occurs
in all MOSFETs. In the vicinity of the drain under operational conditions, channel carriers,
and carriers entering the drain depletion region from the substrate, periodically gain a suf-
ficient amount of energy to surmount the Si-SiO, surface barrier and enter the oxide. Neu-
tral centers in the oxide trap a portion of the injected charge and thereby cause a charge
buildup within the oxide. In long-channel devices, oxide charging is the well-known cause
of “walk-out” —a progressive i in the drain breakd voltage of MOSFETSs op-
erated at large Vi, biases. Unfortunately, the effects of oxide charging in short-channel
MOSFETS are decidedly more serious. This is true because a larger percentage of the gated
region is affected in the smaller devices. Specifically, significant changes in Vy and g, can
result from the oxide-charging ph M , because oxide charging is cumu-
lative over time, the phenomenon tends to limit the useful “life” of a device and must be

i d. A popular approach for izing hot-carrier effects, the formation of a
lightly doped drain (LDD), is described in Subsection 19.2.1.

Velocity Saturation

In the conventional analysis of the long-channel MOSFET, there is no theoretical limitation
on the velocity that the carriers can attain in the surface channel. It is implicitly assumed
the carrier velocities increase as needed to support the computed current. In reality, the
carrier drift velocities inside silicon at 7 = 300 K approach a maximum value of v, =
107 cm/sec when the accelerating clectric field exceeds ~3 X 104 V/cm for electrons and
~10% V/em for holes (see Fig. 3.4 in Part I). If, for example, V, =2 Vand L = 0.5 um,
there will obviously be points in the MOSFET surface channel where the accelerating elec-
tric field is greater than or equal to 4 X 10% V/em. Limitation of the channel current due to
velocity saturation is clearly a possibility in short-channel devices.

Velocity saturation has two main effects on the observed characteristics. First, I,,, is
significantly reduced. The modified Zy,,,, is approximately described by

I = ZC,(Vg = Vyluy, (19.16)

Second, as can be inferred from Eq. (19.16) and as illustrated in Fig. 19.8, the samrfllion
current exhibits an almost linear dependence on V-V as opposed to the conventional
square-law dependence.

FIELD EFFECT DEVICES

Admittedly there are other considerations, such as the operation of the carrier injecting
source, that can limit ballistic device performance. Nonetheless, ballistic effects have been
observed and are likely to play a role in the operation of future FETs.

19.2 SELECT STRUCTURE SURVEY

In discussing the essentials of MOSFET operation, we made use of the basic enhancement-
mode structure. Use of the basic structure allows one to focus on the development of con-
cepts and the understanding of ph given the maturity of MOSFET tech-
nology, there exists a significant number of distinct device variations, Modifications to the
basic have been impl, d to solve specific problems or to enhance a specific
device characteristic. It is also true that closely related FET devices fabricated in GaAs and
other compound semiconductors invariably take a somewhat different form than those fab-
ricated in Si. A brief survey of select MOSFET and MOSFET-like structures has been
included in this section to provide some feel for the variety that exists and the nature of
major modifications. It should be emphasized that the surveyed device structures constitute
only a sampling, with a bias toward structures likely to be encountered in the recent FET
literature.

19.2.1 MOSFET Structures
LDD Transistors

As described in the preceding section, reduced dimension devices are more susceptible to
hot-carrier effects. The field-aided injection and subseq ing of carriers in the gate
oxide near the drain can lead to serious device degradation. The degradation effects are
further worsened by the common practice of using bias voltages that have not been scaled
down in proportion to the device dimensions. The lightly doped drain (LDD) structure
shown in Fig. 19.9 helps to minimize hot-carrier effects. The feature of note is the lightly
doped drain region between the end of the channel and the drain proper (the n~ region in
Fig. 19.9). The reduced doping gradient in going from the channel to the drain proper
lowers the %-field in the vicinity of the drain and shifts the position of the peak §-ficld
toward the end of the channel. Carrier injection into the oxide is thereby reduced and oxide
charging correspondingly minimized.

Sidewall
oxide

Lightly doped drain

Figure 19.9 Cross section of a lightly doped drain (LDD) structure.
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Figure 19.8 Tllustration of the effects of velocity saturation on the MOSFET /,—V,, characteristics.
(a) Experimental characteristics derived from a short-channel MOSFET with L = 2.7 pm, X, =
0.05 um, r; = 0.4 um, and N, = 10%%/cm?. Comparative th ] characteristics com-
puted (b) including velocity saturation and (c) ignoring velocity saturation. (From Yamaguchi*,
© 1979 [EEE.)

Velocity Overshoot/ Baillstic Transport

In the Chapter 17 modeling of carrier drift in the MOSFET surface channel, we implicitly
assumed that carriers experienced numerous scattering events in traveling between the
source and the drain. This is equivalent to assuming the channel length (L) is much greater
than the average distance (/) between scattering events. Clearly, if the MOSFET channel
length is reduced to a value to 4, fi isions will be required in the
analytical formalism. More importantly, however, if even smalier-dimension structures
could be built with L < /, a large percentage of the carriers would then travel from the
source to the drain without experiencing a single scattering event. The envisioned projectile-
like motion of the carriers is referred to as ballistic transport.

Observable ballistic effects are theoretically possible in GaAs structures where L <
0.3 um. Somewhat shorter lengths are required in Si devices. Experimentally, both Si and
GaAs FETs with channel lengths ~0.1 xm have been fabricated in research laboratories.

Thus, FET structures with L < / are attainable with p; t-day technology. M )
referring to Table 19.1, such are expected to become lace in the near
future.

Practically speaking, ballistic transport is of interest because it could lead to super-fast
devices. With reduced scattering, the average velocity of carriers transversing the channel
can exceed v,,. This is referred to as velocity overshoot. Average velocities up to 35%
larger than the saturation velocity have been observed in an L = 0.12 um MOSFET 132,
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Figure 19.10 (a) Cross section of a DMOS structure. (b) Magnified cross section of the channel
region and lateral doping profile. (From Pocha et al.1*3), © 1974 [EEE.)

DMOS

A double-diffused MOSFET (DMOS) structure is pictured in Fig. 19.10. The structure is
distinctive in that the channel region is formed, and the channel length specified, by the
difference in the lateral extent of two impurity profiles. A p-type dopant (e.g., boron) and
an n-type dopant (e.g., phosphorus) are admitted and diffused into the Si through the same
oxide mask opening,. The p-type dopant, which is introduced first, diffuses slightly deeper
and farther to the side than the n-type dopant. The result is the simultaneous formation
of the source and channe] regions as clearly shown in the magnified cross section of
Fig. 19.10(b). The most important physical characteristic of DMOS is a short channel
length (~1 um) that can be established without using 11-di ion lithographic masks.
The DMOS thus boasts high-freq; operation, which is combined with a high
drain breakdown voltage. It has been used in high-frequency analog appli and high-
voltage/high-power circuits. Although first introduced in the early 1970s, variations of the
DMOS structure, notably power-DMOS inue to be developed

i
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Figure 19.11 (a) Cross section of a buried-channel MOSFET. (b) Approximate subgate doping
profile. (Adapted from Van der Tol and Chamberlain{*, © 1989 IEEE.)

Buried-Channel MOSFET

Figure 19.11 shows the cross section of a buried-channel MOSFET and the approximate
subgate-doping profile inside the transistor. The unique structural feature, a surface fayer
beneath the gate with the same doping as the source and drain islands, is typically formed
by ion implantation. With a pn junction bottom gate and an MOS top gate, the buried-
channel MOSFET is physically and functionally a hybrid J-FET/MOSFET structure. It can
be designed to function as a depleti de or ent de device depending on
the thickness and doping of the surface layer. The buried-channel MOSFET gets its name
from the fact that channel conduction can be made to take place away from the oxide-
semiconductor interface. This ieads to inherently higher carrier mobilities, a reduced inter-

facial trap i andad d sensitivity to hot-carrier effects.
SiGe Devices
With the devel of the ultrahigh hemical dep (UHV/CVD)

P ! p
process3l, it has become possible to deposit high-quality Si,_,Ge, alloy films on a
production-line basis. The process permits atomic-level control of the film thickness, pre-
cise control of the film composition, and minimization of background ination. Films
covering the entire range from 0 to 100% Ge content are readily deposited.

Reflecting the fact that the Ge lattice constant is a = 5.65 A compared to the smaller
a = 543 A of silicon, SiGe alloys preferably exhibit a lattice constant larger than Si.
However, if sufficiently thin (typically < 1000 A), SiGe alloy films deposited on a Si sub-
strate are pseudomorphic in nature; that is, they conform atom-by-atom to the lattice pattern
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Figure 19.13 Basic steps in the production of a SIMOX wafer. (From Hostack et al.’”) Reprinted
with permission.)

a hole is opened in the insulator to expose a small section of the underlying crystalline-Si
substrate. With the exposed substrate acting as a seed, epitaxial Si is then grown up through
the hole and sideways over the insulator. Unfortunately, ELO is not considered to be a
production-line technology. Among all the SOI technologies only SIMOX and BESOI are
currently i p ion-li logies that are capable of yielding Si films of
acceptable quality. Both SIMOX and BESOI wafers are available commercially.

In BESOI (BondEd SOI) a SiO, layer, which is to become the insulating layer, is
thermally grown on one Si wafer. A second Si wafer is next bonded to the top of the first
wafer and annealed. Finally, the top wafer is ground, polished, and chemically etched until
the desired surface-layer thickness is attained. In SIMOX (Separation by /Mplantation of
OXygen) the SOI structure is formed by creating an SiO, layer just beneath the surface of
a bulk-Si wafer as illustrated in Fig. 19.13. The SIMOX process begins with the ion-
implantation of oxygen beneath the Si surface. The O, implant is normally performed em-
ploying an accelerating energy of 150200 keV and involves a total dose of 1-2 X 108

fem?. A ling the at an el d p (typically 1300°C for
roughly 6 hours) next allows the implanted O, to react with the Si to form a buried oxide
(BOX) layer. The anneal also minimizes defects in the surface Si layer. Additional Si is

i posited by standard epitaxi iques to increase the final thickness of the
Si surface layer. Required thicknesses range from 500 A t02000 A for CMOS applications
and from 0.3 um to 10 um for thick-film bipolar applications.

The numerous projected advantages of SOI-based ICs, particularly MOS ICs, help to
explain the extensive research effort expended to develop a viable SOI technology. The

i ic isolation of individual circuit el possible with SOI reduces parasitic capac-
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Figure 19,12 SiGe enhanced-mobility MOSFET. The n-channcl MOSFET incorporates a strained-
Si surface channel. (From Welseret al.13), ¢* 1994 IEEE.)

of the underlying Si sub Si heteroj
a pseudomorphic SiGe basc layer have achi
bipolar device.

Because of the constrained lattice spacing, pseudomorphic films are subject to a con-
siderable amount of internal stress. Growing a SiGe alloy film beyond a critical thickness
causes defects lo nucleate spontaneously. The defect generation relieves the stress and al-
lows the film to relax to its preferred lattice constant. Relaxed SiGe films are of particular
interest in the present context because they have been used in fabricating “enhanced mo-
bility” MOSFETs as illustrated in Fig. 19.12.

In fabricating the Fig. 19.12 device a compositionally graded SiGe buffer layer, a re-
laxed Sig;Gey3 layer, and a thin pseudomorphic Si film are sequentially grown on a Si
substrate. With strain-relief defects primarily confined to the buffer layer, the relaxed
Sip,Gey 4 layer ively functions as a quality for the pseud phic fayer.
Conforming to the larger lattice constant of Sig;Ge,; places the pseudomorphic Si film
under tension. The strain in the Si layer in turn gives rise to reduced carrier scattering and
alower clectron effective mass parallel to the Si-SiO, interface. These combine to enhance
the carrier mobility in the Si surface channel. The pictured device, for example, exhibited
a factor of ~ 2 enhancement in the observed low-field mobility over a standard MOSFET.
The enh d mobility, ing into i current drive at higher fields, has the
potential to extend the performance limits of existing MOS technology.

bipolar

(HBTs) fabricated with
d the highest operating fi

'y of any Si

SOl Structures

The term silicon-on-insulator (SOI) is used to describe structures where devices are fabri-
cated in single-crystal Si layers formed over an insulating film or substrate. The first real-
ization of SOI structures involved crystalline films of Si deposited on properly oriented
P b (SOS). Sudb ly, laser ling techniques were used to crystal-
lize amorphous Si films deposited on insulators such as SiO, and Si;N,. In both of these
approaches the Si film quality has impeded their widespread utilization. A more recent
h ial layer growth (ELO), has solved the film quality problem. In ELO
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itances, thereby giving rise to higher operating speeds, and totally eliminates latch-up?.
SOl-based MOSFETs are also projected to consume less power, operate at higher tem-
p provide improved radiation hard and exhibit reduced short-channel effects.
From a design standpoint, SOI permits higher packing densities and easier scaling to
smaller linewidths. From a fabrication standpoint SOI leads to simpler processing because
it permits a reduction in the number of masking (lithographic) steps. Perhaps most impor-
tantly, the wafers derived from SIMOX and BESO! are totally compatible with production-
line equipment and procedures. The most extensive use of SOI to date is in the production
of radiation-hardened SRAMs for military applications. Exp use is anticipated in the
areas of very high speed very large scale CMOS ICs, low-power supply-voltage devices,
and DRAMS.1281

19.2.2 MODFET (HEMT)

The last member of the FET family to be surveyed is the modulation doped field effect
transistor (MODFET). Although MODFET appears to be the preferred acronym for the
device structure, it is often alternatively identified as the high electron mobility transistor
(HEMT). When first i , the was called the selectively
doped heterostructure transistor (SDHT) or the two-dimensional electron-gas field effect
transistor (TEGFET). A perspective view of an AIGaAs/GaAs MODFET was presented in
Fig. 15.7 as part of the general introduction to field-¢ffect devices; a simplified cross sec-
tion of the structure is shown in Fig. 19.14(a).

The structural similarities of the MODFET and MOSFET are obvious from Fig.
19.14(a) if one thinks of the AlGaAs layer as an insulator. The MODFET does differ from
the MOSFET in that the “insulating” layer, the AlGaAs, is doped. Moreover, the GaAs
epilayer is inally undoped. The term “modulation doping” arises from the modulation
of the dopant source to selectively dope only the AlGaAs layer during the sequential depo-
sition of the GaAs and AlGaAs layers. Doping of the AlGaAs helps induce a surface chan-
nel adjacent to the AlGaAs/GaAs interface. Because the current-carrying GaAs layer is

inally undoped, there is only minimal scattering from residual (unintentional) dopant
impurities in the GaAs surface channel. Very high electron mobilities are observed at room
temperature, and an even greater mobility enhancement relative to doped-channel devices
like the MESFET is ob d at liquid nitrog . This is why the structure is
alternatively identified as the *high electron mobility” transistor.*

Greater detail of the gated region and the electrostatic situation inside the MODFET
are pictured in Fig. 19.14(b). AlGaAs has a wider band gap than GaAs and, as previously
illustrated in Fig. 11.19(a), energy band offsets arise at the AlGaAs/GaAs interface. In the

T Latch-up is the term for a major problem in digital CMOS circuits where the circuitry gets stuck in a specific
logic state. Simply stated, latch-up is caused by an internal feedback mechanism associated with parasitic PNPN-
like action. .

¢ Although the HEMT acronym continues to be employed, it is now recognized that the low-ficld mobility is not
the key parameter in determining the characteristics of the device under normal operating conditions. Rather,
analogous to MESFET operation described in Section 15.3, it is the high-field velocity that becomes the critical
parameter when large electric fields exist along the FET channel.

705

707



708

FIELD EFFECT DEVICES

Schottky n*-GaAs D
contact cap layer

GaAs (nominally undoped)
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® Semi-insulating ohmic
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Figure 19.14 The basic MODFET or HEMT structure. (a) Simplified cross section. ®) Selclion
through the transistor bencath the gate and the associated energy band diagram. [Part (b) from Pierret
and Lundstrom %), © 1984 IEEE.|
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boasts the highest current-gain cutoff frequency (>250 GHz) yet reported for a three-
terminal device.

i i i h “T” shape of the gate in
Relative to high-freq! P note the oom or
Fig. 19.15. Atthe ;\uinely submicron gate-lengths fonnd in MOD}’-‘EI‘s, the f,ﬁ;ct :t’ :::1;
sitic resistances often masks intrinsic device p While

“footprint,” the T shape of the gate metallization increases its current-carrying cross-
sectional area and thus reduces its resistance. . )

At present, the MODFET is gradually replacmg_GaAs MESFETs in many :!]vanc;d
commercial and military systems that demand ultra-.kugh per'[ormance. Itis an ‘ld candi-
date for applications involving low-noise amplification at microwave _a.nd nu!lxmct?r wauw:e
frequencies. Although originally conceived as a ultm—hngh-s‘peed digital loglc‘dcw_ce. he
compound-semiconductor MODFET is now considered unlikely to replace Si devices in
the near future.

PROBLEMS
CHAPTER 19 PROBLEM INFORMATION TABLE
i i Short
Complete | Difficulty Suggested ort.

Problem o,:;'rper Iﬁvel Point Weighting Description
19.1 19.2.2 1 15 (1 each part) Quick quiz _
19.2 19.2.2 1 5 (1/2 each answer) | Acronyms and abbreviations
193 19.1.2 2-3 12 (a-5,b-5,¢-2) L . AVy calculations
194 19.2.1 1 10 (2 each part) Identify unique features
19.5 19.22 2-3 30 (5 each part) Summarize journal articles

19.1 Quick Quiz ) .
Answer the following questions as concisely as possible.

(Sl imeion et e gE0ly i X3 o o G meions
modifications in device design. True or false?

(b) Name the three most commonly cited indications of short-channel effects. )

(c) Relative to threshold-voltage modification, how do the short-channel and narrow-width
effects differ? In what ways are they alike?

(d) For a fixed channel length and channel width, name two other MOSFET parameters
that can be adjusted to minimi 11-di ion effects. Also indicate how the pa-

rameters must be adjusted to reduce small-di ion effects.
(e) Name two BJT-like phenomena that have been observed in short-channel MOSFETs.
(F) Describe what happens inside a MOSFET affected by the hot-carrier phenomenon
known as oxide charging.

