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Preface

Semiconductor-Device Electronics is a textbook designed for a core course on de-
vices, a course that is usually offered in electrical-engineering and computer-
science curricula during the junior year. The book was class-tested in nine quarters
at the University of Minnesota before publication and has had a gratifying recep-
tion. This was a ten-week course, first in an electronics sequence. In ten weeks one
can cover only the most basic material, and so the extension to a one-semester
course would be easy. However, there is plenty of material in the textbook for a full
year, so it is well adapted for use in a senior elective course or in a graduate
program.

ORIGIN AND CONCEPT

We have seen an urgent need for a device-oriented electronics text of a particular
kind. A student addressing this subject needs foundation knowledge that is exten-
sive. Most electrical engineering (EE) students, at least, have been exposed to most
of the necessary topics, but our experience indicates that for all but the most capable
students, these topics remain at the fringes of understanding.

For this reason we have included foundation subject matter. This review mate-
rial has been composed in a way that is consistent with a deeply held pedagogical
conviction. It proceeds from the specific to the more general. The simplest, clearest
example is given first as a stepping stone toward more complex cases. While a
person of long experience in a subject can appreciate the elegance of a development
that proceeds from the general to the particular, most newcomers cannot. Instead,
they need specific and manageable components for constructing their own concep-
tual frameworks.

To illustrate our application of this principle, we can point to field theory.



Rather than starting with Maxwell’s equations, we address a series of one-dimen-
sional problems of a kind especially relevant to device theory. We stress the impor-
tance of gaining an intuitive, visceral understanding of Poisson’s equation in these
simple contexts and of some of the other, more -elusive classical concepts such as
electric displacement and dielectric-relaxation time. The device theory that is the
subject of this book does not require us to go beyond one-dimensional descriptions,
and space limitations do not permit it. But the theory provides a firm foundation for
the student who subsequently faces two- and three-dimensional problems and situa-
tions requiring more general field theory. In a similar way, the Bohr atom is treated
in terms that endeavor to relate electron behavior in an isolated atom to electron
behavior in a crystalline solid.

Crystallography, on the other hand, is a topic that most EE students have not
encountered before, but nonetheless it qualifies as a foundation topic in the sense
that device engineers use its concepts almost daily. Additional fundamental subjects
addressed are basic to all branches of engineering and science, but are often ne-
glected. These include general problem-solving procedures and the skillful, consis-
tent use of units.

Our primary aim in writing this textbook was to achieve clarity. We have made
liberal use of analogies and heuristic descriptions and have avoided unnecessary
jargon. In explanations, we have tried to choose a level that can be understood on
first exposure. Intermediate equations have been included in most derivations so
that the student can follow them easily, rather than deferring equation reading until
““later.””

One of the authors has taught device electronics to somewhat over 20 classes of
EE juniors at the University of Minnesota and, in the same time interval, to 10
in-house classes for industrial firms at various locations throughout the country.
Many of the university classes were large, numbering over 200 students, a factor
that poses its own special problems. The least of these is speaking a bit more loudly
or writing on the blackboard with larger letters.

As everyone who has had the experience knows, it is the administrative burden
that is most troublesome with a very large class, even with adequate and competent
assistance. Our book offers an important measure of relief in such a situation. It
provides 229 analytic problems and an accompanying Solutions Manual. Given
these analytic problems and solutions, one can choose the approach that fits the
immediate situation best. The method frequently used, assigning problems and pro-
viding solutions later, is of course an option. But there is at least one other valuable
option—an approach that we have used successfully for several years: Make the
problems and solutions available to the students on the first day of class. Inform
them that quiz and exam problems will be closely related to these, and that the
students must therefore understand these problems and solutions thoroughly. This
approach eliminates the burden of grading homework papers, which after the first
offering of a particular course often becomes largely copied homework. (There are
few academic activities that are more wasteful than the grading of copied home-

work.) This further frees the instructor to assign computer and design problems as
homework.



In our experience, the approach of supplying both problems and solutions leads
to a highly desirable focus on understanding on the part of the students. Discussion
of problems and associated concepts dominates the recitation hours and student
visits during office hours. To reinforce the instructor’s serious intent in this regard,
we often place a problem in an early quiz that is taken directly from the book,
without even the alteration of numbers.

To use such a system, of course, the closed-book approach is necessary in
quizzes and exams. This further reinforces the importance of understanding (rather
than the skill of a file clerk). And this system does not make unfair or unreasonable
demands upon a student’s memory. The equations the students must know are”
extremely simple, typically involving only three or four symbols. If students truly
understand, for example, that diffusive flux is proportional to density gradient, they
can write down the relevant equation effortlessly. For more complex expressions,
such as the continuity equations, we state the needed equation in the problem.
Typically, the most complicated equations that we insist the student must know are
the transport equations.

A further example along these lines is pertinent. The equations for depletion-
layer thickness in various kinds of step junctions are important but can be looked up
readily by engineers on the job. We consider memorizing these to be a relatively
unprofitable investment of energy. But we do insist that students clearly understand
that the depletion-layer thickness in any step junction varies as the square root of the
potential difference between its two sides, and why this relationship exists. On this
basis it is easy to devise problems that test understanding rather than memory. We
have selected topics to emphasize fundamentals rather than state-of-the-art
concepts. Only two major devices—the bipolar junction transistor and the MOS
field-effect transistor—are addressed here because a thorough knowledge of these
devices enables one to understand all other important IC devices. State-of-the-art

devices are by their nature constantly evolving, and these changing facts are best
learned on the job.

