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PREFACE

PHILOSOPHY AND GOALS

The purpose of the fourth edition of this baok is to provide a hasis for understanding
the characteristics, operation, and limitations ol semiconductor devices. In order to
gain this understanding, it is essential 10 have a thorough knowledge of the physics
of the semiconductor material. The goal of this book is to bring together quantum
mechanics, the quantum theory ol solids, semiconductor material physics. and semi-
conductor device physics. All of these components are vital to the understanding of
both the operation of present-day devices and any future development in the field.

The amount of physics presented in this text is greater than what is covered
in many introductory semiconductor device books. Although this coverage is more
extensive, the author has found that once the basic introductory and material physics
have been thoroughly covered, the physics of the semiconductor device follows quite
naturally and can be covered fairly quickly and cfficiently. The emphasis on the
underlying physics will also be a benelit in understanding and perhaps in developing
new semiconductor devices.

Since the objective of this text is to provide an introduction to the theory of
semiconductor devices, there is u great deal of advanced theory that is not consid-
cred. In addition, fabrication processes are not described in detail. There are a few
references and general discussions about processing techniques such as diffusion
and ion implantation, but only where the results of this processing have direct im-
pact on device characteristics.

PREREQUISITES

This text is intended for junior and senior undergraduates majoring in clectrical en-
gineering. The prerequisites for understanding the material are college mathematics,
up to and including differential equations, basic college physics, and an introduction
to clectromagnetics. An introduction to modern physics would be helptul. but is not
required. Also, a prior completion of an introductory course in electronic circuits is
helpful. but not essential.

ORGANIZATION

The text is divided into three parts—Part 1 covers the introductory quantum physics
and then moves on to the semiconductor material physics; Part IT presents the physics
of the fundamental semiconductor devices: and Part 111 deals with specialized semi-
conductor devices including optical. microwave, and power devices.

Part I consists of Chapters | through 6. Chapter | presents an introduction to the
crystal structure of solids leading to the ideal single-crystal semiconductor material.
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Preface

Chapters 2 and 3 introduce quantum mechanics and the quantum theory of solids,
which together provide the necessary basic physics. Chapters 4 through 6 cover the
semiconductor material physics. Chapter 4 considers the physics of the semiconduc-
tor in thermal cquilibrium, Chapter 5 treats the transport phenomena of the charge
carriers in a semiconductor, and the nonequilibrium excess carrier characteristics are
developed in Chapter 6. Understanding the behavior of excess carriers in a semicon-
ductor is vital to the goal of understanding the device physics.

Part IT consists of Chapters 7 through 13. Chapter 7 treats the clectrostatics of
the basic pn junction and Chapter 8 covers the current—voltage, including the de
and small-signal, characteristics of the pn junction diode. Metal-semiconductor
Jjunctions, both rectifying and ohmic, and semiconductor heterojunctions are con-
sidered in Chapter 9. The hasie physics of the metal-oxide—semiconductor ficld-
cffect transistor (MOSFET) is developed in Chapters 10 with additional concepts
presented in Chapter 11. Chapter 12 develops the theory of the hipolar transistor
and Chapter 13 covers the junction field-effect transistor (JFET). Once the physics
of the pn junction is developed. the chapters dealing with the three basic transistors
may be covered in any order—these chapters are written so as not to depend on one
another.

Part 111 consists of Chapters 14 and 1S. Chapter 14 considers optical devices,
such as the solar cell and light emitting diode. Finally, semiconductor microwave
devices and semiconductor power devices are presented in Chapter 1S.

Eight appendices are included at the end of the hook. Appendix A contains
a sclected list of symbols. Notation may sometimes become confusing, so this
appendix may aid in Keeping track of all the symbols. Appendix B contains the
system of units. conversion factors, and general constants used throughout the text.
Appendix H lists answers to selected problems. Most students will find this appen-
dix helpful.