S o
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MODFET the conduction band offset (AE, ) becomes an electron containment barrier. As
already noted, the AlGaAs is doped to induce an inversion or accumulation layer of elec-
trons at the GaAs surface. (The conducting electron layer is usually referred to as a two-
dimensional electron gas in the MODFET literature.) The AlGaAs layer is also made suf-
ficiently thin so that it is totally depleted under equilibrium conditions by the built-in
potential associated with the Schottky gate contact. Thé resulting uncompensated dopant
ions in the AlGaAs give rise to an energy band diagram very similar to that of a MOSFET
with sodium ions distributed throughout the oxide (compare Figs. 19.14b and P18.7). We
should note that, because AlGaAs/GaAs is a latti hed system, the interface between
the two materials is essentially free of fixed charges and interfacial traps, a prerequisite of
proper device operation.

Although exhibiting p electrical istics similar to those of other FETs
at low current levels, a material-related property of the AlGaAs/GaAs MODFET leads to
a degradation of device performance at moderate and high current levels. Specifically,
above a certain carrier density, the ly small conduction band di inuity at the
AlGaAs/GaAs interface permits channel charge to spill over into the AlGaAs. Conse-
quently, the carrier density in the channel tends to saturate as a function of the gate poten-
tial. Device performance is thereby degraded. Secking a solution to the problem has led to
the devel of two second MODFET structures. In one structure a pseu-
domorphic In, Ga, , As layer is positioned between the AlGaAs and GaAs. The addition of
In to GaAs reduces the semicond band gap and i the AE, i barrier.
The larger AE, in turn permits higher carrier densities to be induced in the InGaAs surface
channel. The cross section of a pseudomorphic MODFET or PHEMT sold commercially
by Hewlett-Packard is reproduced in Fig. 19.15. The other second-generation MODFET
features an alternative latti hed syst 1y, the Al 43 Ing 5, As/Ing 3 Gay o As/
InP system, where InP is the substrate material. The AE, at the AllnAs/InGaAs interface is
approximately two times the conduction band discontinuity of the AlGaAs/GaAs system.

Even though the AlinAs/InGaAs MODFET technology is y it already
D G S
— Au
3_\ ; ; n*-GaAs
n-AlGaAs
| T~ Ohmic contact
I/ R - InGaAs

Flgure 19.15 Cross section of a ially available ic MODFET or PHEMT.
(From the 1993 Hewlett-Packard catals of jcati (o1 d courtesy
of Hewlett Packard Co., Components Group.)
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(g) Why is oxide charging associated with hot-carrier effects more important in short-
channel devices?

(h) How can you tell whether velocity ion is affecting the /p—V), ch istics of
a MOSFET?

(i) Indicate what is meant by ballistic transport.

(j) Indicate what is meant by velocity overshoot.

(k) Describe a popular approach for the oxide chargil bl
(1) What exactly is a pseudomorphic film?

(m) Cite two examples of pseudomorphic films in device structures.
(n) Briefly summarize the SIMOX process.

(o) What is the difference between a MODFET and a HEMT?

19.2 Acronyms and Abbreviations

Indicate what the following yms and iations stand for: LDD, DMOS, SOI,
SOS, ELO, SIMOX, BESOI, BOX, MODFET, and PHEMT.

19.3 (a) Making use of the parameters supplied in the figure caption, compute the expected
L ;o for the Fig. 19.3 device when Vp, = 0.125 V. Assume n*-p drain and source step
junctions and that the source and back are grounded. Comment on your computational
result.

(b) Utilizing Eq. (19.13), what is the AV, expected for the Fig. 19.3 device when
L=1pmand V, =0.125V?

(c) Can Eq. (19.13) be applied to compute an expected AV, for comparison with the
Vp = 4V data? Explain.

19.4 Briefly indicate the unique physical feature of the following transistor structures:

(a) LDD transistors

(b) DMOS

(c) Buried-channel MOSFET

(d) Enhanced-mobility (strained-Si) MOSFET

(e) SOI structures

19.5 Read the following journal articles and prepare a one- to two-page summary of each
article.

(a) 1. 1. Sanchez, K. K. Hsueh, and T. A. DeMassa, “Drain-Engineered Hot-Electron Re-
sistant Device Structures: A Review,” IEEE Trans. on Electron Devices, 36, 1125
(June 1989).

(b) M. . VanderTol and S. G. Chamberlain, “Potential and Electron Distribution Model for
the Buried-Channel MOSFET,” IEEE Trans. on Electron Devices, 36, 670 (April 1989).
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(c) B.S. Meyerson, “UHV/CVD Growth of Si and Si:Ge Alloys: Chemistry, Physics, and
Device Applications,” Proc. IEEE, 80, 1592 (Oct. 1992).

(d) B.S. Meyerson, “Ultrahigh-Vacuum CVD Process Makes SiGe Devices,” Solid State
Technology, 37, 53 (Feb. 1994).

(e) L. Peters, “SOI Takes Over Where Silicon Leaves Off,” Semiconductor International,
16, 48 (March 1993).

(f) L.D. Nguyen, L. E. Larson, and U. K. Mishra, **Ultra-High-Speed Modulation-Doped
Field-Effect Transistors: A Tutorial Review," Proc. IEEE, 80, 494 (April 1992).
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(5) D. K. Schroder, Advanced MOS Devices, Volume VII in the Modular Series on Solid
State Devices, edited by G. W. Neudeck and R. F. Pierret, Addison-Wesley, Reading, MA,
© 1987.
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PART Ill—REVIEW PROBLEM SETS AND ANSWERS

The following problem sets were designed a knowledge—at times an integrated
knowledgc—of the subject matter in Chapters 16— 18 of Part [IL. The sets could serve as a
review or as a means of evaluating the reader’s mastery of the subject. Problem Set A was
adapted from a one-hour “open-book™ examination; Problem Set B was adapted from
a one-hour “closed-book™ examination. An answer key is included at the end of the
problem sets.

Problem Set A
Probiem A1

The energy band diagram for a p-Si/SiO,/n-Si (SOS) capacitor under flat-band conditions
is given below. To achieve the pictured state, there must of course be a non-zero voltage
applied to the SOS-C gate. The SOS-C is ideal except for a non-zero workfunction differ-
ence. T = 300 K, N, (p-side) = 10'S/cm?, Np (n-side) = 10'S/cm?, n; = 10%cm?, x, =
5 X 10~%cm, and Ag = 10-3 cm?,

T ——

2] What is the voltage being applied to the p-Si/SiO,/n-Si SOS-C to achieve the pictured
flat-band condition? Give both the polarity and magnitude of V.

(b) Sketch the energy band diagram and the iated block charge di for the SOS-C
when a large positive gate voltage (say V; > 5 V) is applied to the device. Add descrip-
tive words to your sketches as necessary to forestall a misinterpretation of your answer.

(c) Sketch the energy band diagram and the associated block charge diagram for the SOS-C
when a large negative gate voltage is applied to the device.

(d) Make a skeitch of the high-frequency C-V,; characteristic to be expected from the
S0S-C described in this problem. Explam how you arrived at your C~Vj; sketch.

(e) Invoking the delta-depleti it d the ex-

SUPPLEMENT AND REVIEW "

‘ REVIEW LIST OF TERMS
Defining the following terms using your own words provides a rapid review of the Part IlI
material.
(1) field effect (41) n-channel, p-channel
(2) J-FET (42) saturation (of MOSFET /p-Vp)
| (3) DRAM (43) linear (triode) region
{4) CCD (44) threshold voltage
(5) MOSFET (45) effective mobility
(6) CMOS (46) bulk charge
(7) MODFET (47) subthreshold transfer ch istic:
(8) MESFET (48) overlap capacitance
(9) MOS-C (49) self-aligned gate
(10) source (50) flat-band voltage
(11) drain (51) mobile ions
(12) gate (52) fixed charge
(13) channel (53) interfacial traps
(14) pinch-off (54) trapped charge
(15) Ip-Vy, saturation (55) bias-temperature (BT) stressing
(16) gradual channel approximation (56) phosphorus stabilization
| (17) square-law relationship (57) chlorine neutralization
(18) drain conductance (58) oxidation triangle
(19) transconductance (59) donor-like trap
(20) MMIC (60) acceptor-fike trap
(21) D-MESFET (61) dangling bonds
(22) E-MESFET (62) postmetallization annealing
(23) long channel (63) hydrogen-ambient annealing
(24) short channel (64) “hardened” oxides
(25) MIS (65) negative-bias instability
{26) bulk (66) enhancement mode MOSFET
(27) block charge diagram (67) depletion mode MOSFET
(28) accumulation (68) gate-oxide
(29) flat band (MOS) (69) field-oxide
¢ (30) depletion (MOS) (70) body effect (substrate-bias effect)
it (31) inversion (71) oxide charging
(32) weak inversion (72) ballistic transport
(33) strong inversion (73) velocity overshoot
(34) surface potential (74) LDD
(35) delta-depletion approximation (75) DMOS
(36) oxide capacitance (76) pseudomorphic
(37) semiconductor capacitance (77) so1
(38) quasistatic technique (78) SIMOX
4 (39) deep depletion (79) modulation-doped
E (40) total deep depletion (80) PHEMT
SUPPLEMENT AND REVIEW 719
' Problem A2
Refer to Fig. 17.10 in Subsection 17.2.4. For the purp of this probl id

the characteristics plotted in the figure to be experimental characteristics of a MOSFET

under test.

(a) Completing the figure below, iy sketch the i ion layer and depletion region
inside the given MOSFET corresponding to the biasing point of Vg = V, = 5 V. Also
insert the doping type of the source and drain islands.

S D
(b) Invoking the square-law relationships, and making use only of the plotted characteris-

tics (ignore the figure caption information), roughly determine the MOSFET threshold
voltage (V). Explain how you arrived at your answer.

(c) Given only the parametric values in the figure caption (ignoring the characteristics
themselves), what is the expected MOSFET threshold voltage (V;)?

(d) Making use only of the plotted ct istic: 84 if the g
point of the MOSFET is Vg = 5 V, V,, = 0. Indicate hcw you amved at your answer

(e) Determine g, if the quiescent operating point of the MOSFET is Vg = Vp = 5 V.
Indicate how you arrived at your answer.

Problem A3
The three parts of this problem are slmllar A pmr of MOS-Cs are taken to be identical
except for one physi The phy causes a voltage displacement

of the C-V characteristics derived from the two devices as illustrated below. Defining
8V = Vg~ Vg, Where Vi, and Vi, are the flat-band gate voltages of devices #1 and
#2 respectively, your job in each case will be to determine 3V;.

Ve

(a) Two MOS-Cs are identical in every way except device #1 has an aluminum gate while
device #2 has a gate made of gold. Determine the expected value of 8V;. Record
your work,
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(b) Two MOS-Cs are identical in every way cxcept device #1 is fabricated on a (100)-
oriented Si surface and device #2 is fabricated on a (111)-oriented Si surface. In both
devices the interfacial trap charge is negligible (Qr = 0). Also, both devices were
annealed in N, after a dry O, oxidation to minimize the fixed charge. Assuming C, =
3 X 10~ farads/cm?, d ine (approxi y) the d value of 8V;. Record
your work.

{(c) Two MOS-Cs are identical in every way except the Na* ions in device #1 are all piled
up right at the metal-oxide interface, while in device #2 the Na* ions are all piled up
right at the oxide—semiconductor interface. Taking C, = 3 X 10~% farads/cm? and
QOu/q = 5 X 10'"/cm?, determine the expected value of §V,. Record your work.
NOTE: You are to assume 3-function type ionic distributions in working this problem.

Problem Set B
I.  MOS Fundamentals

A torally di d energy band di for an M"0"S-C recently fabricated in a re-
search laboratory is shown below. (The “O” is actually ZnSe and the semiconductor is
GaAs.) The device is maintained at T = 300 K, kT/g = 0.0259 V, n; = 2.25 X 10%cm?,
Ks = 12.85, Ko = 9.0, and x, = 0.1 gm. It has also been established that Oy, = 0,
Q@ = 0, and @y = 0. Use the cited energy band diagram and the given information in
answering Problems 1-10.

0.76 eV :[0.37 eV 0.14 eV
» E‘:
——'— Ep T
0.7t eV
T
E,
1.08ev
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(6) For the pictured condition the M**0”S-C is
(a) Accumulated.
(b) Depleted.
(c) Invested.
(d) Biased at the depletion-inversion transition point.
(7) What is the metal-semiconductor workfunction difference (Pms)?
(a) =039V
®) -025V
@©oVv
@) 025V
(e) 0.39V
(8) What voltage must be applied to the gate to achieve flat-band conditions?
(@) -039V
(®) —0.25V
@©oVv
@025V
(e) 039V

(9) Invoking the delta-depletion approximation, determine the normalized low-frequency
ll-signal i C/C,, at the pictured bias point.

(@) 0.25
(b) 0.41
(c) 0.56
(d) 0.83
(10) As noted in the energy band figure, a is the distance from the *“oxi " —semiconductor
interface to the quasincutral semiconductor bulk. Determine the Jength of a at the
pictured bias point.
() 0.112 um
(b) 0.205 um
(c) 0.428 um
(d) 0.813 um
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(1) Sketch the electrostatic potential (¢) inside the semiconductor as a function of posi-
tion. (Let ¢ = 0 in the semiconductor bulk.)

¢

(2) Roughly sketch the electric field (%) inside the semicunductor as a function of
position.

(3) Do equilibrium conditions prevail inside the semiconductor?

(a) Yes

(b) No

(c) Can’t be determined
@) Np=2

(a) 4.03 X 102%cm?

(b) 8.13 X 10%/cm?

(©) 1.00 X 10%%/cm3

(d) 5.01 X 10%/cm?
(5) Vg=2

(@) —0.57Vv

(b) —0.39V

©oV

(d) 039V

(€ 057V

SUPPLEMENT AND REVIEW

Il. MOSFET

A standard MOSFET s fabricated with ps = —0.89 V, Oy = 0, O = 0, Qplg = 5 X
10'%/cm?, x, = 500 A, Ag = 10~3 cm?,and N, = 10'S/cm?. Assume T = 300 K.
(1) Determine the flat-band gate voltage, Vig.

@ —2.05V

) -1.01V

(c) —0.89V

@ov

(12) Determine the gate voltage at the onset of inversion, |28
(@ —1.01V
() —021V
{c) 0.80V
d) 181V

(13} The given MOSFET is
(a) An enhancement-mode MOSFET.
(b) A depletion-mode MOSFET.
(c) A built-in channel MOSFET.

(14) If the internal condition inside the MOSFET is as shown below to the left, identify
the corresponding operational point on the /-y, characteristic at the right.

"o

(15) At Vg — Vo =3 Vand V5, = 1 V the MOSFET exhibits a drain current of /,, =
2.5 X 1074 amp. Using the sq law formulation, d the drain current if
Vo= Ve=3VandVy=4V.

(a) 3.5 X 10~*amp
(b) 4.0 X 10~%amp
(c) 4.5 X 10~*amp
(@) 1.0 X 10~3 amp

721

723

R3



FIELD EFFECT DEVICES

. True or False

(16) The “field effect” is the phenomenon where carriers are accelerated by an electric
field impressed parallel to the surface of the semiconductor.

(a) True
(b) False
(17) The electron affinity (x) of a semiconductor is the difference in energy between the
vacuum level and E, at the surface of the semiconductor.
(a) True
(b) False
(18) The “quasistatic technique™ is employ
C-V characteristics.
(a) True
(b) False

d in measuring the low-frequency MOS-C

(19) The nonequilibrium condition where there is a deficit of minority carriers and a de-
pletion width in excess of the equilibrium value is referred to as “deep inversion.”

(a) True
(b) False
(20) The voltage shift due to mobile ions in the oxide is at a minimum when the ions are
located midway between the gate and semiconductor.
(@) True
(b) False
(21) The interfacial trap charge (Qyr) is typically a function of the applied gate voltage.
(a) True
(b) False
(22) The “bulk-charge™ theory for the d.c. characteristics of a MOSFET derives its name

from the fact that, in this theory, one properly accounts for changes in the “bulk” or
depletion-region charge bereath the MOSFET channel.

(a) True
(b) False

(23) Let g, be the drain or channel conductance of a MOSFET. By definition, at low fre-
quencies gy = 3/p/dVg1ypm constant*
(a) True
(b) False

726 FIELD EFFECT DEVICES

(d) When V; > 0, both semicond p are d. Thus C
C,, at large positive gate biases. When V; < 0, the two semiconductors components
first deplete and then invert. Inversion occurs at the same bias voltage for the two sides
of the SOS-C because N, (p-side) = Np(n-side). The high-frequency capacitance is
heref pected to hly d to Cpy;, at large negative biases. As sketched
below, the deduced characteristic should look very similar to a standard n-bulk high-
frequency MOS-C C-V curve.

Vo

(e) Reflecting on the answers to previous parts of the problem, particularly part (c), we are
led to model the SOS-C as three capacitors in series. In the equivalent circuit for the
S0S-C shown below, Cg,, and Cs, are respectively the p- and n-side semiconductor

o}

Csp Co Csn

Because N, (p-side) = Ny (n-side), Cg, = Cs, = Csand

1 1 1 1 1 2
— =ttt ==+ =
C C G G, G G
or
c==-CC __C% __ G
Cs + 2C, l+£q l_'_21((,W
“Cg Kgx,

The minimum capacitance occurs under inversion biasing where W = W Performing
the indicated computations gives

i
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(24) The mobility of carriers in surface inversion layers or channels is typically lower
than the bulk mobility of the same carriers because of the added scattering associated
with the depletion region charge.

(a) True
(b) False
(25) :n m;d:m-day MOS structures the “M™ in MOS is often heavily doped polycrystal-
ine Si.
(a) True
(b) False

Answers—Set A
Problem A1

1 1
@ Vo= Fon = Bep) = (B = ) +(E, = Erp)) ="7T (In(Np/n;) + In(Ny/m)]
= 2(0.0259) In(10'5/10'%) = 0.596 V

®)

Accumulstion
Inyer of holes

x

Accumulation
tayer of clectrons

p-Si O nsSi

© Holes
W

Tonized ]

aceeplors

Electroas
(inversion layer)

pSi O aSi

SUPPLEMENT AND REVIEW
kT
Pp = ? In(N,/n;) = (0.0259) In(10'3/10'%) = 0.298 V

173
_ | 2Ks& "z_ 2(11.8)(8.85 X 10-')(0.596) |~ _ s
Wy = [ aN, (2¢p)] = -—_——_(1.6 X 10-5y10'5) 8.82 X 10=% cm

(3.9)(8.85 X 10719)(10-3)

_ KogoAs _
(5 X 1079

xo

Co = 69.0 pF

and

Co  _ 69.0
min |+ KW T 23.9)(8.82 X _10-9)
Ksx, I1L8)G X 10-9

= 545 pF

Problem A2
(a) When Vg = Vp, = 5 V the MOSFET is biased above pinch-off.

