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PREFACE 

PHILOSOPHY AND GOALS 

The purpose of the fourth edition of this hook is to provide a hasis for understanding 
the characteristics, operation, and limitations or 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 or solid,;, 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 cffo.:ienlly. The emphasis on the 
underlying physics will also be a benefit 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 th!ll is not consid­
ered. In addition. fabrication processes arc not described in detail. There are a few 
references and general discussions ahout 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 electrical en­
gineering. The prerequisites for understanding the material are college mathematics, 
up to and including differential equations, ba.�ic college physics, and an introduction 
10 electromagnetics. An introduction to modern physics would be helpful. but is not 
required. Also, a prior complclion of an introductory course in electronic circuits is 
helpful. but not essential. 

ORGANIZATION 

The text is divided into three parts-Pan I covers the introductory quantum physics 
and then moves on to the semiconductor material physics; Pan Tl pn:scnts the physics 
of the fundamental semiconductor devices: and Pan III deals with specialized semi­
conductor devices including optical, microw.ivc, and power devices. 

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

Chapters 2 and 3 in1roduce quantum mechanics and the quantum theory or solids, 
which together prO\•ide the neces�ury basic physics. Chapters -t through 6 cover the 
semiconductor material physics. Chapter -1- considers 1he physics of 1he scmicunduc­
lUr in 1hen11ul equilibrium, Chap1er 5 treats the trnnspo1t phenomena of the charge 
carriers in a semiconductor, and the nonequilibrium excess carrier characteristics arc 
developed in Chapter 6. Unders1anding the hchavior of excess carriers in u semicon­
ductor is vital to the goal of understanding the device physics. 

Part II consists of Chapters 7 through 13. Chapter 7 treats the clcctrostati1.:s of 
the basic pn junction and Chapter R covers the current-voltage, including the de 
and small-sign:11. charnctcristics of the pn junction uiode. Metal-semiconductor 
junctions. both rectifying and ohmic, and semiconductor heterojunctions arc con­
sidered in Chapter 9. The hasie physics of the mctal-oxidc-scmiconducwr field­
effcc1 transistor (MOSFET) is developed in Chaplers 10 with additional concepts 
presented in Chapter 11. Chapter 12 develops the theory of the hipolar transistor 
and Chopter 13 covers the junction field-effect transistor (JFE'f). Once 1he physics 
of the pn junction is developed, the chapters dealing with the three basic 1ransis1nrs 
may be covered in any order-these 1.:haptcrs an: wriuen so as not to depend on nne 
anolher. 

Part Ill consisls of Chapters 14 and 15. Chapter 14 considers optical devices, 
such as the solar cell and lighl cmining diode. Finally, semiconductor microwave 
devices and semiconductor powi?r devices arc presented in Chapter 15. 

Eight appendices are included al the end of the hook. Appendix A conta.ins 
a selected list of symbob. Notation may sometimes become confusing, so this 
appendix may aid in keeping truck of all the symbols. Appendix B contains the 
system of units, conversion factors, and general 1.:onstrrnts 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 in1cnded for a one-semester course at the junior m senior level. As with 
most texthooks, there is more material than can be conveniently covered in one 
scmcs1er; this allows e;1ch instructor some lkxibility in designing the course to his 
or her own spccilic needs. 1\vo pc,ssible orders of prcscnta1ion are discussed la1cr in 
a separate section in this preface. However. the text is not an encyclopedia. Sections 
in each chapter lhat can be skipped without loss nf con1inuity arc identified by an as­
terisk in hoth the table of contenL'i and in the chapter itself. These sections, although 
important to the development of semiconductor device physics, can be postponed to 
a later time. 

The materiul 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 1hc semester is devoted to the first six chapters; the remain­
der of the semester is devoted to the pn junclion, the melal-oxidc-semiconduclor 
field-effect transistor, and the bipolar transistor. A lcw <llhcr special topics may be 
briefly considered near the end of the semester. 
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Preface 

As mentioned. although the MOS tran�istur is di:.cussed prior 10 the hipolar 
transistor or junction field-effect trJnsistor. each chapter dealing with the basic types 
of transistors is wrillen 10 stand alone. Any one of the transistor types may he cov­
ered first. 

!';OTES TO THE READER 

This book iniroduccs the physics of semiconductor materials and de,,ices. Although 
many electrical engineering students are more comfortahle huilding electronic cir­
cuits or writing computer programs than studying the underlying principles of semi­
conductor devices, the material presented here is vital 10 an understanding or the 
limitations of electronic devices, such as the microprocessor. 

