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Preface 

Since the invention of the bipolar transistor in 1947, the semiconductor 
device field has grown rapidly. Coincident with this growth, semiconduc­
tor-device literature has also burgeoned and diversified. For access to this 
massive amount of igf ormation, there is a need for a book giving a 
comprehensive introductory account of device physics and operational 
principles, with references. In 1%9, the first edition of Physics of Semi­
conductor Devices was published with the intention of meeting such a need. It 
is perhaps somewhat surprising that the book has so long held its place as one 
of the main textbooks for advanced undergraduate and graduate courses, and 
as a major reference for scientists in semiconductor-device res~arch and 
development. 

In the last decade, more than 40,000 papers on semiconductor devices 
have been published, with numerous breakthroughs in device concepts and 
performance. The book clearly needed substantial revision if it were to 
continue to serve its purpose. In the second edition of Physics of Semi­
conductor Devices, 80 percent of the material has been revised or updated, 
and the material has been totally reorganized. About 1,000 references have 
been cited, of which 70 percent were published in the last decade, and over 
600 technical illustrations are included, of which 65 percent are new. 

Most of the important semiconductor devices are included, and they 
are divided into four groups: bipolar, unipolar, microwave, and photonic 
devices. A brief historical review is given in the introduction to each 
chapter. Subsequent sections present the physics and mathematical for­
mulations of_ the devices. The sections are arranged in a logical sequence 
without heavy reliance on the original papers. Each chapter is more or less 
independent of the other chapters, so readers can use the book as a 
reference and instructors can rearrange the device chapters or select ones 
appropriate for their classes. 

In the course of the writing many people have assisted me and offered 
their support. I would like, first, to express my appreciation to the 
management of Bell Laboratories for providing the environment in which I 
worked on the book; without their support this book could not have been 
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written. I have benefited significantly from the suggestions of the re­
viewers: Drs. J.M. Andrews, D. E. Aspnes, W. E. Beadle, J. R. Brews, H. 
J. Boll, C. C. Chen, W. Fichtner, H. Fukui, H.K. Gummel, D. Kahng, T. P. 
Lee, M. P. Lepselter, E. H. Nicollian, W. C. Niehaus, P. T. Panousis, T. 
Paoli, R. M. Ryder, M. Shoji, G. E. Smith, K. K. Thornber, and S. H. 
Wemple of Bell Laboratories; Professors H. C. Casey, Duke University, C. 
R. Crowell, University of Southern California, W. S. Feng, National 
Taiwan University, S. K. Ghandhi, Rensselaer Polytechnic Institute, H. 
Kroemer, University of California, M. Lampert, Princeton University, H. 
Melchior, Swiss Federal Institute of Technology, R. H. Rediker, Mas­
sachusetts Institute of Technology, and H. W. Thim, Technical University 
of Vienna; and Drs. L. L. Chang, IBM Corporation, G. Gibbons, Plessey 
Research Limited, and R. N. Hall, General Electric Company. 

I am further indebted to Ms. D. McGrew, Ms. J. Chee, Ms. K. R. Funk, and 
Mr. M. Lynch for technical editing of the entire manuscript, to Messrs. E. Labate, 
B. A. Stevens, and H. H. Teitelbaum for their literature searches, and to Ms. A. 
W. Talcott for providing more. than five thousand technical papers on semicon­
ductor devices cataloged at the Murray Hill Library of Bell Laboratories. Thanks 
are also due Mr. W. H. Shafer of the Center for Information and Numerical Data 
Analysis and Synthesis (CINDAS), Purdue University, for providing up-to-date 
references on semiconductor properties. I wish to thank Ms. J. T. McCarthy and 
Ms. V. J. Maye, who typed various sections of the book in its revision stage, and 
Mr. G. Holmfelt and members of the Drafting Department of Bell Laboratories, 
who furnished hundreds of technical illustrations used in this book. In each case 
where an illustration was used from another published source, I have applied for 
and received permission from the copyright holder even though all illustrations 
were then adapted and redrawn. I appreciate being granted these permissions. At 
my publishers, John Wiley and Sons, I want to acknowledge Mr. G. Novotny who 
encouraged me to undertake this new edition, and Ms. V. Aldzeris, Ms. R. Farkas 
and Mr. R. Fletcher who handled the production of this book. Finally, I wish 
especially to thank my wife Therese Ling-yi, my son Raymond, and my daughter 
Julia for their assistance in many ways, including typing the first draft and 
preparing the final manuscript. 