Pinched-off region

Inversion layer

Depletion region
outline \

(b) In the square-law theory, Vi, = Vg — Vi or Vp = Vg — Vp,,. From an inspection
of the V; = 5 V characteristic in Fig. 17.10, we estimate Vp,, = 4 V. Thus Vp =
5—4=1V.

(c) Since V. = Vi for the given device (the 3
ideal device),

d an

istics were g

ép = %‘ln(NAlni) = (0.0259) In(10'$/10'%) = 0.298 V
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and

Ksx, [4gN,
V, =24, 4 —sFe [Z7a
™= 24 Ko V Kseo ' "

= 2(0.298) +

=19 15
(11.8)(5 X 10 9) ‘/(4)(1.6 X 10~'9)(10! )(0‘298) =080 V

(39) (11.8)(885 X 10-'%)

(d) Since gy = 81,/aVpy,. it follows that g, can be deduced from the slope of the appro-
priate V; = constant [~V ck istic evaluated at the V,, operating point. Specifi-
cally, the slope of the Vg = 5 V charxcteristic in Fig, 17.10 evaluated at V,, = 0 yields

2= (3.0 X 10-3 A)(23 V) = 130 X 10-3§

(e) Inspecting the device characteristics, we find the MOSFET is saturation biased when
Vg = Vp = 5 V. When biased above pinch-off, g,, = (Z&,C,/L)Vy,,, using either the
square-law or bulk-charge entry in Table 17.1. Vp,,, =4 V when Vg = 5V as noted in
answering part (b). Also

_ Koeo _ (39885 X 1071 _

= -8 2
C, x,, S X 109 6.90 X 10-% F/em
Thus
e -8
8 = Z;;.LHCg Vou = (70)(550)(6.97 X 10-5@) _ 152 X 10-3 §
Problem A3

As can be inferred from Eq. (18.17), or as Eq. (18.20) states explicitly,

[¢] [ )]
VFB=¢MS_%:_MT’YM‘_"T

o
This basic relationship is employed in all three parts of the problem.
(a) The material used to form the gatc only affects ¢y Consequently,
8V = Vg — Veme = d’Msl,\. - ¢Msl~,
or, since (E, ~ Eg)gp is the same for both devices,
1
3V = 7 (@ = X = (P4 = XDl
=-003V -082V=-08YV

FIELD EFFECT DEVICES

{2) ... % is proportional to the slope of the bands.

K3

(3) a. .. The device is zero biased; thus the semiconductor must be in equilibrium. Eg is
indeed shown energy independent inside the semicond!

@b...Np=nmelr— BT = (225 X 10605700259 = 8,13 X 10'S/cm?,

(5)¢...PerEq. (16.1), Vg = —(1/g)[Eg(metal) — Ep(semi)] = 0.
©)b
N d...dys = UQ[Py — X' = (E. — Ep)epl =076 — 037 — 0.14 =025V
@) d...Since Oy = Qr = Qi = 0,AV5 = (Vg — Viisame ¢s = Pums™

Under flat-band conditions Vg, = 0 and Vg = Vg = @y = 025 V.
(9) c. .. The delta-depletion analysis gave (Eq. 16.37),

c 1

Co VIt Vv,

It should be pointed out that V, not V, was actually used in text Eq. (16.37). How-
ever, an ideal was d throughout Chapter 16 (all the V in Chapter 16
are in reality V(). As noted in the answer to Problem 8, AV = (Vg — Vg)jame g5 =
$ps- Since Vi = 0 for the pictured bias point, the corresponding Vg = — dys.

v = 9K (L6 X 10" 1)(1285(10-SF@.13 X 10 _ 0\ o
b T2Kke O (2)(9)%8.85 % 10-'4) :
c 1
= —— = 056
A
0.117

(10) a. .. The quantity a is of course just the depletion width W. Since C/C,, was deter-
mined in Problem 9, W can be computed using Eq. (16.34b).
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The @y, ~ x’ for Al was noted in the Fig. 18.3 caption, while the ., — v’ for Au i
listed in Table 18.1. ¢ i W BrAnE

(b) In general the silicon surface orientation affects both Qi and Q.. However, the prob-
lem statement indicates Q. = 0. Thus here

Vo= Vg = Ve = - 1 &
Co 100) Cﬂ iy

As r.ead from Fig. 18.9(b), there is a residual Qrlg = 2 X 10'Y/cm? in the MOS-C
fabnlcaled on a (111)-oriented Si surface. Moreover, it was pointed out in the text dis-
cussion that Qp is approximately three times smaller on (100) surfaces. (Similar obser-
vations were made in Exercise 18.5.) We can therefore write

20 (2)(1.6 X 10-9)2 x 10)
Vg = = =E - @6 X 10719 x 10m) _
°7s C aiy (33 X 10-8) 071V

(c) Being identical except for the sodium ion distribution, the flat-band voltages of the two
MOS-Cs will exhibit the voltage displacement

4+ Qury

Vo = Vi) = Vigp = —
”l Cn

Oumru
C,

°

”

As discu;sed‘m Subsection 18.2.6, 7y = 0 if the ions are piled up adjacent to the
meta}l—oxnde interface, whereas vy, = 1 if the ions are piled up adjacent to the oxide—
semiconductor interface. With vy, = 0 and vy, = 1,

[¢] 1.6 X 10-'9(5 x 10"
5V0=FM=_‘( it l0)=2.67v

(3 X 10-8)

Answers—Set B

(1) ... ¢ has the same shape as the *“upside down” of the bands.

¢
0 M *
R3
SUPPLEMENT ANP REVIEW 731
< _ 1
Co - (Kow)
Ksx,
K C (12.85)(10-%)
W= -5 =0 _ EAR b A LS - =
e xo( C l) © 1 0.112 um
- O % _ Qe
(I b... V= - =F = - o _ KF
) ' = Pus . Pus TRy g
= 089 - (1.6 X 10-19)(5 X 10-5)(5 x 10'%)
’ (3.9)8.85 X 10-14)
=-101V
(2)b... Vo= Vo + Vg
' K, 4gN,
Vi = 5y, [E0a
T = 2¢¢ + Koxo Ks%‘i’P
kT (N 1015
=-~~In[~2) = —] =
b 7 n( "i) 0.0259 ln(lo‘o) 0.298 V
-6 -19 w2
V2 = 2(0.298) + (LLBG X 1079 [(@)16 X 10-19)(10'%)0.298)
39 (11.8)(8.85 x 10-'4)
=080V
V: =080 - 1.01 = -021V
(13) b... Since the MOSFET conducts for Vi > V, the device is “on” at Vg=0andis
therefore a depletion-mode MOSFET.
(14) D.... The MOSFET channel is shown just being pinched off. This corresponds to the
start of saturation, point D.
(15) c...If Vg — Vp =3 Vand V, = 1V, the MOSFET is biased below pinch-off and,
in the square-law formulation,
2E,C, v
I = _”z - [(Va - Vo - _ZE:I
or
Za,C. Ip 25 X 10-4
Zhno o = = 10-4 2 R3
L (Vo- VolVp - V32 3 -05 = 107" ampsivol
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When Vg — Vo =3 Vand V;, = 4 V, the device is saturation biased, and

- lo-‘ 3 2
= Hala (v, - v = E00

To = Iow = 2

=45 X 10~ amps
16 b in a 18y a LR (20 b
@la @2) a @b @b @5) 2

APPENDIX A
104 T ‘ T T
108~ Rayleigh-Jeans Law -1
(7= 2000 K)
10— -1
g
kS
g
2
g 10— -
2
s
g
s
L -
<
g
i
[
10— 1
103~ -1
10

A (um)

Figure A.1 Wavelength dependence of the radiation emitted by a blackbody heated to 300 K,
1000 K, and 2000 K. Note that the visible portion of the spectrum is confined to wavelengths 0.4 gm
= A5 0.7 um. The dashed line is the predicted dependence for T = 2000 K based on classical
considerations.

shown as a dashed line in Fig. A.1. As is evident from Fig. A.1, the classical theory was in
reasonably good agreement with experimental observations at the longer wavelengths.
Over the short-wavelength portion of the spectrum, however, there was total divergence
between experiment and theory. This came to be known as the “ultraviolet catastrophe,”

since i ion over all lengths th ically predicted an infinite amount of radiated
energy.

in 1901 Max Planck provided a detailed theoretical fit to the observed blackbody spec-
trum. The explanation was based on the th tling hypothesis that the vibrating atoms
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ELEMENTS OF QUANTUM MECHANICS

Before progressing to the modeling of carriers in a crystal, one first must be able to describe
the electronic situation inside an isolated icond atom. Unfi the “every-
day” descriptive formalism known as ¢l | (Newtonian) ics yields i

results when applied to the electrons in semiconductor atoms or, more generally, when
applied to any system with atomic dimensions. The mathematical formalism known as
Quantum Mechanics must be employed in treating atomic dimension systems. Quantum
mechanics is a more precise description of nature that reduces to classical mechanics in the
limit where the masses and energies of the particles involved are large.

The first section of this appendix contains a discussion of key observations and asso-
ciated analyses leading to the d P of hanics. This is followed by a
brief survey of the basic quantum mechanical formalism. The final section contains a sum-
mary of the quantum mechanical solution for the electronic states in atoms—the informa-
tion needed for the eventual modeling of carriers in a crystal.

A.1 THE QUANTIZATION CONCEPT
A.1.1 Blackbody Radiation

It is a well-known fact that a solid object will glow or give off light if it is heated to a
sufficiently high temperature. Actually, solid bodies in equilibrium with their surroundings
emit a spectrum of radiation at all times. When the temperature of the body is at or below
room h , the radiation is almost ively in the infrared and therefore
not detectable by the human eye. For an ideal radiator, called a blackbody, the spectrum or
wavelength dependence of the emitted radiation is as graphed in Fig. A.1.

Various attempts to explain the obscrved blackbody spectrum were made in the latter
half of the nineteenth century. The most successful of the arguments, all of which were
based on classical hanics, was proposed by Rayleigh and Jeans. Heat energy absorbed
by a material was known to cause a vibration of the atoms within the solid. The vibrating
atoms were modeled as harmonic oscillators with a spectrum of normal mode frequencies,
v = w/2m, and a continuum of allowed energies distributed in d with statistical

i ions. The emitted radiation was in essence equated to a sampling of the energy
distribution inside the solid. The Rayleigh-J “law™ lting from this analysis is

ELEMENTS OF QUANTUM MECHANICS

in a material could only radiate or absorb energy in discrete packets. Specifically, for a
given atomic oscillator vibrating at a frequency », Planck postulated that the energy of the
oscillator was restricted to the quantized values

E, = nhv = nfiw n=01,2:- (A1)

An h value of 6.63 X 10~ joule-sec (A = h/2m) was obtained by matching theory to
experiment and has subsequently come to be known as Planck’s constant,

The point to be learned from the blackbody discussion is that, for atomic dimension
systems, the classical view, which always allows a i of ies, is y
incorrect. Extremely small discrete steps in energy, or energy quantization, can occur and
is a central feature of quantum mechanics.

A.1.2 The Bohr Atom

Another experimental observation that puzzled scientists of the nineteenth century was the
sharp, discrete spectral lines emitted by heated gases. The first step toward unraveling this
puzzle was provided by Rutherford, who advanced the nuclear model for the atom in 1910.
Atoms were viewed as being composed of electrons with a small rest mass mgand charge
— q orbiting a massive nucleus with charge +Z2g, where Z was an integer equal to the
number of orbiting electrons. Light emission from heated atoms could then be associated
with the energy lost by electrons in going from a higher-energy to a lower-energy orbit.
Classically, h . the electrons could assume a continuum of energies and the output
spectrum should likewise be continuous—not sharp, discrete spectral lines. The nuclear
model itself posed somewhat of a dilemma. A ding to classical theory, wh a
charged particle is accelerated, the particle will radiate energy. Thus, based on classical
arguments, the angularly accelerated electrons in an atom should continuously lose energy
and spiral into the nucleus in a relatively short period of time.

In 1913 Niels Bohr proposed a model that both resolved the Rutherford atom dilemma
and explained the discrete nature of the spectra emitted by heated gases. Building on
Planck’s hypothesis, Bohr suggested that the electrons in an atom were restricted to certain
well-defined orbits, or, equivalently, assumed that the orbiting electrons could take on only
certain (quantized) values of angular momentum L.

For the simple hydrogen atom with Z = 1 and a circular electron orbit, the Bohr pos-
tulate can be expressed mathematically in the following manner:

L, = mr, = nk n=1213 - (A2)

where m is the electron rest mass, v s the linear electron velocity, and r, is the radius of
the orbit for a given value of n. Since the electron orbits are assumed to be stable, the
centripedal force on the electron (mgv?/r, ) must precisely balance the coulombic attraction
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(g*/4meyr,? in rationalized MKS units) between the nucleus and the orbiting ¢lectron.
Therefore, one can also writc

mg? ¢

= (A3)
4mregr,?

rl!

where g is the permittivity of free space. Combining Egs. (A.2) and (A.3), one obtains

= 4mrey (o) (A4
n )
moq

Next, by examining the kinetic energy (K.E.) and potential energy (P.E.) components of
the total electron energy (E,) in the various orbits, we find

KE. = % mg? = % (g*/4mseyr,) (A5a)
and
PE. = —g¥ameyr, (PE st =0at r = ) (A.5b)
'I"hus
1
E, = KE. + PE. = -3 (g*lamre,r,) {A.8)
or, making use of Eq. (A.4),
o __mgt 136 . @an
Y7 e ¢

The electron volt (eV) introduced in Eq. (A.7) is a non-MKS unit of energy equal to
1.6 X 10~ joules. .

With the electron energies in the hydrogen atom restricted to the values specttlied by
Eq. (A.7), the light energies that can be emitted by the atom upon heating are now discrete
in nature and equal to £, — E_, n’ > n. As summarized in Fig. A.2, the allow_ed energy
transitions are found to be in excellent agreement with the observed photo-energies.

Although the Bohr model was i ly ful in explaining the hydrogen spec-
tra, numerous attempts to extend the “semi-classical” Bohr analysis to more cox‘nplex at-
oms such as helium proved to be futile. Success along these lines had to await funher
devel of the h formalism. the Bohr analysis rein-
furcedtlhe concept of energy q ion and the dant failure of

APPENDIX A

matter (an atom, an electron) is totally particle-like in nature. A different situation arises in
treating the photoelectric effect—the emission of from the ill d surface of
a material. To explain the photoelectric effect, as argued by Einstein in 1905, one must
view the impinging light to be composed of particle-like quanta (photons) with an energy
E = hv. The particle-like properties of electrc ic radiation were later solidified in
the explanation of the Compton effect. The deflected portion of an x-ray beam directed a
solids was found to undergo a change in frequency. The observed change in frequency was
precisely what one would expect from a “billiard ball” type collision between the x-ray
quanta and electrons in the solid. In such a collision both energy and momentum must be
conserved. Noting that £ = hv = mc?, where m is the “mass” of the photon and ¢ the
velocity of light, the momentum of the photon was taken to be p = mc = hv/c = hi),
A being the length of the el gnetic radiation.

By the mid-1920s the wave-particie duality of electromagnetic radiation was an estab-
lished fact. Noting this fact and the general reciprocity of physical laws, Louis de Broglie
in 1925 made a rather interesting conjecture. He suggested that since electromagnetic ra-
diation exhibited particle-like properties, particles should be expected to exhibit wave-like
properties. De Broglie further hypothesized that, paralleling the photon momentum cal-

lation, the length ch: istic of a given particle with momentum p could be

computed from'

. . . de Broglie hypothesis (A.8)

Although pure conjecture at the time, the de Broglie hypothesis was quickly substan-
tiated. Evidence of the wave-like properties of matter was first obtained by Davisson and
Germer from an experiment performed in 1927, In their experiment, a Jow-energy beam of
electrons was directed perpendicularly at the surface of a nickel crystal. The energy of the
electrons was chosen such that the length of the el as d from the
de Broglie relati ip was p le to the t-neighbor di between nickel
atoms. If the electrons behaved as

simple particles, one would expect the electrons to scatter
more or less randomly in all directions from the surface of the nickel crystal (assumed to
be rough on an atomic scale). The angular distribution actually observed was quite similar
to the interference pattern produced by light diffracted from a grating. In fact, the angular
positions of maxima and minima of electron i ity could be predicted using
the de Broglie wavelength and assuming wave-like reflection from atomic planes inside the
nickel crystal. Later experiments performed by other researchers likewise confirmed the
inherent wave-like properties of heavier particles such as protons and neutrons.

In summary, then, based on experimental evidence—a portion of which has been dis-

*Use of the symbol p to represcnt the momentum of a particle is confined to this appendix. Throughout the
remainder of the text p is defined as the hole ion (initially i in ion 2.3.3).

f
u

191

EL OF QUAI
E
=V}
Eu 0
£ I -0.54
£ Ty -0.85
£, -1.51
Paschen
series
[ / -340
Balmer
serics
£ Al -136
Lyman
series

Figure A.2 Hydrogen atom energy levels as predicted by the Bohr theory and the transitions cor-
ding to i i) observed, spectral lines.

in dealing with systems on an atomic scale. M , the of angula.r
tum in the Bohr model clearly extended the quantum concept, seemingly suggesting a gen-
eral quantization of atomic-scale observables.

A.1.3 Wave-Particle Duality

An interplay between light and matter was clearly evident in the blackbody and ?ohr a'tom
discussions. Those topics can be treated, h , without disturbi: !hc " 1 view-
point that electromagnetic radiation (light, x-rays, etc.) is totally wave-like in nature and
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cussed herein under the headings of blackbody radiation, the Bohr atom, and the wave-
particle duality is led to that classi ics does not ly de-
scribe the action of particles on an atomic scale. Experiments point to a quantization of
observables (energy, angular momentum, etc.) and to the inherent wave-like nature of all
matter.