Mathematics is used extensi\'cly 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 
seem abslr'JCt, they have withstood the test of time in their ability 10 describe and 
predict these physical processes. 

The reader is encouraged 10 continually refer to the preview sections al the be­
ginning of each chapter so that the objective of the chapter and the purpose of each 
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 inmuctors will choose to t.'Ovcr tl�-sc topics. The fact that sec­
tions arc marked with an asterisk docs not minimiz.c the importance of these suhjccts. 

II is also important thm the reader keep in mine.I thm there may he que!,liuns still 
unanswered at the end of a course. Although the author dislikes the phrase. "it can be 
shown that ... :· there arc some concepts used here that rcly on dcri,·ations beyond 
the scope of the text. ll1is hook is intended as an introduction lo the subject. Those 
tJucstions remaining unanswered at the end of the course, the reader il> eneourJged 10 
keep "in a desk drawer:· Then, during the next course in this area of concentration, 
the reader can take out these questions and �earch for the answers. 

ORDER OF PRESENTATION 

Each instructor has a personal preference for the onicr in which the course material is 
presented. Listed below arc two pos,;ible scenarios. The first 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 he covered before the pn junction diude. 

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 nf presentation. However. hceausc Lhe 
MOSFET i� left until the end of the semester, time com,trainls may shortchange the 
amount of class time devoted to this important topic. 

Unfortunately. because of time constraints. every topic in each chapter cannot 
be covered in a one-scmesler cnurse. The remaining topics must he left for a ..ccond­
semester course or for further study by the reader. 
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Crystal structure 
Selected topics from quantum 

mechanics and theory or solids 
Scmicundm:tor physics 
Transport phenomena 
Selc.cted topics from noncquilibrium 

characteri�tics 
The pn junction 
The MOS tr.msistor 
The pn junction diode 
A brief discussion of the Schottky diode 
The bipolar transistor 
Other sclcch.'d topics 

Bipolar approach 

Crystal structure 
Selected topics from quantum 

mechanics and theory of solids 
Semiconductor physics 
Transport phenomena 
Selected topics from noncquilibrium 

characteristics 
The pnjuncti1111 and rnjunction diode 
A brief uiscussion of the Schottky diode 
The '1ipolar transistor 
The MOS transistor 
Other sclecLL'd topics 

NEW TO THE FOURTH EDITION 

Preface 

Order of Prt•sellfation: The two chapters dealing with MOSFETs were 
moved ahead of the chapter on hipolar transistors. This change emphasizes the 
importance of the MOS transistor. 

Se111ico11tl11ctor Micro,rare De1•ices: A short section wa� added in Chapter 15 
covering three specialized semiconductor microwave de,·ices. 

Neir Appendix: A new Appendix F has been added dealing with effective 
mass concepts. Two effective masses arc used in various calculations in th1: 
text. TI1is appendix dc,•clops the theory behind each clfoctivc mass and dis­
cusses when to use each effective mass in a particular calculation . 

Prc1•ie11· Sertiom: Each chapter begins wilh a brief introduction, which U1en 
leads to a preview section 11ive11 in bullet l'orm. Each preview item presents a 
particular objective for the chapter. 

£-ce,l'ise Problems: Over I 00 new exercise Problems have been added. An 
Exercise Problem now follows each example. The exercise is very similar to 

the worked example so that readers can immediately test their understanding or 
the material just covered. Answers arc given to each exercise problem. 

xiii 
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xiv Preface 

Test Your U11derstamli11!f: Approximately -W percent new Test Yuur Under­
standing prohlcms arc included at the end or many or the major sL-ctions of the 
chapter. lncsc excn:ii.c problems arc. in general. more comprchcnsi\'c than 
those presented ul the end of each example. 11,esc problems will also reinforce 
reader..· �rasp or the material before they mo,·c on to the next . ection. 

End-nf-Chapta /'mblems: There arc 330 new end-of-chapter prohlems. which 
means thut approximately 48 percent of the prublcms arc new 10 this edition. 

RETAINED FEATURES OF THE TEXT 

■ Mathematical Rigor: Tiu: mathematical rigor ncccssury to more clearly under­
stand the basic semiconductor material und device physics has been maintained. 