USE OF THE BOOK

The text is intended for a one-semester course at the junior or senior level. As with
most texthooks, there is more material than can be conveniently covered in one
semester; this allows cach instructor some flexibility in designing the course o his
or her own specific needs. Two possible orders of presentation are discussed later in
a separate scction in this preface. However, the text is not an encyclopedia. Sections
in cach chapter that can be skipped without loss of continuity are identified by an as-
terisk in hoth the table of contents and in the chapter itself. These sections, although
important to the development of semiconductor device physics, can be postponed to
a later time.

The material in the text has been used extensively in a course that is required
for junior-level electrical engineering students at the University of New Mexico.
Slightly less than half of the semester is devoted to the tirst six chapters; the remain-
der of the semester is devoted to the pn junction, the metal-oxide-semiconductor
ficld-cffect transistor, and the bipolar transistor. A few ather special topics may be
briefly considered near the end of the semester.
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Preface

As mentioned, although the MOS transistor is discussed prior 1o the hipolar
transistor or junction ficld-cffect transistor, cach chapter dealing with the basic types
of transistors is written to stand alone. Any one of the transistor types may he cov-
cred first.

NOTES TO THE READER

This book introduces the physics of semiconductor materials and devices. Although
many clectrical engineering students are more comfortahle huilding clectronic cir-
cuits or writing computer programs than studying the underlying principles of semi-
conductor devices, the material presented here is vital to an understanding ol the
limitations of clectronic devices, such as the microprocessor.

Mathematics is used extensively throughout the hook. This may at times seem
tedious, but the end result is an understanding that will not otherwise occur. Al-
though some of the mathematical models used to describe physical processes may
scem abstract, they have withstood the test of time in their ability 10 describe and
predict these physical processes.

The reader is encouraged Lo continually refer to the preview sections at the be-
ginning of cach chapter so that the objective of the chapter and the purpose of cach
topic can be kept in mind. This constant review is especially important in the first six
chapters, dealing with the basic physics.

The reader must keep in mind that, although some sections may be skipped without
loss of continuity, many instructors will choose to cover these topics. The fact that see-
tions arc marked with an asterisk does not minimize the importance of these suhjects.

Itis also important that the reader keep in mind that there may be guestions still
unanswered at the end of a course. Although the author dislikes the phrase. “it can be
shown that . .. .” there are some concepts used here that rely on derivations beyond
the scope of the text. This hook is intended as an introduction to the subject. Those
questions remaining unanswered at the end of the course, the reader is encouraged 10
keep “in a desk drawer.™ Then, during the next course in this arca of concentration,
the reader can take out these questions and scarch for the answers.

ORDER OF PRESENTATION

Each instructor has a personal preference for the order in which the course material is
presented. Listed below are two possible seenarios. The tinst case. called the MOSFET
approach, covers the MOS transistor before the hipolar transistor. It may be noted that
the MOSFET in Chapters 10 and 11 may be covered before the pn junction diode.

The second method of presentation listed, called the bipolar approach, is the
classical approach. Covering the hipolar transistor immediately after discussing
the pn junction diode is the traditional order of presentation. However, hecause the
MOSFET is left until the end of the semester, time constraints may shortchange the
amount of class time devoted to this important topic.

Untortunately, because of time constraints, every topic in cach chapter cannot
be covered in a one-semester course. The remaining topics must be left for a second-
semester course or for further study by the reader.
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Preface

MOSFET approach

Chapter 1
Chapters 2. 3

Chapter +
Chapter §
Chapter 6

Chapter 7
Chapters 10, 11
Chapter 8
Chapter 9
Chapter 12

Crystal structure

Sclected topics from quantum
mechanics and theory of solids

Semiconductor physics

Transport phenomena

Sclected topics from nonequilibrium
characteristics

The pn junction

The MOS trnsistor

The pn junction diode

A brief discussion of the Schottky diode

The bipolar transistor

Other selected topics

Bipolar approach

Chapter |
Chapters 2.3

Chapter 4
Chapter 5
Chaplter 6

Chapters 7. 8
Chapter 9
Chapter 12
Chapters 10. 11

Order of Presentation:

Crystal structure

Sclected topics from gquantum
mechanics and theory of solids

Semiconductor physics

Transport phenomena

Selected topics from nonequilibrium
characteristics

The pn junction and pn junction diode

A brief discussion of the Schouky diode

The bipolar transistor

The MOS transistor

Other selected topics

NEW TO THE FOURTH EDITION

The two chapters dealing with MOSFETs were

moved ahead of the chapter on hipolar transistors. This change emphasizes the
importance ol the MOS transistor.

Semiconductor Microwave Devices: A short scction was added in Chapter 15
covering three specialized semiconductor microwave devices.

New Appendix:

A new Appendix F has been added dealing with effective

mass concepts. Two effective masses are used in various calculations in the
text. This appendix develops the theory behind cach effective mass and dis-
cusses when (o use cach effective mass in a particular calculation.

Preview Sections:

Each chapter begins with a brief introduction, which then

leads 1o a preview section given in bullet Torm. Each preview item presents a
particular objective for the chapter.

Exercise Problems:

Over 100 new Exercise Problems have been added. An

Exercise Problem now follows cach example. The exercise is very similar to
the worked example so that readens can immediately test their understanding off
the material just covered. Answers are given to cach exercise problem.
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Preface

Test Your Understanding:  Approximately 40 percent new Test Your Under-
standing problems arce included at the end of many of the major sections of the
chapter. These exercise problems are. in general, more comprehensive than
those presented at the end of cach example. These problems will also reinforee
readers’ grasp of the material before they move on to the next section.
End-of-Chapter Problems:  There are 330 new end-of-chapter problems. which
means that approximately 48 percent of the problems are new to this edition.

RETAINED FEATURES OF THE TEXT

Mathematicat Rigor:  The mathematical rigor necessary to more clearly under-
stand the basic semiconductor material and device physics has been maintained.
Examples:  An extensive number of worked examples are used throughout
the text to reinforee the theoretical coneepts being developed. These examples
contain all the details of the analysis or design, so the reader does not have to
fill in missing steps.

Swmmary section: A summary scction, in bullet form, follows the text of
cach chapter. This section summarizes the overall results derived in the chapter
and reviews the basic concepts developed.

Glossary of important terms: A glossary of important terms follows the Sum-
mary scction of cach chapter. This section defines and summarizes the most
important terms discussed in the chapter.

Checkpoint: A cheekpoint section follows the Glossary section. This seetion
states the goals that should have been met and the abilities the reader should
have gained. The Checkpoints will help assess progress before moving on to
the next chapter.

Review questions: A list of review questions is included at the end of cach
chapter. These questions serve as a self-test to help the reader determine how
well the concepts developed in the chapter have been mastered,
End-of-chapter problems: A large number of problems are given at the end of
cach chapter, organized according to the subject of cach section in the chapter.
Stummary and Review Problems: A few problems, in a Summary and Review
section, are open-ended design problems and are given at the end of most chapters.
Reading list: A reading list finishes up cach chapter. The references, which are
at an advanced level compared with that of this text, are indicated by an asterisk.
Answery to selected problems:  Answers to scelected problems are given in the
last appendix. Knowing the answer to a problem is an aid and a reinforcement
in problem solving.
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Prefaco

ONLINE RESOURCES

A websile to accompany (his text is available at www.mlthe.com/ncamen, The site
includes the solutions manual as well as an image library for instructors, Instrctors can
also obain access to C.0.5.M.O.S, for the fourth edition. C.0.5.M.0.S. is a Complete
Onlinc Solutions Manual Orgenizalion System instructors can use ta create exams and
assignments, create custom conlent, and edit supplicd problems and solutions.

ACKNOWLEDGMENTS

Yam indebted 10 the many students I have had aver the years who have helped in the
cvolution of this fourth cdition as well as to the previous editions of this text. [ am
grateful for their enthusiasm and constructive criticism.