A.2 BASIC FORMALISM

The accumulation of experimental data and physical planations in the early
century that were at odds with the classical laws of physics emphasized the need for a

revised ion of h In 1926 Schrddinger not only provided the quired
revision, but established a unified scheme valid for describi g both the mi pic and
pic uni . The formulation, called wave mechanics, i d the physical

notions of quantization first advanced by Planck and the wave-like nature of matter hy-
pothesized by de Broglie. It should be mentioned that at almost the same time an alternative
formulation called matrix mechanics was ad d by Heisenberg. Although very different

ical the two formulations were later shown to be precisely

in their math ori

equivalent and were merged under the general heading of quantum mechanics. Herein we

will restrict Ives to the Schridinger wave ical description, which is somewhat

simpler mathematically and more readily related to the physics of a particular problem. Our

general approach will be to present the five basic postulates of wave mechanics and to
b: ly discuss the postulates to provide some insight into the formulation.

For a single-particle system, the five basic postul: f wave mech are as follows:

(1) There exists a wavefunction, ¥ = W(x, , z 1), from which one can ascertain the dy-
namic behavior of the system and all desired system variables, ¥ might be called the

“describing function” for the system. Math W is permitted to be a compl,

quantity (with real and imaginary parts) and will, in general, be a function of the space
coordinates (x, y, z) and time 1.

(2) The ¥ for a given system and specified system constraints is determined by solving the

equation,
A2 k¥
“om VY + Uy, ¥ = e (A9)

where m is the mass of the particle, U is the potential energy of the system, and
i = V-1 Eq. (A9) is referred to as the time-dependent Schréding; ion, or
simply, the wave equation.

(3) ¥ and V¥ must be finite, continuous, and single-valued for all values of x, y, z and .
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(4) If ¥* is the complex conjugate of W, W*¥ d¥ = |¥|? d¥ is to be identified as the
probability that the particle wil} be found in the spatial volume element 4. Hence, by
implication,

L Yy = | (A.10)

where [ indicates an integration over all space.

(5) One can iatc a unique math ical op with each dynamic system variable
such as position or momentum. The value—or, more precisely, the expectation value—
of a given system variable is in turn obtained by “operating” on the wavefunction.
Specifically, taking « to be the system variable of interest and a, the associated mathe-

matical op: , the desired ion value, (), is p from

(a) = L Vo, VdV (A1)
The unique math ical operator d with a given system variable has been
established by requiring the wave mechanical exp value to h the corre-
sponding value derived from classical hanics in the large igh gy limit,
An abbreviated listing of dynamic variables and iated op is p d in
Table A.1.

The solution of problems using wave
Subject to the constraints (boundary conditi

is in principle quite straightforward.
inherent in a problem and the additional

Table A.1_Dynamic Variable/Operator Correspond
Dynamic Mathematical
Variable () Operator (@) Expectation Value—(a)
L%z « b ¥4 (x)= L VW dY
fx 372 © fix,y,2)
hahatha _ I L oY
PurPyrPr e Tox ray iaz =, ¥ i ax av
E - ks
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For any single-particle system with a fixed total energy E, the position and time coor-
dinates can be separated yielding a general solution of the form

V(x yz 1) = ¢&x y e~ En (A.12)

Direct substitution of Eq. (A.12) into Eq. (A.9), and the subsequent simplification and
rearrangement of the result, gives

vy + 2,'—';‘[5 - Uy W =0 (a13)

Eq. (A.13), which must be solved to obtain ¢(x,  2), is known as the time-independent
Schridinger equation.

In the hydrogen atom m = mg and the — g electron is el ily d to the
+4¢ nucleus at the origin of coordmatzs As noted in the Bohr analysis, the potennal energy
iated with the el is
U= - i (A.14)
4mweyr

where r =\/x¥ + y2 ¥ z2is the distance from the nucleus. Thus the equation to be solved
takes on the specific form

2y + 2"'“(5 + L )w =0 (A.15)

4regr,

In principle one could seek a solution to Eq. (A.15) employing Cartesian (x, y, z) coordi-
nates. However, given the spherically symmetric nature of the potential energy, it is more

to employ spherical (7, 8, ¢) di In spherical the desired
wavefunction solution becomes ¢(r, 8, ¢) and

Lof o0 U af. oy 1 2y
2y = =2 p2¥) 4 2 = —= ’
v (' Br) ¥ i 36 (s'“aaa N e

Equation (A.15) can be solved using the ion-of-variables where one
assumes the wavefunction can be written as the product of three functions separately de-
pendent on 1, 8, and ¢. The procedure yxelds an ordered set of bound-state (E < 0) wave-
function solutions. Arising from the sep and d with each solu-
tion, there is a unique group of three bers. The dard symbols, allowed
values, and full names of the three parameters are as follows:

ELEMENTS OF GUANTUM

d by postulates 3 and 4, one solves Schrddinger’s equation for the system
wavefunction ¥. Once ¥ i is known, system variables of interest can be deduced from
Eq. (A.11) per the postulate § recipe. The straightforward approach, however, is often dif-
ficult to implement. Except for simple problems of an idealized nature and a very select
number of practical problems, it is usually impossible to obtain a closed- form solntion 10
Schrddinger’s equation. Nevertheless, in many probl the i d on the
solution can be used to deduce information about the system variables, nc(ably the allowed
system encrgles, without actually solving for the systcm function. Another

pproach is to use expansions, trial (app functi or limiting: solu-
tions to deduce information of i mmrcst
Finally, a comment is in order concerning the “derivation” of Schrddinger's equation
and the origin of the other basic p Aldwugh llent th ical can
be presented to justify the form of the equati dinger’s is 11
empirical relationship. Lnke Newlon S| laws, Schrﬁdmger S equauon and the other baslc pos-
tulates of description of the
physical world extrapolated from specific empmcal observations. Relative to the validity
of the formulation, it can only be stated that, whenever subject to test by experiment, the
dictions of the h formulation have been found to be in agreement
wuh observations to within the limit of experimental uncertainty, which in many cases has
been extremely small,

A3 ELECTRONIC STATES IN ATOMS

We ine here the ication of the h formalism to the hydrogen
atom and the solution results for atoms in general. It should be reiterated that the overall
goal of the appendix is to provide information about the electronic states in isolated semi-
conductor atoms as a prelude to the eventual modeling of carriers in a semiconductor
crystal. The hydrogen atom is the logical place to begin the quantum mechanical analysis
because it is the simplest of atoms and because results can be compared with the semi-
classical Bohr solution. Although the hydrogen atom analysis yields a complete closed-
form solution, the treatment and solution are hardly trivial. We will only indicate the
solution procedure and review key results. Information about the electronic states in multi-
electron atoms is extrapolated from the hydrogen atom results.

A.3.1 The Hydrogen Atom

The hydrogen atom consists of a relatively massive nucleus with charge + ¢ surrounded by
an electron with charge — ¢. With little error, the nucleus can be considered fixed in space
and the problem reduced to a single particle system (the electron) that is assumed to have
a fixed total energy E. In other words, the hydrogen atom is taken to be isolated in space
and not subject to any perturbations that could lead to a change in the total energy.

EL OF QUANTUM
n=123" . principal quantum number
1=012"'-n-1 . azimuthal quantum number

m=-ltw!l . magnetic orbital quantum number

The ¥/, (% 6, ¢) solutions corresponding ton = 1 and n = 2 are presented in Table 5.2
for illustrative and reference purposes. The a, appearing in the solutions is the Bohr radius
and is numerically equal to the ground state Bohr orbit; that is, a, = 4reyhizimgg? as
deduced from Eq. (A.4).

Let us examine and comment on the results, Suppose first of all that the ¢, 54 solution
is substituted into Eq. (A.15) and the resulting expression solved for E. One obtains

E.o= L _mat A
1907 T omg a3 2dmeh)?

Note that E, o, is identical to E, of the Bohr analysis. Similarly, if the n = 2 wavefunctions
in Table A.2 are substituted into Eq. (A.15) and the resulting expressions solved for E, one
obtains

= ) _mea’ (A18)
Eyo0 = Eypot = Eago = Epny = 3 2dmegh)y g

Table A.2 The Hydrogen Atom ¢,, ;,, Solutions Correspondington = 1andn = 2.
= dargofi*imgg* = Bohr radius. (J. L. Powell and B. Crasemann,
Quantum Mechanics, Addison-Wesley Publishing Co., Reading, MA,
© 1961.)

1
Vo0 = Va a €
- r/2a.,
oo = 375 o @

_ _rl2ay

‘/‘2.1.-- - 4\/— am
rl2a, :
Yaro = s7m=5; € "2 cos

2V27 a3?
_rl2a,
Youa = 4\/— 7 ay?

- rf2ag

—ra ¢ =4 sinf
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The n = 2 states are all associated with the same total energy, and the energy is identical
to E; of the Bohr analysis. The general point to be made is that the quantum analysis yields
the same predicted energy levels as the Bohr analysis. Moreover, knowledge of the princi-
pal quantum number, n, completely specifies the total energy of an electron in a particular
state. Clearly, ¥, 5 corresponds to the ground state while wavefunctions associated with
larger n-values correspond to excited states.

‘When there is more than one allowed staie at a given energy, the states are said to be
degenerate. The I and m of degenerate states come into play if, for example, the hydrogen
atom were p bed by a ic field. B of the different spatial distribution of the
wavefunctions, the interaction with the magnetic ficld would cause a splitting of the energy
levels and thereby remove the degeneracy.

While on the topic of d states, it is te point out that a fourth
quantum number is actually required to letely specify a q state. More precise

lyses indicate el and other ic particles exhibit a property call spin, which
becomes important in particle-particle interactions. The electron is vxsuahzed as spinning
about an axis through its center in either a clockwise or ion. This
gives risc to two spin states often referred to as spin-up and spin-down. The associated spin
quantum number, 5, can take on the values of s = +¥and s = —34. Spin causes a two-fold
degeneracy to be associated with each of the states in Table A.2.

A comment is also in order concerning the spatial distribution of the allowed states.
As noted in the section on basic formalism, W*Wd¥ represents the probability that a par-
ticle will be found in a spatial volume element 4. To provide a specific example, the
probability of finding an electron in the ground state at a distance between r and r + dr
from the nucleus is equal to 4mr2|i,  o|2dr. A plot of 4 r2|y o o|? versus r/a, is displayed
in Fig. A.3(a). Whereas the probability of finding the ground-state electron increases to a
maximum at the Bohr radius, and the peak probability progressively moves to larger r as n
is increased, there is significant probability of finding the clectron over a range of distances
from the nucleus. This is in total contrast to the Bohr model where the electron is assumed
to be in an orbit at an r = constant distance from the nucleus. In fact, the electron is
sometimes conceived as a charge “cloud” distributed in proportion to the |¢/|2dV proba-
bility as illustrated in Fig. A.3(b). The ¢, 5 o wavefunctiori used in constructing Fig. A.3(b)
is of course spherically symmetric. Wavefunctions with { # 0 would exhibit charge clouds
with an angular dependence.

A.3.2 Multi-Electron Atoms

The wavefunction solutions, energy levels, and probability distributions established for the
hydrogen atom are specific to the hydrogen atom and cannot be applied without modifica-
tion to more complex atoms. However, the allowed electronic states in multi-electron atoms
are uniquely characterized employing the same set of four quantum numbers (n, [, m, and
s) introduced in the hydrogen atom analysis. The same general energy order also applies;
n = 1 is associated with the lowest cnergy state, n = 2 with the next lowest energy state,
and so on. The foregoing, coupled with restrictions placed on multi-electron systems, per-

APPENDIX A

mits one to infer information about the el of more
actually solving for the electronic wavefunctions.

One of the restrictions referred to above goes by the name of the Pauli Exclusion
Principle. The Pauli Exclusion Principle dictates that no two electrons in a system can be
characterized by the same set of quantum numbers. For example, one and only one electron
in a multi-electron atom can have n = 1,7 =0, m = 0, and s = 4. A second implicit
restriction is that the electronic configuration be such as to minimize the system energy
when a multi-electron atom is in its ground state. As a general rule this means electrons
populate states with the lowest possible n-values.

Electronic information pertinent to the first fourteen elements (up to Si) in the Periodic
Table of the Elcmcms is presented i m Table A.3. The top portion of Table A.3 lists the sets
of four cor g to the lowest energy states. The bottom-line entry
is the spectroscopic d for the state specified by the number set. The
number in the bottom-line entry gives the n-value while the letter identifies the J-value
according to the scheme

atoms without

, 203
T
d f

)
= -

The rather odd lettering of the first four /-values stems from early spectroscopic work where
the transitions between states were associated with spectral lines named sharp, principal,
diffuse, and fund. G Ily speaking, in multi-electron atoms the s-states have a
slightly lower energy than p-states and therefore appear first in the listing of states. p-levels
corresponding to a given n-value have the same energy. The bottom portion of Table A.3
shows the ground-state el i in el up to Si. The reader should
verify that the arrangements are consxstent with previously cited facts and restrictions. The
spectroscopic shorthand notation for the electron configuration is given in the far-right
column. The superscript on a letter in the shorthand notation indicates the number of elec-
trons with the same n/ combination.

Table A.3 is very useful for inferring major features of the electronic configuration in
an isolated Si atom. Si is of particular interest of course because it is presently the preemi-
nent semiconductor material. From the table we see that the complete filling of allowed
states with a given n-value leads to an extremely stable, tightly bound, electronic configu-
ration; namely, it leads to the inert gases Helium and Neon. Understandably, as envisioned
in Fig. A4, the two n = 1 and eight m = 2 electrons in Si likewise populate deep-lying
energy levels tightly bound to the nucleus of the atom. The binding is so strong, in fact,
that these ten electrons remain esscntially unperturbcd dunng chemical reactions or normal

t 1 i with the ten-electron-pl bi often bcmg re-
ferred to as the core of the atom. The remaining four electrons are an “add-on” to the
stable Neon configuration and are expected to be rather weakly bound. They nre collec-
tively called valence electrons because of their strong partici| in
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Figure A.3 For a hydrogen atom in the ¢, ground state: (a) probability of finding the electron
at a distance r from the nucleus; (b} cloud-like representation of the electronic charge.

ELEMENTS OF QUANTUM MECHANICS

Table A.3 Energy States and the Electronic Configuration in Elements 1-14. Atoms
are assumed to be in the ground state.

[n112222222233333333
0 t flojojojofr|efr|rjr|rjojofrjrft|af1]|1
N“'"bmlm olojofo|-1[-1fofo]1|1]0]o|-1]-1]0]0]1]1
IR IR IR IEIRIRIRIEIRAEIRIEIRIE]
State ||1s5|1s|2s{2s|2p|2p]2p|2p|2p|2p{3s|35|3p|3p|3p|3p|3P|3P
Atomic Filled States Electronic
Number|Element ]:llsl2:]2:|2pl2p|2p|2p]2p|2pl3:l3s|3p]3p Configuration
1 H [$ 1s
2 He (& ¢ 152
3 Li (& ¢|® 15225
4 Be (& ¢|% ¢ 152252
s B [ ¢|8 ¢3@ 1522522p
6 C |$¢|dede 1522522p?
7 N (¢ ¢/ ¢ ¢ ¢ 3@ 1522522p°
8 O |$¢|ded e 1522522p*
9 F [ ¢[00 ¢ 8 ¢4 ¢ 3@ 1522522p3
10 Ne [# ¢|% ¢ & ¢ 4 ¢4 ¢ 1522522p%
11 Na [ ¢|% ¢ & ¢ & ¢ & ¢/3 1522522p83s
12 Mg |§ ¢|8 ¢ & ¢ 8 ¢ 3 ¢|0 ¢ 1522522p8352
13 Al | ¢/ ¢ & ¢ ¢ ¢ ¢ ¢/ ¢ & |1522522p63523p
14 Si |[& ¢|% ¢ % ¢ & ¢ & ¢/% ¢ & o|1522522p63523p2
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NS
n=2
8 Electrons
Six allowed levels
at same energy
Two allowed levels
at same energy
sp
n=] =3
2 Electrons
Figure A.4 i ion of the i 8! in an isolated, unp
Si atom.
and at tom i i Refl g the information in Table A.3, and as emphasized

pictorially in Fig. A.4, the valence elecuons occupy the two 3.r states and two of the six
available 3p states. Finally, we should that the el ion in thc 32

electron Ge-atom (germanium being the other icond ) is ly
identical to the Si-atom configuration except the Ge-core contains 28 electrons.
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or roughly the distance where the electric field emanating from the perturbing charge falls
off by a factor of 1/e. In the bulk, or everywhere under flat-band conditions, the semicon-
ductor can be viewed as a type of plasma with its equal number of ionized impurity sites
and mobile electrons or holes. The placement of charge near the semiconductor, on the
MOS-C gate for example, then causes the mobile species inside the semiconductor to re-
arrange so as to shield the semiconductor proper from the perturbing charge. The shielding
distance or band-bending region is again on the order of a Debye length, the bulk or extrin-
sic Debye length L g, where

172

Ko kT

Ly = —5_.9__] (B.4)
° [42("»‘-& + Pound)

Although the bulk Debye length characterization applies only to small deviations from flat
band, it is convenient to employ the Debye length appropriate for an intrinsic material as a

factor in th ions. The intrinsic Debye length, Ly, is obtained
from the more general Ly relauonshxp by setting nyyy = Py = 73 that is,
12
| KsgokT
- [52]
Exact Solution

Expressions for the charge density, electric field, and potential as a function of position
inside the semiconductor are. ubtamed by snlvmg Poisson’s equation. Since the MOS-C is

d to be a one-di (id ion 7, Section 16.1), Poisson's equa-
tion simplifies to

a8 _ »p
dx Ksc‘, K s€o

(p —n+ Ny, — Ny (B.6)

Maneuvering to recast the equation in a form more amenable to solution, we note

LdEG) _ _ MU
q dx g dx

8 = ®.7

The first equality in Eq. (B.7) is a restatement of Eq. (3.15) in Part I. The second equality
follows from the Eq. (B.1) definition of U/ and the fact that dE;(bulk)/dx = 0. In a similar
vein we can write

P = nelEW-ENT = poUs= UG (B.82)

n = nelfr-EWIT = p U= Up (B.8b)
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Appendix B
MOS SEMICONDUCTOR
ELECTROSTATICS—EXACT SOLUTION

Detlinition of Parameters
To line the mathy ical p ion, it is y in the exact formulation to
introduce the normalized potentials
_ ¢ o E;(bulk) — E;(x) B.1
Uty = kTlq KT @D
bs _ E(ulk) — E, (surface) B.2
Us = XTig ~ kT ®.2)
and
_$e _ Eibulk) —Ep 3
U = trig = kT ®»