■ Examples: An extensive number or worked examples arc used throughout
the text tu reinforce the theoretical concepts being developed. These examples
contain all the details of the analysis ur design. so the reader docs not have to
lilt in missing steps.

■ S11111111ury section: A summary section. in bullet fom1. follows the text of 
each chapter. This section summarizes the overall results derived in the chapter 
and reviews the ha,;ic concepts developed.

■ Glossary of imponcmt tem1s: A glossa.ry of imponant tcm1s follow� the Sum­
mary section of each chapler. ·n1is section defines and summarizes the mnsl
imponunt terms discussed in the chapter.

■ Ched:pni11t: A checkpoint section follo\\s the Glossary section. This section
states the goals that should have hccn met and the uhilitics the rcuder should
have gained. The Checkpoints will help a<;sess progress heforc moving on to 
the next chapter.

■ Re,·iew <111estio11s: A list of review questions is included al the end of each
chapter. These questions serve as a self-lest to help the reader determine how
well the concept,; developed in the chapter have hcen mustered.

■ E11d-of-chapter problems: A large number of problems arc given at the end or 
each chapter, organized accon.ling to the subject or each section in the chapter. 

■ S11111111ary and Re,·iew Pmhlems: A few problems, in a Summary and Review 
�--clion. are open-ended design pmblems and arc given at the end of most chapters. 

■ Readi11g list: A reading list finishes up each chapter. 1l1e references, which arc 
ut an advanced level compan.'Cl with that of this texl, arc indicated hy an ,L-.tcrisk.

■ Answers to selected problems: Answers to selected pmblems arc given in the 
last appendix. Knowing the answer to u problem is an aid and a reinforcement
in pmhlcm solving.
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Preface 

ONLINE RESOURCES 

A website to accompany this text is available nt www.mhhc.com/ncnmcn. 'Titc site 
includes the solutions manual ns well ns an image library for instructors. Instructors can 
also obtain ru:ccss to C.O.S.M.O.S. for the fourth edition. C.O.S.M.O.S. is a Complete 
Online Solutions Mnnunl Orgnniznlion System instructors can use to create exams and 
assignments, ct'Cllte custom content. and edit supplied problems nnd solutions. 
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edition being published. Their contributions and suggestions for continued impro,'l!­
mcnt are very valuable. 

REVIEWERS FOR THE FOURTH EDITION 

The following reviewers deserve thanks for !heir construcli\'C criticism and suggcs-
1ions for the fourth edition or this book. 

Snndra Sclmic, lo11isia11a Tech U11ii·ersilS 
Terence Brown, Michigan State U11il'ersit)' 
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xvi Preface 

McGRAW-HILL CREATEnt 
Craft your teaching re -sources to match the way you teach! With McGraw-Hill 
Create TM, www.mcgr.iwhillcrcate.com. you can easily rearrange chapters. combine
mutcrinl from other content soun:cs. and quickly upload content you h::ivc written 
like your course syll::ihus or teaching notes. Find the content you need in Create 
by searching through thousands of lcuding 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 hook und you"ll rl.-ceive a complimcntury print review copy 
in 3-5 business days or u complimentary clectmnic review copy (eComp) viu email 
in minutes. Go to www.mcgrawhilkrcatc.com today and register to experience how 
McGraw-Hill Crea1cn1 empnwcrs you to teach your students your way.

:� I.ii MCGRAW-HILL HIGHER EDUCATION AND
• - BLACKBOARD HA VE TEAMED UP.

Blackboard, the Weh-based course-management system. has partnered with 
McGraw-Hill to better allow students and faculty to use onlinc materials and ac­
tivities 10 complement face-to-face tcachini;. Blackboard features exciting social 
learning and teaching tools that foster more logical. visually impactful and active 
learning opportunities for students. You'll transform your closed-dour classrooms 
into communities where students remain connected to their educational experience 
2-1 hours a day. 

This pannership allows you and your students uccess Lo McGmw-Hill's 
CrcateTM right from within your Blackhoanl c11ursc-ull with one single sign-on. 
McGruw-Hill and Blackhoard cun now offer you easy access to industry leading 
technology and content, whether your campus hosL� it. or we do. Be sure to ask your 
local McGraw-Hill representative for details. 

ELECTRONIC TEXTBOOK OPTIONS 
E-tcxtbooks are an innovative way for students lo save money and create a greener 
environment at the same Lime. An c-book can save students about half the cost or a
lmditional textbook and offers unique features like a powerful search engine, high­
lighting, and the ability to share nmcs with cla.ssmulcs using e-books.