Murray Hill, New Jersey 
May 1981 

s. M. SZE 
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Introduction 

The book is divided into five parts: 

Part 1: resume of physics and properties of semiconduftors 
Part 2: bipolar devices 
Part 3: unipolar devices 
Part 4: microwave devices 
Part 5: photonic devices 

Part 1, Chapter 1, is intended as a summary of materials properties, to be 
used throughout the book as a basis for understanding and calculating 
device characteristics. Energy-band, carrier distnlmtion, and transport 
properties are briefly surveyed; with emphasis on the three most important 
semiconductors: germanium (Ge), silicon (Si), and gallium arsenide (GaAs). 
A compilation of the recommended or the most accurate values for these 
semiconductors is given in . the illustrations of Chapter 1 and in • the 
appendixes for convenient reference. 

Part 2, Chapters 2 through 4, treats bipolar devices in which both 
electrons and holes are involved iri the transport processes. The basic 
device technology and p-n junction characteristics are considered· in 
Chapter 2. Because the p-n junction is the building block of most semi­
conductor devices, the p-n junction theory serves as the foundation of the 
physics of semiconductor devices. Chapter 3 treats the bipolar transistor, 
that is, the ~teraction between two closely coupled p:n junctions. The 
bipolar transistor is one of the most important semiconductor devices. The 
invention of the bipolar transistor iri 1947 was tlie beginning of the.modern 
electronics era. The thyristor, which is basically three closely coupled p-n 
junctions in the form of. a p-n-p-n structure, is discussed in Chapter 4. 
Thyristors have a wide range of power-handlirtg capability; they can handle 
currents from a few milliamperes to thousands of ·amperes. and voltages 
extending above.5000V. . • 

Part 3, Chapters 5 through 8, deals with unipolar devices in which orily 

1 
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one type of carrier predominantly participates in the conduction 
mechanism. The metal-semiconductor contact, in Chapter 5, is electrically 
similar to a one-sided abrupt p-n junction, yet it can be operated as a 
majority-carrier device with inherent fast response. The metal-semicon­
ductor contact on heavily doped semiconductors constitutes the most 
important form of ohmic contacts. The junction field-effect transistor 
(JFET) and metal-semiconductor field-effect transistor (MESFET), de­
scribed in Chapter 6, are generically similar devices. Both utilize the electric 
field to control a current flow that is parallel to the junction rather than 
perpendicular to it. The surface physics and metal-oxide-semiconductor 
(MOS) devices are considered in Chapters 7 and 8. A knowledge of the 
'interface traps" associated with these devices is important not only 

because of the devices themselves but also because of their relevance to 
the stability and reliability of all other semiconductor devices. The charge­
coupled device (CCD), which is especially useful for signal processing and 
image sensing, is formed using closely coupled MOS capacitors. The 
metal-oxide-semiconductor field-effect transistor (MOSFET), discussed in 
Chapter 8, is the most important device for very-large-scale integrated 
(VLSI) circuits. MOSFETs are used extensively in semiconductor 
memories and microprocessors having thousands of individual components 
per chip. 
"Part ·4, Chapters 9 through 11, considers some special microwave 

devices. When a p-n junction is doped so heavily on both sides that the 
field becomes sufficiently high for quantum:--mechanical tunneling, the in­
teresting features of tunnel diode behavior are seen (Chapter 9). When a 
p-n junction or a metal-semiconductor contact is operated in ~valanche 
breakdown, under proper conditions we have an IMP A TT diode that can 
generate microwave radiation. The operational characteristics of IMP A TT 
diodes and some related devices are presented in Chapter IO. Microwave 
oscillation can be generated by the mechanism of electron transfer from a 
high-mobility lower-energy valley in the conduction band to a low-mobility 
higher-energy valley. The transferred-electron device is considered in 
Chapter 11. • 

Part 5, Chapters 12 through 14, deals with photonic devices that 
can detect, generate, and convert optical energy to electric energy, or vice 
versa. The light-emitting diode (LED) and semiconductor laser are dis­
cussed in Chapter 12. Both devices are important sources for optical-fiber 
communication systems. Various photodetectors with high quantum 
efficiency and high response speed are discussed in Chapter 13. As the 
worldwide energy demand ittcreases, there is a need to develop alternative 
energy sources. The solar cell is considered a major candidate because it 
can convert sunlight· directly to electricity with high efficiency. Various 
configurations of solar cells and their operational characteristics are con-
sidered in Chapter 14. • 

A remark on notation: To keep the notation simple, it is necessary to use 

Introduction 3 

the simple symbols more than once, with different meanings for different 
devices. For example, the symbol a is used as the common-base 
current gain for a bipolar transistor, as the optical absorption coefficient for 
a photodetector, and as the impact ionization coefficient for an IMP A TT 
diode. This usage is considered preferable to the alternative, which would 
be to use alpha only once and then be forced to find more complicated 
symbols for the other uses. Within each chapter, however, each symbol is 
used with only one meaning and is defined the first time it appears. Many 
symbols do have the same or similar meanings consistently throughout this 
book; they are summarized in Appendix A for convenient reference. 