¢(x). ¢, and ¢,, were formal.ly defined in Chapter 16 (also see Fig. 16.7). U(x) is clearly
the el lized to kT/q and is usually referred to as “the potcntlal"
if no ambiguity exusls Similarly, Ug = U(x = 0) is known as the “surface potential.” Ug
is simply called the doping paramctcr x is of course the depth into the semiconductor as
d from the oxid d interface. the electric field is assumed to
vanish in the d butk (id 5, Section 16.1), it is permissible to treat the
semiconductor as if it extended from x = 0 to x = . Note that U(x — =) = 0 in agreement
with the choice of ¢ = 0 in the semiconductor bulk
In addition to the normalized p ials, q i p for the band bending
inside of a d are Ily fe lated in terms of a special length parameter
known as the intrinsic Debye length. The Debye length is a characteristic length that was
originally introduced in the study of plasmas. (A plasma is a highly ionized gas containing
an equal number of positive gas ions and negative electrons.) Whenever a plasma is per-
turbed by placing a charge in or near it, the mobile species always rearrange so as to shield
the plasma proper from the perturbing charge. The Debye length is the shielding distance,

MOS SOLUTION

Moreover, since p = 0 and U = 0 in the semiconductor bulk,
0 = Doy = My + Np = Np = me% —ne=Ve+Np ~ N,y B9)
or
Np — Ny = ni(e™% — eUr) (B.10)

Substituting the foregoing %, p, n, and Np — N, expressions into Eq. (B.6) yields

l p = gnele-V — eU=Ur + e=Ur — ol (B.11)
and
%’ = (KLZ"E_) (eV-Ur — U=V 4 gl — ¢~Up) (B.12)
sEo

or, in terms of the intrinsic Debye length,

% = 2— (eV-Ur — eUs=U 4 gls — g=Ur) (B.13)

We turn next to the main task at hand. Poisson’s equation, Eq. (B.13), is to be solved
subject to the boundary conditions:

€ =0 or % =0 atx = o (B.14a)
and
U=U; ax=90 (B.14b)

Multiplying both sides of Eq. (B.13) by dU/dx, integrating from x = ¢ 10 an arbitrary point
x, and making use of the Eq. (B.14a) boundary condition, we quickly obtain

%2 = (mq) [e%(e=V+ U — 1)+ e VeV — U — 1] (BIS)

Equation (B.15) is of the form y* = a?, which has two roots, y = g and y = —a. Ascan
be deduced by inspection using the energy band diagram, we must have % > 0 when U > 0
and € < 0 when U < 0. Since the right-hand side of Eq. (B.15) is always positive (a = 0),
the proper polarity for the electric field is obtained by choosing the positive root when
U > 0 and the negative root when U < 0. We can therefore write
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K
q

kT F(U.Up)
q Lp

¢ = (B.16)

B

= 0

where
FUUg) = [eY(e Y + U ~ 1) + e"%(e¥ — U = 1))'2 B.17)
and

if Ug >0

A [+
Us {_1 if Ug <0 ®18)

To complete the solution, one separates the U and x variables in Eq. (B.16) and, making
use of the Eq. (B.14b) boundary condition, integrates from x = O to an arbitrary point x.
The end result is Eq. (B.19),

. fUs  qu' x
Us fu FU U Ly B.19)

Although not in a totally explicit form, Eqgs. (B.11), (B.16), and (B.19) collectively
constitute an exact solution for the electrostatic variables. For a given Ug, numerical tech-
niques can be used to compute U as a function of x from Eq. (B.19). Once U as a function
of x is established, direct substitution into Eqs. (B.11) and (B.16) yields p and € as a
function of x. The Fig. 16.8 plots of U = ¢/(kT/q) versus x and p versus x were constructed
following the cited procedure.

APPENDIX C
F(Ug,Ug) = F(U=Us.Ug) (C.5)
172
Ks€okT
= = C6
° [ 2g%n; €5
Ye = %rg €n
=% c8
Ys = 31 €8
S +1  ifUs>0
= C9,
Us {-1 if Us <0 €9
and
kT ~ Ksx
=— < RS C.10;
Vo P’ [Us + UsKo’-nF(Us Ur)] (C.10)
It should be noted that F(U, Ug), Ly, Ug, Us, and 175 come from the exact solution for the
i ics. For additional information about the cited quantities, see
Appendix B.
Untike the delta-depletion result, C cannot be expressed explicitly as a function of V5
in the exact charge formulation. Both variables, I have been related to Ug and the

pected from the for a given applied gate voltage can be computed

1ly. The low-| y ion is simple enough that it can be performed on
a hand calculator. The usual and most efficient putational p dure is to calculate C
and the corresponding V,; for a set of assumed Ug values. Typically, a sufficient set of
(C, Vi) points to construct the C-V, characteristic will be generated if Ug is stepped
by whole-number units (—5, —4, . . .) over the normal operating range of U values
(U — 21 = Us = Up + 21 at room temperature). It should be noted that care must
be ised if Us = 0 is included as one of the computational points. At Us = 0 the
Eq. (C.2b) expression for W, must be employed; the lation and depletion/i i
relationships become indeterminate (0/0) if Uy is set equal to zero. Also, Egs. (C.2¢) and
(C.3b) are only valid for p-type devices. For n-type devices exp(Ug)[1 — exp(— Us)] -
exp(— Ug)[1 — exp(Us)] and exp(— Up)lexp(Us) —1] = exp(Ug)lexp(— Us) — 1]in
Eq. (C.2¢), while [exp(Us) — Us — 11 = [exp(— Ug) + Ug —1] and exp(Up){[1 —
exp(— U] - Jexp(U) — U — 1]} = exp(— Up){[exp(U) — llexp(~ U) + U — 1]} in
Eq. (C.3b). Alternatively, it is possible to obtain an n-type characteristic by simply running
the calculations for an equivalently doped p-type device and then changing the sign of all
computed V, values. The latter procedure works because of the voltage symmetry between
ideal n- and p-type devices.
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Appendix C
MOS C-V SUPPLEMENT

An analysis based on the exact charge distribution inside an ideal MOS-C yields the follow-
ing i itage relationships:"

C
C=—720— ©n
- (Kowen)
Ksx,
~ 2F(Us,Ug)
UsLDl:e"F(l e ...ace (C.2a)
-{__ Vi
m ...flatband (C.2b)
. 2F(Us, Ug) :
0. ...deplfinv (C.2
‘L"[e"r(l — eUs) + e~Ur(eVs — 1)/(1 +A) ? ©2
where
0 ... low frequency limit (C.3a)
A= (eVs — Ug — 1IF(Us,Up)
fus eV(l — e~ VeV — U — U"U . . . high frequency limit (C.3b)
o0 2F3U, Ug) “ (p-type MOS-C)
F(U,Ug) = [eVr(e=Y + U —1) + e~Ve(eV — U — 1)2 (C4)

T Except for Egs. (C.2¢) and (C.3b), the relationships are valid for either s or petype devices, The required
modification of Eqs. (C.2¢) and (C.3b) for n-type devices is noted in the text. For a derivation of the low-frequency
relationship see A. S. Grove, B, E. Deal, E. H. Snow, and C. T. Sah. "Investigation of Thermally Oxidised Silicon
Surfaces Using Metal-Oxid: i St " Solid-Si le ics, 8, 145 (1965). The high-
frequency result, which includes the so-called i or il ibution from the
movement of inversion-layer carriers, is adapted from J. R. Brews, “An Improved High-Frequency MOS Capaci-
tance Formula,” J. Appl. Phys., 45,1276 (1974).

Appendix D
MOS /-V SUPPLEMENT

An analysis based on the exact charge distribution inside an ideal n-channel (p-bulk)
MOSFET yields the following current-voltage relationship:

Zp,C, 1
ID(““‘) - e [vcwu - V) 5 (Vi - vzo]

charge
2
ZE,Cy Ksx, (KT J’”so f"“
4 ZEC kT -
T\ , FUUeOdU - | F(U, Ug, Up)dU
@.1)

where
F(U,UP, &) = [¢Ur(¢-U +U-1+ e~ Ur(eU-¢ — U ~ e-6)2 (D2)
The corresponding charge-sheet relationship is

charge Zn,C, kT 1
ln(sh:l) s LLg{(vc + ‘;) (Vs = Vo) = 5 (VAL = Vi)

+ vg[\/us,_ =1 -VUgp -1 - %(uSL -y 4 % sy ~ 1)3,2]}

(D.3)
‘where
v () Kx [Ny
""(q) Kolp \ ®©9

Note: The form of the relationships quoted herein are from R. F. Pierret and J. A. Shields, “Simplified Long-
Channel MOSFET Theory,” Solid-State Electronics, 26, 143 (1983). See H. C. Pao and C. T. Sah, Solid-Stare
Electronics, 9,927 (1966) for the original exact-charge analysis, and J. R. Brews, Solid-State Electronics, 21, 345
(1978) for the original charge-sheet analysis.
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In both theories
¢p = —Up ®.5)
Vgo = —Usp (D.6)

Vs = —Us,, ®.7)

Vp = =U, (D.8)

Finally, the normalized surface potentials at the source (Ugy) and drain (Ug, ) are respec-
tively computed from

kT Kox,
Vg = — + e R .. > D.
“=7 [Uso Kol F(Usy, U 0)] (Uso > 0) (D.9a)
and
kT Kx,
= — 0 . .
A p I:USL + —-S—KO F(USL,UF.UD)} L (U, >0)  (DIb)

To generate a set of /,—Vy, characteristics, V; and Vj, are systematically stepped over
the desired range of operation. For each V;; and V;, combination, Egs. (D.9a) and (D.9b)
are iterated to determine Ugy and Uy at the specified operating point. Once Ugy and Us,
are known, J;, can then be computed using either Eq. (D.1) or Eq. (D.3). The process is
repeated for each V-V, combination. The ch istics for a p-channel device can be
established by running the calculations for an eq doped and biased n-channel
device. Naturally, the biasing-polarities must be reversed in plotting the p-channel charac-
teristics. For additional information about the exact-charge formalism, the reader is re-
ferred to Appendixes B and C.

APPENDIX E

C, oxide capacitance per unit area (pF/cm?)

<, hole capture coefficient

Cs semiconductor capacitance

D drain

Dy minority-carrier diffusion coefficient in the BJT base

D minority-carrier diffusion coefficient in the BJT collector

Dg minority-carrier diffusion coefficient in the BJT emitter

Dy density of interfacial traps (states/cm?-eV)

Dy electron diffusion coefficient (cm?/sec)

D,, dielectric displacement in the oxide

Dy hole diffusion coefficient (cm?/sec)

D dielectric displ in the semicond

E emitter

E energy

%,¢ electric field

Eon electric field in the oxide

Es surface electric field, electric field in the semiconductor at the oxide—
semiconductor interface

2, y-direction component of the electric field

Ey vacuum level, minimum energy an electron must possess to completely free
itself from a material

E, acceptor energy level

Ey binding energy at dopant (donor, acceptor) sites

E, minimum conduction band energy

Ep, donor energy level

E, Fermi energy or Fermi level

Epn Fermi level in the metal

Ee, Fermi level on the n-side of a pn junction

Eg, Fermi level on the p-side of 2 pn junction

Epg Fermi level in the semiconductor

Appendix E
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A*
AO

Cor

8(E)
Gp
84

G
&m
&(E)

i

anode
area; arbitrary constant

lattice constant; grading constant; half-width of the channel region in a
J-FET; width of the channel region in a MESFET

Bohr radius
Richardson’s (120 amps/cm?-K?)
modified Richardson’s constant (see Eq. 14.19)
gate area
base
capacitance
collector
speed of light
| to-base i in the high-freq Hybrid-Pi model
diffusion capacitance
itter-to-b. pacil in the high-frequency Hybrid-Pi model
MOSFET gate capacitance
gate-to-drai; i in the high-fry small-signal equivalent cir-
cuit for the J-FET and MOSFET

h" p 14 in(heh';‘_. 11. .B|
circuit for the J-FET and MOSFET

or ion region

electron capture coefficient
oxide capacitance (pF)

LIST OF SYMBOLS

band gap or forbidden gap energy
electron binding energy within the hydrogen atom
intrinsic Fermi tevel
energy corresponding to the n quantum number
photon energy (hv)
trap or R-G center energy level
maximum valence band energy
force
frequency (Hz)
Fermi function
field function (see Eq. B.17)
Fermi-Dirac integral of order 1/2
fill factor
operational freqy of a J-FET or MOSFET, cutoff frequency

quasi-Fermi level (or energy) for electrons
quasi-Fermi level (or energy) for holes

unity beta frequency of a BJT

conductance
gate
low freq of a pr junction diode; channel cond: in

a J-FET if there were no depletion regions

density of conduction band states

diffusion conductance

drain or channel conductance

photogeneration rate, number of clectron-hole pairs created per cm?-sec
transconductance

density of valence band states

Planck’s constant

hi2m

current; light intensity
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Iduk
IDIFF

bair
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A3z rrrre

m*

n+
o
mn

Na

Ng

Pounc

fen
Mo
No
Ng
fgo
M

a.c. current; /=1 in Appendix A

saturation current in an ideal diode; light intensity at x = 0
anode to cathode current

d.c. base current

total (a.c. + d.c.) base current

a.c. base current

d.c. collector current

total (a.c. + d.c.) collector ctrrrent

a.c. collector current

collector to basc current when I = 0

collector to eniitter current when 7, = 0

d.c. collector current due to electrons

d.c. collector current due to holes

d.c. drain current in a field-effect transistor
small-signal drain current

V5 = 0 saturation drain current in a J-FET

dark current

diffusion current (same as the ideal diode current)
a.c. component of the diffusion current

saturation drain current

d.c. emitter current

d.c. emitter current due to electrons

d.c. emitter current due to joles

steady-state forward-bias current

effective diode forward saturation current (Ebers—Moll model)
gate current in an SCR

current due to light

current due to electrons drifting from the metal to the semiconductor in an
MS (n-type) diode

hole current

intrinsic Debye length

minority carrier diffusion length in the BJT emitter

minimum MOSFET channel length yielding long-channel behavior
electron minority carrier diffusion length

angular cor

ponding to the n number
hole minority-carrier diffusion length

carrier multiplication factor

particle mass

magnetic orbital quantum number

electron rest mass

electron effective mass

hole effective mass

energy quantum number

1 carrier

(number of el fem®)
heavily doped n-type material

equilibrium electron concentration

defined electron concentration (see Eq. 3.36a)

total number of acceptor atoms/cm®

number of ionized (negatively charged) acceptors/cm?

bulk semiconductor doping (N, or Ny, as appropriate); doping concentra-
tion in the BJT base

electron inthe icond bulk

effective density of conduction band states; doping concentration in the
BIT collector

equilibrium electron concentration in the collector of a pnp BIT
total number of donor atoms/cm?

number of ionized (positively charged) donors/cm?

doping concentration in the BJT emitter

equilibrium electron concentration in the emitter of a pnp BIT

number of implanted ions/cm?
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i
3J
Jain

JInoIn

Ivxr Inyr Inz
Jniaiee
Tniaan

Yo dp

Jpxs Tpyidpr
Jpiaier
Jl’ldriﬁ

K

k

k

KE.

Ko

Ks

PE.
Po
P
Peo

Poui

g Ty
e e
RD

Tgs Te

LIST OF SYMBOLS

hole current due to drift

steady-state reverse-bias current

recombination—-generation current

effective diode reverse saturation current (Ebers—Moll model)
reverse-bias saturation current in an MS diode

short-circuit current in a solar cell

current due to electrons drifting from the semiconductor to the metal in an
MS (n-type) diode

V=1

current density (amps/cm?)
total current density due to drift
electron current density

of the electron current density

x, ¥ and z dirccti p
electron current density due to diffusion

electron current density due to drift

hole current density

x, y, and z direction components of the hole current density

hole current density due to diffusion

hole current density due to drift

cathode

Boltzmann constant (8.617 X 10-5eV/K)

wavenumber (parameter proportional to the electron crystal momentum)
kinetic energy

oxide dielectric constant

semiconductor (usually Si) dielectric constant

length of the J-FET or MOSFET channel

azimuthal quantum number

reduced channel length defined in Fig. 19.4

minority carrier diffusion length in the BJT base; extrinsic Debye length

minority carrier diffusion length in the BJT collector

LIST OF SYMBOLS

intrinsic carrier concentration

number of R-G centers/cm®

effective density of valence band states

hole concentration (number of holes/cm3); momentum in Appendix A
heavily doped p-type material

potential energy

equilibrium hole concentration

defined hole concentration (see Eq. 3.36b)

equilibrium hole concentration in the base of a pnp BIT

hole ion in the semicond bulk

hole ion at the icond
general designation for a charge
magpnitude of the electronic charge (1.60 X 10~'° coul)

excess minority carrier charge in the quasineutral base; bulk or depletion-
region charge per unit area of the MOSFET gate

Qp in a long-channel MOSFET
Qp in a short-channel MOSFET

fixed oxide charge per unit area at the oxide—semiconductor interface

surface (number/cm?)

implant-related charge/cm? located at the oxide—semiconductor interface
net charge per unit area associated with the interfacial traps

total mobile ion charge within the oxide per unit area of the MOS gate
total electronic charge/cm? in the MOSFET channel (n-channel device)
charge per unit area located at the oxide—semiconductor interface
excess hole charge

total charge in the semiconductor per unit area of the gate

ramp rate (see Fig. 16.17)

base resistance

collector resistance

channel-to-drain resistance in a J-FET or MOSFET

emitter resistance
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Vas
v
VOC
Ve
Vs
u!
Vso
Vsu
Ve

T
Vw
Vs

W,
W3
Wy
Wp
Werr
Wz
Wes
Ws

W

IG

depth of the source and drain islands in a MOSFET

load resistor

radius of the Bohr orbit corresponding to the n quantum number
output resistance in the BJT Hybrid-Pi model

d range in ion imp

series resi sample resi E i ina
J-FET or MOSFET

feedthrough resistance in the BJT Hybrid-Pi model
input resistance in the BJT Hybrid-Pi model
source

probe-to-probe spacing in a four-point probe

spin quantum number

temperature

time

triggering time in an SCR

tuning ratio

recovery time (pn diode); rise time (BJT)

reverse recovery time (pn diode)

storage delay time (pn diode)

storage delay time (BJT)