McGraw-Hill offers this text as an e-book. To talk ahout the c-book options, con­
tact your McGr.iw-Hill sales rep or visit the site www.courscsmart.com to team more. 
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P R O L O G U E 

Semiconductors and the 
Integrated Circuit 

W � 1�lkn l�car 1ha1 we arc �iving '." the inlim11;1tio�1 ;1ge. Large amounL, 111'
I11l11nnaunn c,tn he obtamed via the lntl·n11:t, lor example. :md i:an he 
11htui11ed ,·cry 4uickly over long di).tani:es via satellite communication, 

systcn1'. l11e infon11a1i1111 1echn11logk., arc hm,ed upon digital and analog clci:tronii: 
sy�tcm�. with lht.: transbtor and intcgratl-<l ciri:uit ( IC) hcing the foundation or these re­
nrnrkahle capahilities. Wirclcs .. con1111unii:alinn sy),tcm,. including printers. fa.te�. lap­
top computers. ip,xl,. and of course Lht.: cell phone, arc hig u.-.crs orttx.lay'), IC producL,. 
TI11: et.:I I phone is not j11'l a telephone any longer. hut includes e-mail scr\'ii:es and video 
camera),. li,r examph:. Today. a n:latiwly small laptop computer h.is mme computing 
capahility than the eljuipmcnt u�1.'tl to send a man to the moon a few 1.kcadc.', ago. TI1e 
,cmicnnductor elcctmnil·s field co111inues 10 he a fa.,1-1.:hanging one. with thou�and., of 
technical papers publishct.l and many new electronic devices t.lc\·clopcd c·1ch year.■ 

HISTORY 

The �emil'11nuuct11r device ha), a fairly long hbtory. although the grcaIc�1 cxplo­
),ion of IC technology ha� occurcd during thc last two or three decade.�. 1 The mc1al­
semieo11duc1or conl:tct date� liack 10 the early work 11f Braun in I X7-4. wlw dbcovercd 
thc asymmetric nature of electrical conducIiun between mct;il cnntal't� and ),emicon­
dui:tnrs, such a� copper. iron. and lead sullidc. These devices wcrc used a., detector), 
in early cxperi111e11L, on radio. In 1906. Pickard tnok mI1 a pal..::111 liir a poinL contal'l 

TI1i, tiri\.·f i111nJJuc.·1i,,11 i, iul�mk,I tt, �·\ ... u 11:t\or 4,r (lk.' hi,ht� ,,r lhi: \.c,."ll1k,mt.lm:h,r J .. •, ic.'\.' ;md 
inh:g�1h .. -J dn:11it. ·nlou,;1nJ, uf l.'n�im.•c� ;mJ .......:-k·mi,t, ho.1, I,;' 1nad ... • ,i::nifkant cm111ihu1iun, tn Ill\: 
tk.·h:lopmi:nt or "-"mkunJu�wr d ... ·c1runk� lh..: r1..•,, l.!'\l"llt-.. ;mJ n�un\!, nk.0nlit,1h:J he� an: nut nK.·ant 
ln impl} I hat 1h1."\I.' 1.1� rhc uni� ,icnilkant 1r."H"nt, ur 111.:npk inH1h,�,.1 in th1..• �mi1,:umh1c:1nr hi,10�. 
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detector using silicon and, in 1907, Pierce published rectification characteristics of 
diodes made by sputtering metals onto a variety of semiconductors. 

By 1935, selenium rectifiers and silicon point cnnlact diodes were available 
for use as r.idio detectors. A significant advance in our understanding of the metal­
semiconductor contact was aided hy devclopmcnls in semiconductor physics. In 
1942, Bethe developed the thcm1ionic-emission theory. according to which the cur­
rent is dctcm1ined 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 of achieving high-purity sili­
con and germanium were developed during this time and germanium diodes became 
a key component in radar systems during the Second World War. 

Another hig breakthrough came in December 1947 when the first transistor was 
constructed and tested al Bell Telephone Laboratories by William Shockley, John 
Bardeen, and Walter Bruuain. TI1is first transistor was a point conlact device and used 
polycryst.alline germanium. TI1e transistor effect was soon demonstrated in silicon as 
well. A significanl improvement occurred al the end of 1949 when singlc-crystul 
material was used mthcr than the polycrystalline material. The single crystal yields 
uniform and improved properties thmu�hout the whole semiconductor material. 