At present, the electronics field in general and the semiconductor-device 
field in particular are so dynamic and so fast-changing that today's 
corcepts may be obsolete tomorrow. It is therefore important for us to 
understand the fundamental physical processes and to equip ourselves with 
sufficient background in physics and mathematics to digest, appreciate, and 
meet the challenge of these dynamic fields. It is important to poiQt out that 
many of the devices, especially the unipolar devices and photonic 
devices, are still under intensive investigation. 1 Their ultimate performance . 
is by no means fully und~rstood at the present time. The material presented 
in this book is intended to serve as a foundation. The references listed at 
the end of each chapter can supply more information. 

REFERENCE 
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Appendix I 
,I 

Properties Qf SiO2 !l 
'I' 
~ and. SbN4 at 300 K £ 
' il 
; 

,'tf 

t 

Insulator: Si02 Si3N4 

Structure Amorphous Amorphous 

Melting point (°C) ~1600 
Density (g/cm3) 2.2 3.1 
Refractive index 1.46 2.05 
Dielectric constant 3.9 7.5 
Dielectric strength (V /cm) 107 107 

Infrared absorption band (µ.m) 9.3 11.5-12.0 
Energy gap (eV) 9 ~5.0 
Thermal-expansion 5x10-1 

coefficient (°C-1) 
Thermal conductivity 0.014 

(W/cm-K) 
de resistivity (0-cm) 

at 25°C 1014-1016 ~1014 
at 500°C ~2x1013 

Etch rate in buffered HP 1000 5-10 
(A/min) 

0 Buffered HF: 34.6% (wt.) NH..F, 6.8% (wt.) HF, 58.6% H20. 

852 

INDEX 

Abrupt approximation, 248 
Abrupt junction, 72, 74 

depletion-layer capacitance, 248 
generation current, 90 
one-sided, 248 
space charge, 248 

Absorption, 693 
coefficient, 40, 41, 750 

ac admittance, 95, 585 
Acceptor, 20 • 
Acceptor interface trap, 380 

density, 383 
Acceptor ionization level, 22 
Accept-0r level, 21 
Accumulation, 365 -

of holes, 36 7 
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Accumulation layer, 651 
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Acoustic mode, 39 

longitudinal, 39 
phonon,28 
transverse, 39 

Activation energy, 285 
~ctive region, 176 
Al-Si diode, 286,293,824 
Alkali ions, 39 2 
Alloy junction, 133 

method, 65 
Alphas: cutoff frequency, 159 

variation of, 198 
AlGaAs, 763, 781 

cell, 835 
AlGaAsSb solid solution, 706 
AlGaSb, 780 
AllnAs, 649 
Al2 0 3 , 393, 405 

Aluminum antimonide (AISb): lattice 
constant, 848 

properties, 849 
Aluminum arsenide (AIAs), lattice cons 

Stant, 848 
Aluminum phosphide (AIP), lattice•con-· 

stant, 848 
AMO (air mass zero), 791 
AMI: condition, 807 

spectrum, 791 • 
AMI.5, 791,832 
AM2 spectrum, 791 
Ambipolar diffusion ~efficient; 87; i21, 

207 ...• 

Ambipolar diffusion length, 120 
Ambipolar lifetime, 87, 207' 
Amorphous silicon, 827 
Amplifier, .B5 
Amplifying gate, 219 
Amplitude dcv1atioih1oise; 67 l 
Aniostype heterojunctiori,:·122 
Anisotropic etching, 354, 812, 81'.3; 8i5 
Anode-to-catli6de voltage; 201 • 
Anodic etching nieth·od/605 • 
Antireflection coating, 812/81'9 
Arbitrary charge distribution, 319 
Ar bombardment, 350 . 
Asymmetrical junctions, 79 • 
Atomic weight, 850 
Au-GaAs diode, 300 
Auger coefficient, 207 
Auger lifetime, 144 
Auger process, 3~, 207 
Auger recombin;ition, 12lil44, 145 
Au-Si diode, 264, 300 • 
Avalanche breakdown, 149 

voltage, 195, 224 
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