P ial energy in Appendix A; el ic p ial lized to kT/q
in Appendices B-D

drain voltage normalized to kT/q
doping

normalized surface p U evaluated at the oxid

interface

sign (%) of Us

normalized surface potential at x = 0 in a MOSFET
normalized surface potential at x = L in a MOSFET
voltage, electrostatic potential

gate-to-source voltage being applied to an ideal device
junction voltage

open circuit voltage of a solar cell

pinch-off gate voltage in a J-FET

d.c. source voltage

pulsed source voltage

surface potential at x = 0 in a MOSFET

surface potential at x = L in a MOSFET

inversion-depletion transition point gate voltage, MOSFET threshold or
turn-on voltage

ideal device inversion—depletion transition point gate voltage
defined voltage (see Eq. 17.24)

defined voltage (see Eq. 16.36)

depletion width; quasineutral width of the BJT base
quasineutral width of the N2 base in an SCR

quasineutral width of the P3 base in an SCR

total width of the base in a BJT

drain pn junction depletion width in a MOSFET

effective depletion width in a MOSFET (see Appendix C)
width of the N2 base in an SCR

width of the P3 base in an SCR

source pn junction depletion width in a MOSFET

MOS depletion width when the semiconductor is biased at the inversion—
depletion transition point

width of the base in a narrow-base pn junction diode; depth of the
MOSFET channel

n-side width of the pn junction depletion region
oxide thickness
p-side width of the pn junction depletion region

admittance
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Adq,
Adyemi
AL
An

AQmi

LIST OF SYMBOLS

volume

velocity

applied d.c. voltage

applied a.c. voltage

anode-to-cathode voltage

defined voltage (see Eq. D.4)

a.c. base-to-emitter voltage

forward-bias blocking voltage in PNPN devices
“built-in” junction voltage

reverse-bias pn junction breakdown voltage; reverse-bias blocking voltage
in PNPN devices

back-to-source voltage

d.c. collector-to-base voltage

collector-to-base breakdown voltage when I; = 0
a.c. collector-to-emitter voltage

collector-to-emitter breakdown voltage when I = 0
d.c. drain voltage

drift velocity vector

drift velocity; a.c. drain voltage

drain-to-source voltage

saturation drain voltage

saturation drift velocity

d.c. emitter-to-base voltage

d.c. emitter-to-collector voltage

flat-band voltage

d.c. gate voltage

a.c. gate voltage

d.c. gate voltage applied to an ideal device
gate-to-back voltage being applied to an ideal device

gate-to-source voltage

LIST OF SYMBOLS

diffusion admittance

width of the J-FET or MOSFET channel
absorption coefficient

common base d.c. current gain

ag = ay,, forward gain (Ebers—Moll model)
reverse gain (Ebers—-Moll model)

base transport factor

common emitter d.c. current gain

semiconductor electron affinity

X' =X = x;, eff d 1 affinity in an MOS structure
insulator (oxide) electron affinity
silicon electron affinity

i in the exact-charge C—-V theory (see Egs. C.3)

conduction band offset energy in a heterojunction
valence band offset energy in a heterojunction
voltage drop across the oxide

voltage drop across the semiconductor

decrease in the channel length under above-pinch-off conditions

An = n ~ ny, deviation in the el
value

from its equilibrium

excess electron concentration in the collector of a pnp BJT
excess electron concentration in the emitter of a pnp BJT
An in p-type material

Ap = p — p,, deviation in the holc concentration from its equilibrium
value

excess hole concentration in the base of a pnp BIT
Ap in n-type material

general designation for a change in charge

change in the gate charge/cm?

change in the charge/cm? inside the semiconductor
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AR,
AV,

AV
N

Ady

e

e
v

>

straggle in ion implantation

difference between the actual device and ideal device gate voltage required
to achieve a given semiconductor surface potential

change in the threshold voltage due to small-dimension effects

change in the threshold vollage due to back biasing (specifically applied to
ideal devices)

change in the MS barrier height caused by Schottky barrier lowering
permittivity

permittivity of free space (8.85 X 10~ 14 farad/cm)

ic ial inside the icond p of an MOS

device
surface potential-energy barrier height in an MS diode
@y, barrier height when € = 0 at the MS interface

reference voltage related to the doping
metal workfunction

@y = b, — x;, effective metal workfunction in an MOS structure

N rfunction di

metal i P d in volts

voltage inside the oxide

semiconductor workfunction

semiconductor surface potential

four-point probe correction factor

emitter efficiency

normalized centroid of mobile ion charge in the oxide

7 = (E — E,)IkT; power conversion efficiency of a solar cell; external
efficiency of an LED

.= (Eg — E)/IKT
0, =(E, — E)kT
wavelength of light

gth of light corresponding to the band gap
low-field electron or hole mobility; mobility fit parameter

carrier mobility in the bulk of a semiconductor

199

LIST OF SYMBOLS

I’ electron mobility
Hy hole mobility
B effective electron mobility
I effective hole mobility
v frequency of light
P resistivity (ohm-cm); charge density (coul/cm?)
Pion ionic charge density inside the oxide
Pox charge density in the oxide
o conductivity
Ty defined carrier lifetime (see Eq. 6.44)
Ty minority-carrier lifetime in the BJT base
T minority-carrier lifetime in the BJT collector
Tg minority-carrier lifetime in the BJT emitter
Ta electron minority-carrier lifetime
T hole minority-carrier lifetime
T, base transit time

time-dependent wavefunction
"] time-independent wavefunction

angular frequency (radians)

Appendix M
MATLAB Program Script

[ Exercise 10.2 (BIT_Eband) |

% BIT Equilibrium Energy Band Diagram Generator
% This program plots out the BJT equilibrium energy band diagram

% Original version authored by Aaron Luft as a coursc project for Prof. Gerry Neudeck
% Major revisions by R. F. Pierret

DOPING=[l1e18 -1e16 lel5]; % E, B, and C type and doping concentrations (- = n-type)
WB=1.0e-4; %Total base width in cm; 1.0e-4cm=1micrometer
close

%Constants

T=300; % Temperature in Kelvin
k=8.617¢-5; % Boltzmann constant eV/K
e0=8.85e-14; % permittivity of free space (f/cm)
q=1.602e-19; % charge on an electron {coul)

KS=11.8; % Dielectric constant of Si at 300K
ni=1.0el0; % intrinsic conc. of Silicon at 300K
EG=1.12; % Silicon band gap (eV)

%end constants

%General Computations and Manipulations

NE = DOPING (1); % Emitter doping and type
NB = DOPING (2); % Base doping and type

NC = DOPING (3); % Collector doping and type
sE = sign (NE);

sB = sign (NB); N

sC = sign (NC);

NE = abs(NE): % Emitter doping

NB = abs(NB); % Base doping

NC = abs(NC); % Collector doping

Ei_emitter = [(SE*k* T *log (NE/ni)) ...
(sB*k*T*log (NB/ni))J);
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Ei_collcctor=[(sB"k"T"Iog(N’B/ni)),..
(-sC*k*T*log (NC/ni))];

Vbi = [ (sum (Ei_emitter)) (sum (Ei_collector)) ];
svbi = sign (Vbi);
Vbi = abs (Vbi);

% Depletion width on emitter side of EB junction
XE = sqrt(2*KS*c0/q*NB*Vbi(1)/(NE*(NB+NE)));

% Depletion width on base side of EB junction
xBeb = sqrt(2*KS*e0/q*NE*Vbi(1)/(NB*(NE+NB)));

% Depletion width on base side of CB junction
xBeb = sqrt(2*KS*e0/q*NC*Vbi(2)/(NB*(NC+NB)));

% Depletion width on collector side of EB junction
xC = sqrt(2*KS*e0/q*NB*Vbi(2)/(NC*(NB-+NC)));

W = WB-xBeb-xBcb;

ifW<0

error('For the given DOPING and WRB, the base is totally depleted.”)
end

if (xC>xE) % Adjust the x-axis for optimum looking plot
HIGH_X = LS5;

LOW_X = xC/xE;

else

HIGH_X = xE/xC;

LOW_X = 1.5;

end

VMAX = 3; % Maximum Plot Voltage

plot ( [-LOW_X*xE HIGH _X*xC+WB], [0 VMAX ], i);

hold on; )

% EB JUNCTION

xlft = -LOW_X*xE; % Leftmost x position

xrght = xBeb + W/2; % Rightmost x position

x = linspace(xIft, xrght, 200);

sVx = -svbi(1) * sE * sB;

Vx1=5Vx * (Vbi(1)-g*NB.*(xBeb-x).*2/(2*KS *e0).*(x<=xBeb)).*(x>=0);
Vx2=5Vx * 0.5%¢*NE.*(xE +x) A2/(KS*e0).*( x>=-xE & x<0 )3
Vx=Vx1+Vx2; % V as a function of x
EF=Vx(1)+ VMAX/2-sE*k*T*log(NE/ni);
Ec = -Vx+EG/2+VMAX/2;

Ev = -Vx-EG/2+VMAX/2;
Ei = -Vx+VMAX/2;

% Fermi level

APPENDIX M

else
LEFT = P,
end
= -LOW _X*xE/2:
B = WB + ((HIGH_X*xC+WB)-WB)/2;

text ( A, 2.5, LEFT);
text ( WB/2, 2.5, MIDL );
text( B, 2.5, RIGHT);

text ( x(200), Ec (200), Ec');
text ( x(200), Ei (200), ‘Ei' );
text { x(200), Ev (200), 'Ev');
text { x(200), EF, ‘EF );

REG = [ LEFT(1) MIDL(1) RIGHT(1) ];
TITLE = [ (Energy band diagram for the ") (REG) (' device") ];
title (TITLE);

Exercise 11.7 (BJT) and Exercise 11.10 (BJT plus)

NOTE: The italicized lines in the BJT/BJTplus listing are added to the BJT program to
form the BITplus program. Subprogram BJTO is a run-time requirement of both BJT and
BITplus; subprogram BJTmod must also be present when BJTplus is executed. Constants,
material parameters, and the W = W Ebers—-Moll parameters are specified or computed in
the BITO subprogram. Computations related to base-width modulation are performed in
the BJTmod subprogram.

BJT/BJTplus

%BJT Common Base/Emitter Input/Output Characteristics

FoModified version of BJT including Base-Width Modulation and
YoCarrier Multiplication

%Input Ebers-Moll Parameters
BITO

%Limiting Voltages used in Calculation
VbiE=kT*log(NE*NB/ni*2);
VbiC=kT*log(NC*NB/ni*2);
VCB0=50; VCE0=50;

VCBO= 60*(NC/1.0e16)\(-3/4);

m=6; VCEQ=VCBO*(1-aF}"(1/m);

%Choice of Characteristic and Special Calculations
format compact
echo on

T

200

MATLAB PROGRAM SCRIPT
LEc = Ec (1);
LEv = Ev (1);
LEi = Ei (1);
% Plot V vs x
plot(x,Ec); % Ec
plot ( x, Ev); % Ev
plot ( x, Ei, 'w:); % Ei
plot ( [xIft 0], [EFEF), 'w'); % EF on left
plot ([00],[0.15 VMAX-0.15), 'w--' )i % Junction center
% CB JUNCTION
xlft = -xBcb-W/2; % Leftmost x position

xrght = HIGH _X*xC;

x = linspace(xIft, xrght, 200);
sVx = -svbi(2) * sC * sB;

Vx1=5Vx * ( Vbi(2)-q*NC.*(xC-x).A2/(2*KS*e0).*(x< =xC)).*(x>=0);
Vx2=sVx * 0.5*q*NB,*(xBcb+x).A2/(KS*e0).*( x>=-xBcb & x<0);
Vx=VxI+Vx2;, %V asa function of x

OFFSET = (Ec(200))-(-Vx(1)+EG/2+VMAX/2);
Ec = (-Vx+EGR2+VMAX/2) + OFFSET;

Ev = (-Vx-EG/2+VMAX/2) + OFFSET;

Ei = (-Vx+VMAX/2) + OFFSET;

% Rightmost x position

x=x+ WB;
% Plot V vs x
plot(x,Ec); % Ec
plot{ x,Ev); % Ev
plot ( x, Ei, 'w:"); % Ei

plot ([0 xrght+ WBI, [EF EF], ‘'w'");
plot ([ WB WB ],[ 0.15 VMAX-0.15 ], 'w--');

% EF on right
% Junction center

if(sC==-

RIGHT =N’}
else

RIGHT = P
end
if(sB==-1)

MIDL = N,
else

MIDL = P;
end
if(sE==-1)

LEFT =N

MATLAB PROGRAM SCRIPT

%THIS PROGRAM COMPUTES BJT INPUT AND OUTPUT CHARACTERISTICS
% Subprograms BIT0 and BJTmod are run-time requirements.
% Modify entries in BJTO to change device/material parameters.
% Modify axis commands to change plot min/max values.
echo off
close
c=menu('Specify the desircd characteristic',Common Base Input',...
'Common Base Output’,Common Emitter Input','Common Emitter Output’);
j=input(‘Specify number of curves per plot...");
ife~=2,
bw=input(’Include base-width modulation? 1-Yes, 2-No...");
else
end
i=2;
fe==4 & bw==1,
ii=input{'Include impact ionization? 1-Yes, 2-No...");
else
end

“%Calculation Proper
fori=1;,
%C Base Input C}

VCB=-(i-1)*10;
VEB=0:0.005:VbiE;
ji=length(VEB);
ifow==1,
BITmod %Base-Widih Modulation subprogram
else
end
[E=(IF0.*(exp(VEB/KT)-1) - aR *IR0.*(exp(VCB/KT)-1))*1.0e3;
%1.0e3 in the preceeding equation changes IE units to mA
ifi==1,
plot(VEB,IE); axis ([0.35 0.85 0 5));
grid; xlabel('VEB(volts)"); ylabel(IE(mA)');
else plot( VEB,IE);
end

%Common-Base Qutput Characteristics
elseif c==2,

1IE=(j-i)*1.0e-3;

VCB1=2:-0.01:0;
VCB2=0:-VCB0/200:-VCBO;
VCB=[VCB1,VCB2];
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ii=length(VCB);
IC=(aF*IE-(1-aF*aR)*IR0*(exp(VCB/KT)-1))*(1.0¢3);
ifi==1,

plot(-VCB,IC); axis([-VCB0/10 VCBO 0 1.3¢3*IE));
grid; xlabel(-VCB{(volts)"); ylabel('IC(mA)");
text(5,1.1e3*1E, [Estep=1mA’);

clse plot(-VCB,IC);

end

else
end

%Col Emitter Input Ch stics

ii=length(VEB);

ifbw==1,

VCB=VEB-VEC;

BJTmod

else

end
IBO=(1-aF).*IF0-+(1-aR).*IR0;
IB1=(1-aF).*IF0+(1-aR).*IR0.*exp(-VEC/KT);
IB=(IB1.*exp(VEB/KT)-IB0)*(1.0c6);
ifi==1,
plo(VEB,IB); axis([.35 .85 -5 20]);
grid; xlabel('VEB(volts)); ylabel (TB(RA));

else plot(VEB,IB);

end

%Com Emitter Output Ch
clseif c==4,

IB=(j-i)*2.5¢-6;
VECA=0:0.01:VCE0/50;
'VECB=VCE0/50:VCE0/200:VCE0;
VEC=[VECA,VECB];
jj=length(VEC);

ifbw==1,

VEB=0; %Neglect xnEB variation with bias

VCB=VEB-VEC;

BJTmod

else

end

ifii==1,

APPENDIX M

pE=pnmin+pun0./(1+(NE/NDref).an);

1B =ypmin-+pup0./(1+(NB/NAref).*ap):

pC=pamin+un0./(1+{NC/NDref ).Aan);

TauE=1.0e-7;

TauB=1.0e-6;

TauC=1.0e-6;

DE=KT*uE;

DB=KT*uB;

DC=KT*uC:

LE=sqrt(DE*TauE);

LB=sqri(DB*TauB);

LC=sqrt(DC*TauC);

nEO=ni"2/NE;

pBO=ni"2/NB;

nCO=ni"2/NC;

%Ebers-Moll Parameter Computation (W = WB)

W=WB;

fB=(DB/LB)*pB0*(cosh(W/LB)/sinh(W/LB));

IFQ=q*A*((DE/LE}*nE0+{B);

IRO=q*A*((DC/LC)*nCO+fB);
=q*A*(DB/LB)*(pBO/sinh(W/LB))/IF0;

aR=q*A*(DB/LB)*(pB0/sinh(W/LB))/IR0;

BJTmod
%Base-width modulation-included calculation of Ebers-Moll parameters
%Subprogram BJTmod

xnEB=sqrt((2*KS*e0/q)*(NE/(NB*(NE+NB)))*(VbiE-VEB));
xnCB=sqrt((2*KS*e0/q)*(NC/(NB*(NC-+NB)))*(VbiC-VCB));
‘W=WB-xnEB-xnCB;
fB=(DB/LB)*pB0*(cosh(W/LB)./sinh(W/LB));
IF0=q*A.*((DE/LE)*nE0+{B);
IRO=q*A.*((DC/LC)*nCO+{B);
aF=q*A*(DB/LB)*(pBO0./sinh(W/LB))./TF0;
aR=q*A*(DB/LB)Y*(pB0./sinh(W/LB))./IR0;

Exercise 16.5 (MOS_CV)

%LOW and/or HIGH-frequency p-type MOS-C C-V CHARACTERISTICS
%Subprogram CVintgrd is a run-time requirement.