The next significant step in the development of the transistor was the use of 
the diffusion pmcess to form the necessary junctinns. This process allowed better 
control 111' the transistor characteristics and yielded higher-frequency devices. The 
diffused mesa transistor was commercially availahle in germanium in 1957 and in 
silh:.,cm in 1958. The diffusion process also allowed many tmnsistors to be fuhricated 
on a single silicon slice, so the cost or these devices decreased. 

THE INTEGRATED CIRCUIT (IC) 

The transistor led to 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 
each clement had to be individually connected by wires lo form the circuit. The in­
tegrated circuit has led to u new revolution in electmnics 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 firsl IC was fabricated in Fehruary 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 f-airchild. The first intcgratl.'CI circuits incorporated bipolar L.ransis­
tors. Practical MOS transiswrs were then developed in the mid- I 960s anJ 1970s. 
The MOS technolngies, especially CMOS, have bt..-come a major focus for IC de ·ign 
and development. Silicon is the main semiconductor material, while gallium arsc­
ojdc and other compound semiconductor materials are used for optical devices and 
for special applications requiring very high frequency devices. 

Since the lirst TC, very sophisticated and complex circuits have been designed 
anJ fabricated. A single silicon chip may be on the order of I square centimeter and 
some TCs may have more than a hundred terminals. An IC can contain the arithmetic. 
logic, and memory functions on a single chip-the primary example of this type of IC 
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is the microprocessnr. lntegrmion means that circuits can be miniaturized for use in 
satellites and laptop computers where si1_.e, weight, and power are critical pammeters. 

An important advantage of ICs is the result or devices being fahricatcd very 
close to each other. The time delay of signals between devices is short so that high­
frequency and high-speed circuits arc now possible with ICs that were not practica.l 
with discrete circuits. In high-speed computers, for Cllamplc, the logic and memory 
circuiL'i can be placed very close to each other to minimi1..c time delays. In addition, 
parasitic capacitance and inductance between devices are reduced which also pro­
vides improvement in the speed of the system. 

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

FABRICATION 

The integrated circuit is a direct rcsuh of the development of various processing tech­
niques needed Lo fabricate the transistor and interconnect lines on the single chip. The 
total collection or these proc.x:sses for making an IC is called a teclmology. The following 
fow par.igraphs provide an introduction to a few of these processes. This introduction is 
intended to provide the reader with some of the basic lemtinology US(.,'t.l in processing. 

Thermal Oxidation A major rea'ion for the success of silicon ICs is the fact Lhut 
an excellent native oxide, Si�. can be fonned on the surface of silicon. This oxide is 
used as a gale insulator in the MOSFET und is also used us an insulator, known as the 
field Ollide. between devices. Metal interconnect lines that connect ,,arious devices 
can be placed on top of the field Ollidc. Most oiher semiconductors do not fonn native 
ol!ides that are or suff1cicnt 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 arc done at elevated tcmper.1Lures 
since the basic process requires that oxygen diffuse through the existing oxide to 
the silicon surface where a reaction can occur. A schematic of the Ollidalion process 
is shown in Figure 0.1. Ollygcn diffuses across a srngnant gas layer directly adjacent 
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lo the oitide surface nnd then diffuses through the existing oxide lnyer to the silicon 
surface where the n::iclion between 0: und Si fonns Si 01, Because of this n:nction, 
silicon is actually consumed from the surface of the silicon. The amount of silicon 
consumed is npproximntely 44 percent of the thickness of the finnl oxide. 
Photomnsks nnd Pbotolithogrophy 1'he actual circuitry on each chip is created 
through thC! use of photomnsks and phololithogrnphy. The photomil.Sk is a physical 
rcpresentalion of a device or a portion of n dC!vice. Opaque regions on the ma�k arc 
made of an uhr.i.violct-light-nbsorbing material. A photosensitive layer, called pho­
toresist, is first spread over the surface of the semiconductor. Tite photorcsist is nn 
Ot(lnnic polymer that undct(loes chcmicnl change when exposed to ultm,•iolct light. 
The photorcsist is exposed lo ultraviolet light through the pholomask ns indicated in 
Fi.gun: 0.2, The photorcsist is lhcn developed inn chemical solution. The developer 
is used to remove the unwnnlcd portions of the photorcsistand generate the appropri­
ate patterns on the silicon, l11C! photomil.Sks and photolilhogrnphy process is critical 
in that it determine.,;, how small the devices can be made. Instc.id of us ins ultraviolet 
lisht, electrons nnd x-rays can nlso be used to expose the photorcsist. 
Etching After lhc pholorcsist paucm is funned, the rcmn.lning photorcsist can be 
used ns a mask, so 1hnt the m111crial not co\'crcd by the pholorcsis1 can hcctchcd. Plasma 
etching is now the stmdnnl prucc.55 used in IC fabrication. Typically, nn etch gns such 
as chloronuoroc.trbons is injcctcd into a low-pri!ssure chamber. A plU5ma is created by 
.ipplying n rndio-frcqucm:y \'Ollage between cnthodc nnd anode tcmlinals. The silicon 
w.if er is plucal on the c.ithodc. Positively charged ions in the plasma arc nccclcrated to­
ward lhccathodcnnd bombard the wnfcrnormal to thcsurfncc.1'hcactunl chemicnl nnd 
physical reaction nt the.surf ace is complex, but the nel result is that silicon can be etched 
nnisotropicaJly in very selected regions of the wnfcr, If photorcsist is applied on the 
surface of silicon dioxide, then the silicon dioxide can also be etched in asimilar way, 
Diffusion A thermal process thnt is used extensively in IC fabrication is diffusion. 
Diffusion is the process by which specific types of "impurity" atoms can be intro­
duced into lhc silicon mntcrial. This doping process chongcs the conductivity type 
of the silicon so thal pn junctions can be fom1cd. (The pn junction is n basic build­
ing block of semiconductor devices.) Silicon wafers arc oxidized to f onn n layer of 
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silicon d.ioxide. and windows are opened in the oxide in selected area.,; using photo­
lithography and etching as just described. 