I want 1o (hank the many people at McGraw-Hill for their tremendous support.
To Peter Maossar, sponsoring editor, 2nd Lora Neyens, development editor, I am grate-
ful for their encouragement, support, and attention to tiic many details of this project.
I also appreciate the efforls of praject managers who puided this work through its
final phase toward publication. ‘This cffort included gently, but lirmly, pushing me
through proofreading.

Lel me cxpress my continued pppreeiation o those reviewers who read the
manuscripts of the first three editions in its various forms and gave constructive criti-
cism. 1 also appreciale the elTorts of nccuracy checkers who worked thraugh the new
problem solutions in order to minimize any etrors [ may have introduced. Finally,
my thanks go out to those individuals who have reviewed the book prior to this new
cdition being published. Their coniributions and suggestions for continued improve-
ment are very valuable.

REVIEWERS FOR THE FOURTH EDITION

The following reviewers deserve thanks for their constructive criticism and sugges-
tions for the fourth edition of this book.

Sandra Sclmic, Lowisiana Tech University
Terence Brown, Micligan State University
Timothy Wilson, Oklahama State University
Lili He, San Jose State University

Jiun Liou, University of Central Florida
Michael Stroscio, University of lllinois-Chicago
Andrci Sazonov, University of Waterioo
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McGRAW-HILL CREATE™

Craft your tcaching resources 1o match the way you teach! With McGraw-Hill
Create™, www.megrawhillereate.com, you can casily rearrange chapters, combine
material from other content sources. and quickly upload content you have written
like your course syllabus or teaching notes. Find the content you need in Create
by scarching through thousands of Icading McGraw-Hill textbooks. Arrange your
book to fit your teaching style. Create even allows you to personalize your book's
appearance by selecting the cover and adding your name, school, and course infor-
mation. Order a Create book and you'll receive a complimentary print review copy
in 3-5 business days or a complimentary clectronic review copy (¢Comp) via email
in minutes. Go to www.negrawhillercate.com today and register to experience how
McGraw-Hill Create™ empowers you to teach your students yvour way.

M 3 MCGRAW-HILL HIGHER EDUCATION AND
BLACKBOARD HAVE TEAMED UP.

Blackboard, the Web-based course-management system, has partnered  with
McGraw-Hill to better allow students and faculty to use online materials and ac-
tivities to complement face-to-face teaching. Blackboard features exciting social
learning and tcaching tools that foster more logical, visually impactful and active
learning opportunitics for students. You'll transform your closed-door classrooms
into communitics where students remain connected o their educational experience
24 hours a day.

This partnership allows you and your students access 10 McGraw-Hill's
Create™ right from within your Blackboard course—ull with one single sign-on.
McGraw-Hill and Blackboard can now offer you casy access to industry leading
technology and content, whether your campus hosts it. or we do. Be sure 10 ask your
lacal McGraw-Hill representative for details.

ELECTRONIC TEXTBOOK OPTIONS

E-texthooks are an innovative way for students to save money and create a greener
cnvironment at the same time. An e-book can save students about half the cost of a
traditional textbook and offers unique features like a powertul scarch engine, high-
lighting, and the ability to share notes with classmates using ¢-books.

McGraw-Hill offers this text as an e-book. To talk about the e-hook options, con-
tact your McGraw-Hill sales rep or visit the site www.coursesmart.com to learn more.
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PR OL OGUE

Semiconductors and the
Integrated Circuit

PREVIEW

¢ olten hear that we are living in the information age. Large amounts of

inflormation can be obtained via the Intemet. for example. and can he

obtained very quickly over long distances via satellite communications
systems. The information technologies are hised upan digital and analog clectronic
systems. with the transistor and integrated cireuit (1C) heing the foundation of these re-
markable capabilitics. Wireless communication systems, including priners, fuxes, lap-
top camputers. ipods, and of course the cell phones are big users of kxday”™s [C products.
The cell phone is not justa telephone any longer. but includes e-mail services and video
cameras., for example. Today. a relatively small laptop computer has more computing
capability than the equipment used 0 send a man to the moon a few decades ago. The
semiconductor electronics lield continues o be a fast-changing one. with thousiands ol
technical papers published and many new clectronic devices developed each year. B