%lnitialization and Input
format compact

close

clear
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MATLAB PROGRAM SCRIPT

M=1.0/A1-(-VCB/VCBO).*m);

aF=M.*aF;

else

end
IB0={(1-aF).*IF0+(1-aR).*IRO;
IB1=(1-aF).*IFO+(1-aR).*IR0. *exp(-VEC/KT);
C=((aF.*IF0-IRO.*exp(-VEC/KT)). *(IB+1B0)./IB 1 +IR0-aF *IR0)*(1.0¢3);
ifi==1,
jA=length(VECA);
plot(VEC,IC); axis(|0 VCEQ 0 2.5*IC(jA)]);
grid; xlabel('VEC(volts)); ylabel('IC(mA));
text(5,2*IC(jA), TBstep=2.50A");
else plo(VEC,IC);
end

else
end

hold on
end
hold off

BJTO
9%BJT Constants and Ebers-Moll Parameters (subprogram BJT0)

%Universal Constants
q=1.602¢e-19;
k=8.617e-5;
e0=8.85e-14;

%Device/Miscellaneous Parameters
A=10c4;, %Aincm2
WB=25e4; %WBincm
T=300; kT=k*T;

FoMaterial Parameters

ni=1.0e10;

KS=11.8;

NE=1.0e18;

NB=1.5¢l6;

NC=1.5el5;
%Mobility Fit Parameters
NDref=1.3e17; NAref=2.35¢17;
wnmin=92; wpmin=54.3;
pn0=1268; up0=406.9;
an=0.91; ap=0.88;

MATLAB PROGRAM SCRIPT

s=menu('Choose the desired plot',’Low-f C-V', High-f C-V',Both’);
NA=input(Please input the bulk doping in /cra3, NA=");
xo=input(’Please input the oxide thickness in cm, x0=");
xmin=input(Specify VGmin(volts), VGmin=");
xmax=input('Specify VGmax(volts), VGmax=");

global UF

%Constants and Parameters
e0=8.85¢-14;

q=1.6e-19;

k=8.617e-5;

KS=11.8;

KO=3.9;

ni=1.0¢10;

T=300;

kT=k*T;

%Computed Constants
UF=log(NA/ni);
LD=sqrt((kT*KS*e0)/(2*q*ni));

%Gate Voltage Computation

US=UF-21:0.5:UF+21;
F=sqrt(exp(UF).*(exp(-US)+US-1)+exp(-UF).*(exp(US)-US-1));
VG=KT*(US+(US./abs(US)).*(KS*x0)/(KO*LD).*F);
%Low-frequency Capacitance C
DENOML=exp(UF).*(1-exp(-US))+exp(-UF).*(exp(US)-1);
WL=(US./abs(US)).*LD.*(2*F)./DENOML;
cL=1.0./(1+(KO*WL)./(KS*x0));

%High-frequency Capacitance Computation
ifs~=1,
ii=length(US);
an=0;
forii=1:jj,
if US(ii) < 3,
elseif nn==0,
INTG=QUAD('CVintgrd',3,US(ii),0.001);
nn=1;
else
INTG=INTG+QUAD('CVintgrd',US(ii-1),US(ii),0.001);
end
if US(ii) < 3,
cH(ii)=cL{ii);
else
d=(exp(US(ii))-US(ii)-1).(F(ii). *exp(UF).*INTG);
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DENOMH =exp(UF).*(1-exp(-US(ii)))+exp(-UF). *((exp(US(ii))-1)./(1+d));

WH=LD.*(2*F(ii))./DENOMH;
cH(ii)=1.0./(1+(KO*WH)./(KS*x0));

end
end
else
end

%Plotting the Result
ifs==1,

plot(VG,cL);

elseif s==2,
plot(VG,cH);

else
plot{(VG,cL,--,VG,cH);

text(0.8*xmin,.17,'~Low-f",‘color',[1,1,0]);
text(0.8*xmin,.12,'__High-f'color',[1,0,1]);

end
axis([xmin,xmax,0,1]);

text(0.8*xmin,.27,['NA=",num2str(NA),7cm3");

text(0.8*xmin,.22,['x0=",num2str(xo),'cm'));
xlabel('VG (volts)); ylabel{('C/CO'); grid

CVintgrd
function [y] = cvintegrand(U)
global UF

F=sqrt(exp(UF).*(exp(-U)+U-1) +exp(-UF).*(exp(U)-U-1));

y=(1-exp(-U)).*(exp(U)-U-1)./2*FA3);

INDEX

base transit time, 454

basc transport fuctor, 383, 395, 399, 400

base width modulation, 410-412

buried layer, 378

carrier multiplication and feedback, 415,
416,419

charge control relationships, 452454

circuit symbol, 372

coliector, 371, 380

collector current, 396, 404

comb structure, 422

common base, 373

common base d.c. current gain, 383384,
396, 399, 400, 425, 426

common base input ch istics, 408

smail-signal equivalent circuit, 443 -449
static characteristics, 389-433
storage delay time, 457
transconductance, 446
transient (switching) response, 449-~458
turn-off transient, 456457, 458, 459
turn-on transient, 454 -456, 458, 459
Veno. 408, 410
Veen, 410

Blackbody radiation, 733-735

Block charge diagrams, 566567
a.c. probed MOS-C, 586
deeply depleted MOS-C, 597
static biasing states, 569, 570, 575

common base output characteristics, 408

common collector, 373

common emitter, 373

common emitter d.c. current gain, 384, 396,
399, 400

common cmitter input characieristics, 409

common emitter output characteristics, 409

current crowding, 420, 421-422

cutoff biasing mode, 374, 375

Early effect, 410

Ebers-Moll cquations, 403-407

Ebers-Moll model, 404

electrostatics, 377, 378

cemitier, 371, 380

emitter current, 396, 404

emitter efficicncy, 382, 395, 399, 400, 422

energy band diagram, 377, 378-380

fabrication, 374-376, 378

fall time, 457

forward gain, 403. 404

graded basc, 423-424

Gummel plot, 424-425

hybrid-pi model, 446~449

Ienos 383, 405-406, 422

Iero- 384, 422

intrinsic, 421

inverted biasing mode, 374, 375

notation, 371-372, 390

performance parameters, 382-384, 395—
396. 398-400

polysilicon emitter, 426 -429

punch-through, 412-414

quasineutral base width, 378

reverse gain, 403, 404

R-G current, 422

c, 457

saturation biasing mode, 374, 375

Schottky diode clamped, 458, 497

series resistance, 421

Blocking voltage, 464
Body cffect. See Back biasing
Bohr atom model, 24-25, 735-737
Bohr radius, 735, 743, 744
Bonding model, 26, 27, 29-30, 35-36
Boron (B)

acceptor in silicon, 35

binding encrgy, 37

and threshold adjustment, 679
Breakdown, 260, 263-270

avalanche, 264~268

critical electric field, 266

curvature effect, 267, 356

edge, 267, 356

inBJTs, 414

in Schottky diodes, 490

in SCRs, 466, 467, 470

Zener, 268-270
Breakdown voltage, 263
Buffer layer, 355, 705
Built-in charge. See Fixed charge
Built-in voltage, 200, 201, 203-206
Bulk, 564, 573, 749
Bulk charge, 625
Bulk charge theory, 625-628
Buried-channel MOSFET, 704
Buried layer, 377

[

Capacitance
diffusion, pn dicde, 315-323
junction, BJT, 447, 448, 449
Jjunction, pn diode, 301 -308
MOS-C, 584598
oxide, 587, 622
Schottky diode, 493496
semiconductor, 587

Capacitance-voltage characteristics. See C-V

characteristics
Capture cocfficients, 114
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INDEX

A
Abrupt junction, 309
Absorption coefficient, 110, 111, 112
Acceptor-like interfacial traps, 665
Acceptors, 35~-40, 58
binding energy, 37
definition, 40
ionized, 36, 58
Accumulation, 568, 569, 570, 571, 576-577,
599
Admittance, pn junction small signal, 301~
326

Aluminum (Al)
acceptor in silicon, 35
binding encrgy, 37
contact metal, 499
energy band diagram, 646
gate material, 563
interconnect metal, 500
postmetallization annealing, 666
shietding, 669
spiking, 499, 500
workfunction difference, 649
AlAs, 348, 362
AlGaAs
alloy scmiconductor, 3,4, 5
band alignment, 430
in HBTs, 430-432
in LEDs, 363, 364, 365-366
in MODFETSs, 529, 707-709
AlGaN, 366
AllnAs, 430, 709
AlInGaP, 363, 364
Alkali ions. See Sodium
Alloys. See Semiconductors, alloys
Aluminum gallium arsenide. See AlGaAs
Amorphous, 6
Amphoteric dopant, 39
Angular momentum, 24
Annealing, 659, 660, 665667, 669, 670
Anode (in SCR), 463
Antimony (Sb)

Carrier properties, 32-40
Carriers, 23,29-31
charge, 32
concentration calculation, 59—61
i depend

65-66
distribution plots, 47
effective mass, 3234
clectrons, 29, 30
equilibrium distribution, 46-48
holes, 30,31 .
majority, 40
minority, 40
Cathode (in SCR), 463
CCD, 527, 528, 598
CdS photeconductor, 147
CdTe, 360
Channel, 532, 613
Channel condi See Drain

Charge control approach, 282-284, 333,
452-454

Charge coupled device. See CCD

Charge density, 198

Charge newtrality relationship, 57-58

Chemical vapor deposition (CVD), 164, 165

Chiorine neutralization, 656, 657

Chromatic dispersion, 353

Chrome (Cr), 649, 666

CMOS, 528, 529

Collector, 371

Compensaled, 60

Compositionally graded, 363, 430-431,
705

‘Compound semiconductors, 3, 4, 5
Compton effect, 738
Concentration formulas
compensated secmiconductor, 60
doped semiconductor, 60
electrons, 51, 52, 53, 59, 60
holes, 51, 52, 53, 59, 60
intrinsic semiconductor, 34, 60
Conductance
drain (in J-FET), 548, 549
drain (in MOSFET), 632
diffusion, 315-321
reverse bias diode, 313-315
Conduction band, 27, 28
Conductivity, 85, 117-118
Conductivity modulation, 281
Continuity equations, 121-122
Core, atomic, 25
Core electrons, 25
Covalent bonding, 26
CPU (central processing unit)

binding energy, 37

donor in silicon, 35
Ar annealing, 659
Arsenic (As)

binding energy, 37

donor in silicon, 35
Asymmetrical junction, 250, 251
Auger recombination, 106, 107, 108
Avalanche breakdown, 264-268, 414
Avalanche multiplication, 265, 266, 414-417,

419

Avalanche photodiodes, 355-356
Avalanching, 264, 268

B
Back biasing, 680-681
Back contact, 564, 680
Ballistic transport, 701 -702
Band alignment, 429, 430
Band bending, 89-93
Band gap, 27-28, 31-32, 354
Band gap wavelength, 348, 349, 362
Bands. See Encrgy band diagram
Barrier heights. See Electron affinity, Metal
workfunction
Base, 371
Base transit time, 454, 473
Base transport factor, 383, 395, 399, 400
Basc width modulation, 410-412, 470
bee wnit cell, 8,9
BESOI, 706, 707
Bias-temperature (BT) stressing. 653, 654,
655, 658, 669
BiCMOS, 426, 427
Bilateral diode, 474
Bilateral SCR, 474
Bipolar junction transistor. See BIT
BIT
active biasing mode, 374, 375
amplification by, 381, 382
base, 371, 380
base carrier distribution, 394, 398-399

INDEX

process flow, 166-173
sample die, 173
Crystal growth, 1618
silicon purification, 17
single crystal formation, 17-18
Crystal lattices, 8- 11. See also Unit cell
Crystalline, 6
CulnSe, 360
Current crowding, 420, 421 -422
Current density
carrier, 99, 134
definition, 77
diffusion, 98-99
dnift, 77-79
relationships summary, 137
total steady state, 99
Cutoff frequency, 633-634
C-V characteristics, MOS-C, 584-598
deep depletion, 596-598
delta-depletion analysis, 590-591
doping dependence, 592-593
exact charge relationships, 753-754
experimental, 585, 596
high frequency, 584, 585, 588, 590, 591,
595, 596, 753, 754
low frequency, 584, 585, 588, 590, 591, 595,
753,754
measurement of, 584, 595, 596
oxide thickness dependence, 592, 594
qualitative theory, 584-588
quasistatic measurement technique, 595
temperature dependence, 592, 595
theoretical, 591, 593595
C-V characteristics, pr diode, 305-313
CVD (chemical vapor deposition), 164, 165
Czochraiski method, 17-18

D
D-MESFET, 551, 552
Dangling bonds, 665, 666, 667
de Broglic hypothesis, 738
Debye length
extrinsic, 750
intrinsic, 750, 751
Deep depletion, 596-598, 599
Defect, 26, 27, 105
Degencrate quantum states, 744
Degenerate semiconductor, 52
Delta-depletion
approximation, 577, 578
C=V analysis, 590-591
electrostatics solution, 576-579
Delta-function, 577, 578, 581, 590. 658, 659
Density of states, 4142, 47
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INDEX

Depletion, 568, 569, 570, 599
Depletion approximation, 206-209
Depletion-layer capacitance. See Junction
capacitance

Depletion mode MOSFET, 676
Depletion region, 200
Depletion width, 578

and deep depletion, 597

MOS-C, 579

MOS-C effective, 753

pn junction, 214,216
DIAC, 474, 475
Diamond, band gap, 31
Diamond lattice, 9-10
Dic, 166, 173
Dielectric constant, 37, 198
Diclectric displacement, 580, 581, 662
Diffusion

current, 98~99

of carriers, 94-104

masks, 152

solid state, 152-155
Diffusion admittance, 315-323
Diffusion capacitance, 317, 320
Diffusion coeflicients, 98, 99, 101-103
DifTusion conductance, 317, 320
Diffusion current. See also Ideal diode

equation

in pn junction diode, 273

in Schottky diode, 491, 492
Diffusion lengths, 131-132
Dipole layer, 213
Direct semiconductor, 108, 354, 361, 362
DMOS, 703
Donor-like interfacial traps, 663, 664, 665
Donors, 35-40, 58

binding energy, 36-37

definition, 40

energy band model, 38

ionized, 35, 58
Dopant

binding energies, 37

definition, 40

in GaAs, 39

in 8i, 35
Doping, 35-40
Doping parameter, 749
Doping profile, 196, 197
Doping potential (¢}

definition, 572, 573

properties, 573, 574
Dose, 156
Double-diffused MOSFET. See DMOS
Drain, 526, 531, 611

INDEX

Gate, 463, 526, 531, 611

Gate oxide, 677, 678

Gate voltage relationship, ideal device, 580-
582

G ion. See

Drain conductance
J-FET. 548, 549
MOSFET, 632
DRAM, 526, 527, 598, 692
Drift
current, 76-79
definition-visualization, 75-76
velocity, 76, 77, 78
Drive-in, 153, 154, 155
Dry etch, 169
Dual-gate SCR, 474
Dynamic random uccess memory. See DRAM

E
Early effect, 410
Ebers-Moll equations, 403-407, 446
Ebers—Moll model, 404
E-k plots, 108, 109, 361
E-MESFET, 551, 552
Eddy current, 88, 89
Effective density of states, 51
Effective mass, 32-34
Effective mobility, 618-620, 634, 635
mathematical expression, 618
measurement of, 634, 635
position dependence, 619
voltage dependencies, 619, 620
Einstcin relationship, 101 - 103
Electric ficld. 89, 90, 91, 92
Electron
caplure coefficient, 114, 115
carrier, 29, 30
charge, 32
concentration formulas, 51, 52, 53, 59, 60
continuity equation, 121
crystal momentum, 108, 109
diffusion current, 95, 98-99
diffusion equation, 122-123
diffusion length, 131
drift current, 78, 79
effective mass, 32-34
Einstein refationship, 102
cquilibrium distribution, 46-48
intrinsic concentration, 34, 53-57
lifetime, 115, 116
mobility, 78, 79~84
quasi-Fermi level, 133
rest mass, 32
Electron offinity, 478, 565
Electron crystal momentum, 361
Electronic quantum states
hydrogen atom, 24, 741 -744, 745
multi-electron atoms, 744, 745-748
silicon, 25, 747, 748

Hot-point probe, 97-98
Hybrid-pi model, 446-449
Hydrogen anneal. 665667, 670
Hydrogen atom, 24, 744 -745

Germanium (Ge) .
avalanche photodiode, 356
band alignment with GaAs, 430
band gap energy, 31, 32
carrier effective masses, 34
clemental semiconductor, 3
indirect semiconductor, 362
intrinsic carrier concentration, 34
isolated atom, 25, 748 .
lattice constant, 20
solar cell substrate, 362
unit cell, 9

Gettering, 116, 656

Gold (Au), 105, 116

Grading constant, 223

Graduat channel approximation, 539, 552, 554

Grain boundaries, 427

Grains, 427

GTO SCR, 471

Gummel plot, 424, 425

H
Hardened oxides, 669
HBT, 429-432
HEMT. See MODFET
Heterojunction, 429
Heterojunction bipolar transistor. See HBT
High-level injection, 279-281
Holes
capture coefficient, 113, 114, 115
carrier, 2931
charge, 32
concentration formulas, 51, 52, 53, 59, 60
continuity equation, 121
diffusion current, 95, 98-99
diffusion cquation, 122-123
diffusion length, 131, 132
drift current, 77-78
effective mass, 33, 34
Einstcin relationship, 102
cquilibrium distribution, 46-48
intrinsic concentration, 34, 53-57
lifetime, 115, 116
lifetime measurement, 116~ 120
mobility, 78, 79-84
quasi-Fermi level, 133
Hot carrier diode, 497
Hot-carrier cffects, 700-702

Hy Junction, 305, 306
Hyperabrupt varactor diode, 307, 308

I
Ideal diode equation, 249, 235-260
boundary conditions, 244-246
Taw of the junction, 245
qualitative derivation, 235241
quantitative derivation, 247249
saturation current (/y), 250-254, 258-259
solution strategy, 241-246
Ideality factor, 276, 277, 321
1EEE current convention, 371
IGFET. See MOSFET
Impact ionization, 264
Impurity atoms. See Dopant
Indirect semiconductor, 108, 354, 361, 362
Indium (In)
acceptor in silicon, 35
binding cnergy, 37
Induced charges, 668-670
InGaAs, 354, 355, 360, 430, 709
InGaAsP, 355, 360
InGaN, 366
Ingot, 17, 18
InP. 348, 356, 360, 430
Instability, 653, 654, 669670
Insulator. See also Silicon dioxide
energy band diagram, 31, 565, 646
perfect, 564
Interfacial traps, 662-667
acceptor-like, 665
density of, 665, 667
donor-like, 663, 664, 665
effect on C~V characteristics, 662, 663,
664, 665
effect on MOSFET characteristics, 674, 675
electrical model, 662, 663
physical model, 665, 666
Intrinsic carrier concentration, 34-35, 53-57
Intrinsic Debye length, 750, 751
Tntrinsic Fermi level, 48, 49, 62
Intrinsic semiconductor, 34, 40, 60
Intrinsic temperature region, 65, 66
Intrinsic transistor, 421
Inversion, 569, 570, 599
Inversion layer, 578, 613
Ion implantation, 155-159, 679
lonization. See Acceptors and/or Donors