CONTENT AND ORGANIZATION

Chapter 1 presents the fundamentals of electricity in fresh fashion, as well as unit
manipulation and problem solving, the Bohr model, and crystallography.
Chapter 2 treats equilibrium and nonequilibrium bulk properties of semicon-
ductors, with silicon receiving heavy emphasis. It introduces band theory and
explains how semiconductors, conductors, and insulators differ. The Fermi-level
concept and its application is next, along with the most basic approximations fre-
quently used in semiconductor work. The nature and consequences of ‘‘doping’’
lead into further fundamental equations and laws—mass action, the neutrality equa-
tion, and the Boltzmann relation. Carrier transport, recombination and generation,
and the continuity equations for carrier-behavior analysis complete the chapter.
Chapter 3 deals comprehensively with the PN junction, at equilibrium and
under bias. After the basic junction concepts are introduced, the depletion approxi-
mation is applied to a carefully selected sequence of ¢xamples and is subsequently
expanded beyond step-junction cases. Static theory is augmented by a set of meticu-



lously recorded experimental data taken from the literature for the case of a particu-
lar silicon diode. The treatment of breakdown phenomena goes beyond the usual
textbook treatment.

Unique to our book, however, is a new and integrated treatment of the dynamic
properties of the PN-junction diode. It is used subsequently as the foundation for
treating the dynamic properties of the BJT and the MOSFET. Also, a general treat-
ment of step-junction and semiconductor-surface problems is included, which is
found only in one other book. The high-low junction as ohmic contact is discussed—
a feature found in vast numbers of semiconductor devices but ignored in most
electronics textbooks. The principles of SPICE numerical analysis are given; in
some cases, the detail presented exceeds that found even in SPICE manuals.

Chapter 4 offers BIT rudiments, basic device theory, biasing practice, and
circuit-configuration options, stressing the properties of each. Structures and prop-
erties of real devices come next, followed by a detailed survey of high-level effects
in the BJT. These effects are omitted from most texts, but because the BIJT is
routinely used under high-level conditions, this omission cannot be justified. Our
section on the Ebers-Moll model stresses clarity and an appreciation of the physical
significance of each step and is liberal with application examples. The small-signal-
dynamic modeling of the BJT starts with the hybrid model, relating it to device
physics, and proceeds through the hybrid-pi and other models, the charge-control
model, and figures of merit. SPICE modeling is presented in unusual detail, large-
signal and small-signal, with parasitic properties and thermal effects included.

Chapter 5 deals with the MOS capacitor and the MOSFET. After presentation
of the elementary theory and inverter options, we describe the numerous phenom-
ena that must be treated in an MOS capacitor. These are modeled carefully, using
equivalent circuits and the general semiconductor-surface analysis introduced in
Chapter 3. We include physical and analytic treatments of the capacitance-compo-
nent interplay in the MOS capacitor and in the junction diode and then compare the
two devices with respect to capacitive properties. Advanced modeling of the MOS-
FET follows, and the SPICE treatments of small-signal and large-signal problems
follow that. The concluding section of the chapter, and of the book, is a new and
detailed look at MOSFET-BJT performance comparisons that is not found in any
other textbook.

LEARNING AIDS

Immediately following the text of each chapter are two features designed to provide
a firm qualitative grasp of the subject matter. The first is a Summary that endeavors
to encapsulate the essential elements of the chapter. The second is a set of review
questions called ‘““Topics for Review’’ (averaging 115 per chapter) that lets the
student know very specifically whether key points have been mastered or, possibly,
have been missed altogether. The most basic of the questions posed in this section
are also useful for quiz and examination purposes.

An additional feature of our book is the in-text exercise and solution. On aver-
age about 60 of these appear per chapter. We have endeavored here to anticipate
questions that could reasonably pop into the head of an alert reader. (We are eager to



obtain feedback on our success in reaching this goal.) Then the more aggressive or
ambitious reader can ponder the issue and try to supply his or her own answer,
before simply reading ahead into the solution.

There are other respects in which our book differs from most engineering texts.
Topics in which spatial relationships are important are numerous in this subject
area, with the space lattices of Chapter 1 providing a good example. In such cases,
perspective drawings have been employed, replacing the primitive orthogonal-
isometric drawings usually encountered.

Our accrediting agency, ABET, has in recent years placed a valid and growing
emphasis on design skills, since engineers on the Job do more synthesis than analy-
sis. For this reason we have provided design problems at the end of each chapter in
addition to the analytic problems discussed earlier. In a similar way and for similar
reasons, computer problems also accompany each chapter, averaging more than two
per chapter. Here we have selected problems requiring numerical treatment. In the
last three chapters, these problems emphasize SPICE modeling. Normally we as-
sign design and computer problems as homework. We have chosen to program the
solutions using PASCAL, but other options are obviously available to the users of
this book.

Finally, the Solutions Manual that accompanies our book has been prepared
with unusual attention to legibility and accuracy. Of particular importance is the
careful treatment of dimensions, a point stressed to reinforce the lesson on this
subject in Chapter 1.

REFERENCE FEATURES

As much care and thoroughness have gone into assembly of the Subject Index as
into the text material. It is unusually detailed, and important topics are liberally
cross-referenced. While we can appreciate the fatigue factor that sometimes causes
delegation of index preparation to nontechnical clerical people, we feel that extra
effort invested here will enhance considerably the value of the book as a study and
reference resource. In a similar vein, our policy on references has been to supply a
substantial number, but far less than encyclopedic listings. (If a measure of chauvin-
ism has crept into the selection process, we hope that our readers will be under-
standing.) We believe that the book will be used as a reference as well as a text. In
summary, we have tried to select and emphasize the most basic and unchanging
topics; then we have sought the clearest possible presentation. We hope that the
result will provide entry to the eclectic discipline of solid-state-device electronics
for many future students.
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