HISTORY

The semiconductor device has a fairly long history. although the greatest explo-
sion of IC technology has oceured during the last two or three decades.! The metal-
semiconductor contact dates back to the carly work ol Braun in 1874, who discovered
the asymmetric nature ol electrical conduction between metal contacts and semicon-
ductors, such as copper. iron, and fead sullide. These devices were used as detectors
in carly experinients on rudio. In 1906. Pickard ook out a patent Tor a point contact

This brict introduction is intended to give a lavor ol the histary of the semiconductor desice and
integrated cireuit, Thousands of engineens and seicatists hive made significant contributions to the
development of semiconductor electronics —the tes events and pames nentioned heee are not meant
o imply that these are the enty signiticant events or people involved in the semicomductor histors.
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Prologue

detector using silicon and, in 1907, Picrce published rectification characteristics of
diodes made by sputtering metals onto a variety of semiconductors.

By 1935, selenium rectifiers and silicon point conlact diodes were available
for use as radio detectors. A signilicant advance in our understanding of the metal-
semiconductor contact was aided hy developments in semiconductor physics. In
1942, Bethe developed the thermionic-emission theory, according to which the cur-
rent is determined by the process of emission of electrons into the metal rather than
by drift or diffusion. With the development of radar. the need for better and more
reliahle detector diodes and mixers increased. Methods ot achieving high-purity sili-
con and germanium were developed during this time and germanium diodes hecame
a key componentin radar systems during the Second World War.

Another hig breakthrough came in December 1947 when the first transistor was
constructed and tested at Bell Telephone Laboratories by William Shaockley, John
Bardeen, and Walter Brattain. This first transistor was a point contact device and used
polycrystalline germanium. The transistor effect was soon demonstrated in silicon as
well. A signilicant improvement occurred at the end of 1949 when single-crystal
malerial was used rather than the polycrystalline material. The single crystal yiclds
uniform and improved propertics throughout the whole semiconductor material.

The next significant step in the development of the transistor was the use of
the diffusion process o form the necessary junctions. This process allowed better
control ol the transistor characteristics and yiclded higher-frequency devices. ‘The
diffused mesa transistor was commercially availahle in germanium in 1957 and in
silicon in 1958. The difTusion process also allowed many transistors 1o be fahricated
on a single silicon slice, so the cost of these devices decreased.

THE INTEGRATED CIRCUIT (IC)

The transistar led o a revolution in electronics since it is smaller and more reliable
than vacuum tubes used previously. The circuits at that time were discrete in that
cach element had to be individually conneceted by wires to form the circuit. The in-
tegrated circuit has led to a new revolution in electronics that was not possible with
discrete devices. Integration means that complex circuits, consisting of millions of
devices, can he fabricated on a single chip of semiconductor material.

The first IC was fabricated in February of 1959 by Jack Kilhy of Texas Instru-
ments. In July 1959, a planar version of the IC was independently developed hy
Robert Noyce of Fairchild. The first integrated circuits incorporated bipolar transis-
tors. Practical MOS (ransistors were then developed in the mid-1960s and 1970s.
The MOS technologies, especially CMOS, have become a major focus for 1C design
and development. Silicon is the main semiconductor material, while gallium arse-
nide and other compound semiconductor materials are used for optical devices and
for special applications requiring very high frequency devices.

Since the lirst IC, very sophisticated and complex circuits have been designed
and tfabricated. A single silicon chip may be on the order of 1 square centimeter and
some ICs may have more than a hundred terminals. An IC can contain the arithmetic,
logic, and memory tunctions on a single chip—the primary example of this type of 1C
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is the microprocessor. Integration means that circuits can be miniaturized for use in
satellites and laptop computers where size, weight, and power are critical parameters.