203

Elcctron volt (eV), 24, 736
Electrostatic poteatial
basic relationships, 90, 91
inside MOSFET. 572, 573
normalized, 749
surface, 572, 573, 574
Electrostatics, 195. See also specific device.
Emitter efficiency, 382, 395, 399, 400,
422,432
Emier, 371
Energy band diagram (or model)
band bending, 90, 100
basic model, 26-29
BIT, 377, 378-380
different materials, 31
donor level included, 38
dopant action visualized, 38
Fermi levels added, 49
HBT, 431
ideal MOS structure, 566
insulator (surface-included), 565, 646
metal (surface included), 478, 565, 646
p-i-n photodiode, 353
quasi-Fermi levels added, 132, 135
real MOS structure, 646
R-G visualized, 106
semiconductor (surface included), 478,
Enhancement mode MOSFET, 676
Epilayer. 164, 375
Epitaxial layer overgrowth (ELO), 705, 706
Epitaxy, 164165
Equations of state, 120123
summary, 137
Equilibrium, 23
Equivalent circuit
BIJT. 444, 447
Ebers-Moll, 404
hybrid-pi, 447

pn diode, 302, 316

two-transistor, 467
Evaporation, 162, 163
Excess charge. See Stored charge
Exciton, 362
Extrinsic Debye length, 750
Extrinsic semiconductor, 40
Extrinsic temperature region, 65, 66

F
fec unit cell, 8,9
Fermi-Dirac integral, 50

Ionizing radiation, 668 -669
Isoelectronic trap, 364, 365

J

Junction capacitance, 301-308

Junction field effect transistor (J-FET), 525,

526, 530-550

a.c. response, 547-550
basic device structure, 526, 530
channel, 532
channel narrowing, 532, 533
drain conductance, 548, 549
equivalent circuit, 547
modern device structure, 531
pinch-off, 532, 533, 534
pinch-off gate voltage, 536
qualitative theory of operation, 531-536
quantitative /,~V;, relationships, 537547
saturation, 534, 535
small-signal equivalent circuit, 547
small-signal parameters (table of ), 549
source/drain resistance, 541, 543, 545-547
squarc-law relationship, 541, 545
transconductance, 548, 549
waterfall analogy, 535, 536

K

Kinetic energy
of carriers, 89, 90, 92, 93
electron in H-atom, 736

L
Latch-up, 707
Lattice 6—11. See also Unit cell
Lattice constant, 8, 9, 354
Lattice-matched system, 429
Law of the junction, 245
LDD transistors, 700, 702
LED, 347, 361 -368
AlGaAs, 365-366
AlinGaP, 366
basic structure and operation, 361-362
GaAsy, Py, 362-364
GaAsP:N, 364-365

GaP:Zn-0, 365

packaging, 366-367

photon extraction, 367-368

S§iC, 366
Light-activated SCR (LASCR), 471
Light-activated switch (LAS), 471
Light emitting diode. See LED

INDEX

Fermi energy, Sce Fermi lovel
Fermi function, 42-46
plots, 43, 46
temperature dependence, 4546
Fermi level
determination of position, 6164
equilibrium position independence, 100
in Fermi function, 42-45
intrinsi
quasi
Fermi-level pinning, 498
Fick’s law, 98
Field effect, 525
Ficld emission, 499
Ficld oxide, 677, 678
Fill factor, 356, 357
Fixed churge, 658-661
Flat. 12
Flat band, 478, 570, 599, 647
Flat-band voltage, 672, 675
Forbidden gap. See Band gap
Four-point probe, 87-89
Freeze-out, 65, 66

G
Gallium (Ga)
acceptor in silicon, 35
binding energy, 37
Gallium arsenide (GaAs)
and LEDs, 362
and HBTs, 430-432
and MESFET, 550-552, 556
and MODFET, 529, 707-710
and solar cells, 357, 358, 360
ballistic transport in, 701
band gap energy, 31, 32
band gap wavelength, 348
carrier cffective masses, 34
compound semiconductor, 3, 5
doping of, 39
intrinsic carricr concentration, 34, 54
lattice constant, 10
MS contacts, 498
semi-insulating (S.1.), 430
temperature considerations, 66, 67
unit cell, 10, 11
GaAsP, 362-365
Gain
common base d.c. current, 383-384, 396,
399, 400, 425, 426
common emitter d.c. current, 384, 396,
399, 400

GaN, 363
GaP, 348, 362, 363, 364, 365

INDEX

Lightly doped drain. See LDD traisistors
Lincarly graded junction, 197

Lithium (Li), alkali ion, 654
Lithography, 159~ 162

Low-level injection, 112

LPCVD, 164

M

Mask, 159, 161

Mass of a carricr. See Effective mass

Matrix mechanics, 739

MBE, 429, 529

Mean frec time, 79

MESFET, 550-556

Metal-insulator-semiconductor (MIS),
563, 671

Metzliurigical junction, 195

Metal-oxidk i

p See
MOs-C
Metal-oxide-semiconductor field effect tran-
sistor. See MOSFET
Metals, 31-32
Metal-semiconductor contact. See MS contact
Metal-semiconductor field effect transistor.
See MESFET
Metal-semi
645-650
Mectal workfunction, 478, 565
Miller indices, 12-16
directions, 15
equivalent planes, 14
indexing procedure, 13, 14
notation summary, 15
overbar, 14
Minority carrier diffusion equations, 122-123
Minority carrier diffusion lengths, 131-132
Minority carrier lifetimes, 115, 116
MIS structures, 563, 671
MMIC, 551
Mobile ions, 653-658, 670, 671
effect on MOSFET characteristics, 653
model, 655
normalized charge centroid, 670, 671
Mobility, 78, 79-84
doping dependence, 80, 81
relationship to scattering. 79
temperature dependence, 8183
units, 79
MODFET, 528-530, 707-710
Modulation doped, 707
Modulation doped ficld effect transistor. See
MODFET
Molecular beam epitaxy. See MBE
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INDEX

Momentum, 107- 109
MOs-C

biasing of, 567-571
C-V characteristics, 584 - 598, 753754
energy band diagram, 566, 646
ideal, 564
physical device, 563, 564
MOSFET, 526, 527, 611-637, 674-684,
691-707
a.c. response, 630-636
action of drain bias, 613-615
action of gate bias, 613
basic structure, 611, 612
bulk-charge theory, 625628
buried-channel, 704
channel, 613
charge-sheet theory, 628630, 755-756
cutoff frequency, 633-634
C-V characteristic, 634-635
depletion mode, 676
effect of nonidealities, 674675
enhanced mobility structure, 705
enhancement mode, 676
equivalent circuit, 631
exact-charge theory, 628-630, 755~756
flat-band voltage, 675
gate-10-drain capacitance, 631, 632
gate-to-source capacitance, 631, 633
linear region of operation, 615
narrow width, 697-698
pinch-off, 613
qualitative theory of operation, 61 1-616
saturation, 615
short-channel, 694-697
small-signal characteristics, 634-636
small-signal equivalent circuits, 630—
633

small-signal parameters (table of), 633
square-law theory, 620625, 626, 627
subthreshold, 629, 630, 692
threshold voltage, 617, 674-68)
transconductance, 632
triode region of operation, 615
MOST. See MOSFET
MS contact. See also Schottky diode
energy band diagram, 479, 480, 482
Fermi-level pinning, 498
ideal, 477-483
ohmic. 480-483, 498-500
rectifying, 480-483, 497-498
MS diode. See Schottky diode
Multiplication factor, 265, 266, 267268,
414,416, 469, 470
Mutual cond See T

INDEX

Radiation hardening, 669
Rayleigh-Jeans law, 733, 734
Recombination-gencration, 105- 120
Auger, 106, 107
band-to-band, 105
definition-visualization, 105-107
R-G center (indirect), 105, 112-115
statistics, 110-115
Recovery time, 327, 328
Rectifying contact. See MS contact
Refractive index, 367, 368
Refractory metals, 499
Regenerative process, 415, 467, 699-700
Relative cye response, 348
Resistivity, 85-89
Reverse recovery time, 327, 328
R-G. See Recombination—-generation
R-G center, 105, 106, 107
R-G current
in BIT, 422
in MS diode, 491, 492
in pn diode, 270-277
Richardson’s constant, 489

S
Saturation
in BIT, 374, 375
in J-FET, 534, 535
in MOSFET, 615
in pn junction diode, 250-254, 258259
in Schottky diode. 490
Saturation (drift) velocity, 78, 553, 554555,
700

Scattering, 75, 79, 81, 83
Schottky barrier lowering, 490, 492
Schottky diode
a.c. response, 493-496
built-in voltage, 483
capacitance, 493-496
depletion width, 486
electrostatics, 483-487
I-V characteristics, 487-493
real (nonideal), 497-498
saturation current, 490
Schottky barricr Jowering, 490, 492
thermionic emission currcnt, 488
transient response, 496-497
Schottky diode clamped BIT, 458, 497
Schridinger wave equation
time-dependent, 739
time independent, 742
SCR
blocking volage, 464
circuit operation, 470-471§

N

Narrow-base diode, 284-288

N, annealing, 659, 660

Nearest neighbors, 10, |1, 26
Negative bias instability, 669 -670
Neutron activation, 655

NMOS, 676, 677, 678, 679
Nondegenerate semiconductor, 52, 63
Notch, 12

np product, 55

a-lype material, 40, 48-49
n*-material, 63, 166

o

Off-state, 327, 443, 450

Ohmic contact, 209, 480-483, 498500,
564

On-state, 327, 443, 450
Overlap capacitance. See MOSFET, gate-to-
drain capacitance
Oxidation, 149-151, 152, 153
dry, 150
wet, 150
growth curves, 152, 153
pyrogenic, 151
Oxidation triangle, 660
Oxide capacitance, 587, 622
Oxide diclectric constant, 581
Oxide charging, 700, 702
Oxygen (0), 149, 150, 151, 365

P
P. See Phosphorus
Paralle! plate capacitor, 303
Pauli exclusion principle, 27, 746
PECVD, 164
Periodic Table (abbreviated), 5
Perturbation, 112, 113
PHEMT, 709
Phonon, 109
Phosphorus (P}

binding energy, 37

donor in silicon, 35

in MOSFET, 655, 656, 679
Phosphorus stabilization, 655656, 657
Phosphosilicate glass, 655, 656, 657
Photo-BJT. See Phototransistor
Photoconductor, 116, 147
Photocurrent, 350
Photodetector, 347
Photodiode, 349-356

avalanche, 355-356

1=V characteristics, 350

p-i-n, 352, 355

circuit symbol, 465
di/dt burnout, 472
dv/dr effect, 473
gate turn-off, 471
I~V characteristics, 465
light activated, 471
operational theory, 465-470
shorted cathode, 471-472
structure, 463-465
triggering time, 473
two transistor model, 467
Seed crystal, 17
Self-aligned gate, 633
Semiconductors
alloys, 3, 4, 5, 354
composition, 3-5 .
compounds, 3,4, 5, 354
degenerate, 52
direct, 108
elemental, 3, 4
extrinsic, 40
indirect, 108
intrinsic, 34, 40, 60
list of, 4
material classification, 31-32
nondegenerate, 52
purity, 5
structure, 6
uniformly doped, 57
Semiconductor workfunction, 478, 564, 565
Sheet resistivity, 89
Shockley diode, 463
Shockley equation. See Ideal diode equation
Short-channel
MESFET, 552-556
MOSFET, 691-697
saturated velocity model, 554-555
two region model, 555-556
variable mobility model, 553-554
Shorted cathode SCR configuration, 471-472
SiC, 67, 348, 362, 363
SiGe, 429, 704-705
Silicides, 499
Silicon (Si)
band gap energy, 31, 32
carrier effective masses, 34
carrier mobility, 80, 82
crystal growth, 16-18
dopant site binding cnergy, 37
dopants, 35
elemental semiconductor, 3, 4
ingot, 17, 18
intrinsic carrier concentration, 34, 54, 55-57
isolated atom, 25, 748
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pn junction, 349-352
spectral response, 350-352
Photogeneration, 106, 107, 110~112
Photon, 109
Photoresist, 159, 161, 162
Phototransistor, 416, 417
Pinch-off, 532, 533, 534, 613
Pinch-off gate voltage, 536
p-i-n photodiodes, 352-355
Planes, crystal. See Miller indices
PMOS, 676, 678, 679
pn junction
abrupt, 309 |
asymmetrical, 250, 251
built-in voltage, 200, 201, 203~206
depletion approximation, 206-209
depletion region, 200
depletion width, 214, 216 .
electrostatics qualitative solution, 198-202
energy band diagram, 199, 211
hyperabrupt, 305, 306
linearly graded electrostatics, 223-226
space charge region, 200
step junction clectrostatics, 209-218
pn junction diode
avalanching, 264 -268
breakdown, 260, 263-270
breakdown voltage, 263
carrier concentrations, 255-256, 257
carrier currents, 254 -255
conductance, reverse bias, 313-315
C-V,303,305-313
depletion width, 214, 216
diffusion admittance, 315-323
diffusion capacitance, 315~323
diffusion conductance, 315-321
high-level injection, 279-281
ideality factor, 276, 277, 321
1-V characteristics, experimental, 261, 262
junction capacitance, 301 -308
junction voltage, 278, 279
narrow-base diode, 284288
punch-through, 287, 288
recovery time, 327, 328
reverse recovery time, 327, 328
reverse injection, 330
R-G current, 270-277
saturation current (1), 250-254, 258 -259
series resistance, 278-279, 301, 302
small-signal admittance, 301326
small-signal equivalent circuit, 302, 316
storage delay time, 327, 328, 333-338
stored charge, 255, 256, 282, 315, 329, 330
turn-off transient, 327338

tattice constant, 10
minority carrier lifetimes, 116
MS contacts, 498, 499, 500
polycrystalline, 17, 164
polysilicon emitter BJT, 426-429
polysilicon gate, 168, 563, 649, 650, 679
resistivity, 86
unitcell, 9, 10
wafer, 12
Silicon controlled rectifier. See SCR
Silicon controlled switch (SCS), 474
Silicon dioxide (Si0,)
band gap, 31
energy band diagram, 31, 646
growth of and the fixed charge. 659
insulator in MOS structures, 563, 564
mobile jon contamination, 654
radiation hardened, 669
Si-8i0, interfacial traps, 651, 663, 666
stabilization of, 655-657
thermal oxidation product, 149, 150
SIMOX, 706, 707
Small-dimension effects, 691 -702

Small-signal eq circuit. See Equis
circuit
Snap back diode, 338

Sodium (Na), 653, 654, 655, 656
SOI (silicon-on-insulator), 159, 705—707
Solar cell, 347, 356361
amorphous-Si, 360
antireflection coating, 359
concentrator, 360, 361
fil! factor, 356, 357
fingers, 358
1-V characteristics, 357
light trapping, 359
open circuit voltage, 356, 357
power conversion cfficiency, 357-360
shadowing. 359
short circuit current, 356, 357
textured surface, 359
thin film, 360, 361
Solar spectral irradiance, 358
SOS (Silicon-on-sapphire), 705
Source, 526, 531,611
Space charge region, 200
Spiking, 499, 500
Spin, 744
Sputtering, 162-164
Square-law theory, 620-625, 626, 627
Square-law relationship
J-FET, 641
MOSFET, 623
Steady state, 124

INDEX

turn-on transient, 338341
Zencr process, 268-270
pn junction photodiodes, 349 -352
PNPN diode, 463, 472
Point defect, 26, 27
Poisson’s equation, 197198
Polycrystalline, 6
Polycrystalline Si (polysilicon, poly)
polyemitter BJT, 426-429
deposition of, 164
MOS gate material, 168, 563, 649, 650, 679
Si crystal production, 17
Polysilicon emitter BJT, 426-429
Polysilicon MOS gate, 563, 649, 650, 679
Postmetallization annealing, 665-667
Potassium (K), alkali ion, 654
Potential, See Electrostatic potential
Potential energy
of carriers, 89, 90, 91
electron in H-atom, 736, 742
in Schrddinger equation, 739
Predeposition, 153, 154, 155
Primitive unit cefl, 8
Principle of detailed balance, 114
Profiling, 312,313
P ij 475,476

Projected range, 158
Pseudo-channel, 677
Pseudomorphic, 429, 704, 705, 709
p-type material, 40, 48-49
p*-material, 63

Punch-through, 287, 288, 412-414, 698, 699
PUT. 475, 476

Q
Quantization concept, 23-25, 733-739
Quantum mechanics, 25, 33, 733-748
basic postulates, 739-740
degenerate states, 744
expectation values, 740
quantum numbers, 742, 743, 746, 747
spin, 744
Quantum numbers, 742, 743, 746, 747
Quasi-Fermi levels, 132136
Quasineutral base width, 378
Quasineutral regions, 242
Quasistatic assumption, 305, 340, 341, 444,
548, 631
Quasistatic, definition, 305
Quasistatic technique, 595

R &
Radiation damage, 668, 66!
Radiation effects, 668-669

Step junction, 197

Step recovery diode, 338

Storage delay time, 327, 328, 333-338, 457

Storage time, 327

Stored charge, 255, 256, 282, 315, 329, 330, 455

Straggle, 158

Strong inversion, 599

Substrate-bias effect. See Back biasing

Subth Id transfer ch istics, 629,
630, 692

Surface potential, 572, 573, 574

Surface scattering, 618, 619, 620

Surface states. See Interfacial traps

T
Temperature dependence
acceptor/donor action, 38-39
carrier concentrations, 6567
Fermi function, 45-46
intrinsic carrier concentration, 54
mobility, 81-83
‘Thermal motion, 76
Thermionic emission, 488, 499
Threshold voltage
adjustment, 678-681
definition, 617
measurement of, 634
narrow width modification, 697-698
relationships, 617, 675, 676
short-channel modification, 694697
Thyristor, 463
Ti, 499, 500
TiN, 500
Titanium silicide (TiSi, ), 499, 500
Total internal reflection, 368
Transconductance
BIT, 446
J-FET, 548, 549
MOSFET, 632
Transit time, 454, 473
Trapped charge, 651, 668
TRIAC, 474, 475
Tuning ratio, 307
Tunneling, 268, 269, 498, 499, 669
Turn-on voltage. See Threshold voltage
Two-dimensional electron gas, 709

u
Ultraviolet castastrophe, 734
Unijunction transistor (UJT), 475, 476
Unipolar transistor, 531
Unitcell, 7-11

bee, 8,9

diamond, 9, 10
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