The wafers an: then placed in a high-temperature furnace (about 11 OO"C) and dopant 
atoms such as boron or phosphorus are introduced. "Tile dopanl atoms gradually diffuse 
or move into the silicon due 10 a density gradicnl. Since the diffusion process requires 
a gradient in the concentration of atoms, the final concentration of diffused atoms is 
nonlinear, a� shown in Figure 0.3. When the warcr is removed from the furnace and the 
wafer tcmpcmturc returns to mom temperature. the diffu!>ion coellicicnt of the dopant 
atoms is essentially zero so that the dopant atoms are then fixL'CI in the silicon material. 

Ion lmplantution A fabricmion process that is an alternutive 10 high-temperature 
diffusion is ion implantation. A beam ol' dopant ions is accelerated to a high energy 
and is directed al 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 statistic.al 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 al a particular energy. 

Two advantages of the ion implantation process compared lo diffusion arc 
(I) the ion implantation process is a low-temperature process and (2) very well
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defined doping lnycrs cun be nehievcd. Photorcsist layers or layers of oxide cnn be 
used 10 block the pcnelrntion of dopant atoms so 1h11l ion implantation cnn occur in 
very selected regions of the silicon. 

One disndvantngeof ion implnnlntion is thnt the siliconcrystlll isdnmagcd by the 
penetrating dopnnt atoms because or collisions b,:twccn the incident dopant oloms 
nnd the host silicon atoms, However, most of the dnm:J.gc can be rcmo,•ed by lhermnl 
:mnenling the silicon nt nn clev:itcd temperature. The thennlll anm:nling 1cmpemturc, 
however, is nonnally much less that the diffusion process temperature. 

Mclnlllzntlon, Bonding, and Pnekuglng After the scmiconduetordcviccs h:J.,·c been 
fabricated by the processing s1epsdiscusscd, they need to be conncclcd to each other to 
form the circuiL Me1al films arc generally deposited by a vapor deposition technique, 
.snd the actual interconnect lines nrc fonned using photolithogrophy nnd etching. In 
general, n protective layer of silicon nitride is finally deposited over the e ntire chip. 

TI1e individual integrated circuit chips nrc separated by scribing and breaking the 
wafer. The integrated circuit chip is !hen mounted in a package. Le.id bonders are fi­
naJly U!iCd tonunchgold or aluminum wires bcLwccn 1hechipnnd package tc.nninals. 
Summary: Simplified Fabrication of a pn Junction Figure 0.5 shows 1he ba�ic 
steps in fonning n pnjunction, These steps involve some of the processing described 
in the previous pnrngrophs, 
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