An important advantage of ICs is the result of devices being fahricated very
close to cach other. The time delay of signals between devices is short so that high-
frequency and high-speed circuits are now possible with ICs that were not practical
with discrete circuits. In high-speed computers, for example, the logic and memory
circuits can be placed very close to cach other to minimize time delays. In addition,
parasitic capacitance and inductance between devices are reduced which also pro-
vides improvement in the speed of the system.

Intense rescarch on silicon processing and increased automation in design and
manulacturing have led to lower costs. higher fabrication yields, and greater reliabil-
ity of integrated circuits.

FABRICATION

The integrated cireuit is a direct result of the development of various processing tech-
nigues needed to fabricate the transistor and interconnect lines on the single chip. The
total collection of these processes for making an IC is called a technology. The lollowing
few paragraphsprovide an introduction to a few of these processes. This introduction is
intended to provide the reader with some of the basic terminology used in processing.

Thermal Oxidation A major reason for the success of silicon ICs is the fact that
an excellent native oxide, SiO-, can be formed on the surface of silicon. This oxide is
uscd as a gate insulator in the MOSFET und is also used as an insulator, known as the
licld oxide, between devices. Metal interconnect lines that connect various devices
can be placed on top of the field oxide. Most other semiconductors do not form native
oxides that are of suflicient quality to be used in device fabrication.

Silicon will oxidize at room temperature in air forming a thin native oxide of ap-
proximately 25 A thick. However, most oxidations are done at clevated temperatures
since the basic process requires that oxygen dilfuse through the existing oxide to
the silicon surface where a reaction can occur. A schematic of the oxidation process
is shown in Figure (.1, Oxygen diffuses across a stagnant gas layer direetly adjacent

$i0 Silicon

Gas

_—————

—— ">
Di’ fTusion

of 0, —.Tb-l
1

Stagnant
paw layer k'_l——
* Diffusion of 0,
through existing
onide 1o silicon surface

Figure 0.1 1 Schematic of the oxidation
process,
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UV sounce

- Photoimask {l }+— Glass
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<~1— Silicon

Figure 0.2 1 Schematic showlng the use of a photomask.

to the oxide surface and then difTuses throuph the existing oxide layes to the silicon
surlzce where the reaction between O, and Si lornns SiOs, Because of this reaction,
silicon is actually consunied from the surface of the silicon. The amount of silicon
consumed is approximately 44 pereent af the thickness of the final oxide.

Photemasks and Photelithography The actual circuitry on cach chip is created
through the usc of phatomasks and photolithography. Thie photomtask is a physical
representation of a devicve or a portion of a device. Opaque regions on the mask are
madc of an ultraviolet-light-absorbing materinl. A photosensitive layer, called pho-
toresist, is first spread over the surlace ol {he semiconductor. The photoresist is an
organic polymer that undergoes chemical change when exposcd to ultraviolet light.
The phatoresist is exposcd to ultraviolet light through the photomask as indicated in
Figure 0.2, ‘The photoresist is then develuped in a chemical solution. The developer
is uscd Lo remaove lie unwanted portions of the photoresist and gencrate the appropri-
ate pattemns on the silicon, The photomasks and photolithograplhy process is eritical
in that it determines how small the devices can be made. Instead of using ultraviofcl
light, clectrons and x-rays can also be used 10 exposte the photoresist.

Etching Aftcr the photoresist pallern is formed, the remaining photoresist can be
used s a mask, so that the mulcriaf notcovered by the photoresist can bie etehed. Plasina
clehing is now the standand process used in IC fabrication. Typically, an etch gas such
aschlorofleoracarhons is injected into a low-pressure chamber. A plusma s created by
applying a mdio-frequency voltage between cathede and anode termiinals, The silican
waleris pluced an the citthode. Positively chargedions in the plasma are accelerated to-
ward the cathode andbombard the wafer normal to the surface. The actual chemical and
physical reaction at the surface is complex, but the net resull isthat silicon can be ciched
anisatropically in very selected regions of the waler. If photoresist is applicd on the
surface of silicon dioxide, then the silicon dioxide can also be eiched in asimilar way,

Diffusion A therma! process that is used extensively in IC fabrication is diffusion.
Diffusion is the process by which specific lypes of “impurily” atoms can be intro-
duced into the silicon material. This doping process changes the conductivity type
of the silicon so that pn junctions can be formed. (The pn junction is a basic build-
ing block of semiconductor devices.) Silicon wafers are axidized to form a layer of
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silicon dioxide, and windows are opened in the oxide in selected arcas using photo-
lithography and ctching as just described.

The wafers arce then placed in a high-temperature furnace (about 1 HX°C) and dopant
atoms such as boron or phosphorus are intreduced. The dopant atoms gradually diftuse
or move into the silicon due to a density gradient. Since the diffusion process requires
a gradient in the concentration of atoms, the final concentration of diffused atoms is
nonlinear, as shown in Figure 0.3. When the wafer is removed from the furnace and the
waler temperature retums to room temperature, the diffusion coeflicient of the dopant
atoms is essentially zero so that the dopant atoms are then lixed in the silicon material.

Ion Implantation A fabrication process that is an alternative to high-temperature
diffusion is ion implantation. A beam of dopant ions is accelerated to a high energy
and is directed at the surface of a semiconductor. As the ions enter the silicon, they
collide with silicon atoms and lose energy and finally come to rest at some depth
within the crystal. Since the collision process is statistical in nature. there is a dis-
tribution in the depth of penetration of the dopant ions. Figure 0.4 shows such an
example of the implantation of boron into silicon at a particular energy.

Two advantages of the ion implantation process compared to diffusion arc
(1) the ion implantation process is a low-temperature process and (2) very well

S Diffused
~ _impuritics
~

N\
\

N Buckground doping
< -
\
\
\
A

Surfice Distance =

Doping concentration

Figure 0.3 1 Final concentration of ditfused
impuritics into the surfice of 4 semiconductor.

R aad
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L
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Figure 0.4 | Final concentration off
ion-implanted horon into silicon.
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Prologue

defincd doping layers can be achieved. Photoresist layers or layers of oxide can be
used lo block the penctration of dopant atoms so (ht ion implantation can oceur in
very selected regions of the silicon.

One disadvantage of ion implantation is that the silicon crystal is damaged by the
penctmting dopant atoms because of collisions belween the incident dopant ptoms
and the host silicon atoms. However, most of the damage can be removed by therma!
annealing the silicon at an elevated temperature, The therinal annealing temperature,
however, is nortnally much less that the diffusion process temperature,

Metallization, Bonding, and Packnging  After the semiconductordevices have been
fabricated by the processing steps discussed, they need to be connecled tocach olhiet to
form the circuit. Metal films arc generlly deposited by a vapor deposition technique,
and the actual interconnect lines arc formed using photolithography and etching. In
gencral, a protective layer of silicon nitride is finally deposited over the entire chip.
The individual integrated circuit chips are separated hy scribing and breaking the
wafer. The integraled circuit chip is Lhen mounted in a package. Lead bonders are fi-
nally used to attach gold or aluminum wires between the chip ard package terminals.

Summary: Simplified Fabrication of a pn Junction Figurc 0.5 shows the basic
sleps in forming a pn junction, These steps involve some of the pracessing described
in the previous pamgraphs.
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3, Exposc photarsist 4 Remove exposed 35, Etch exposed Si0s
through photomask photoresist
lon implant
or diffuse p reglons Apply Al Alcontaats
USSUS YAt A A
P NP n P a p
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Figure 0.5 1 The basic steps in forming a pn junction.
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