Principles of

Electrical
Engineering
Materials and
Devices

S. O. Kasap



PRINCIPLES OF
ELECTRICAL ENGINEERING
MATERIALS AND DEVICES

S. O. Kasap

Professor of Electrical Engineering
University of Saskatchewan
Canada

'3 lIrwin
H McGraw-Hill

Boston, Massachusetts  Burr Ridge, Illinois  Dubuque, lowa
Madison, Wisconsin New York. New York San Francisco, California  St. Louis, Missouri




To Giiler, my mother; Nicolette, my wife; and Alp, my dad

McGraw-Hill X2

A Division of The McGraw-Hill Companies

PRINCIPLES OF ELECTRICAL ENGINEERING MATERIALS AND DEVICES

Copyright © 1997 by The McGraw-Hill Companies, Inc. All rights reserved. Printed in the

United States of America. Except as permitted under the United States Copyright Act of 1976, no
part of this publication may be reproduced or distributed in any form or by any means, or stored in
a data base or retrieval system, without the prior written permission of the publisher.

This book was printed on recycled paper containing 10% postconsumer waste.
234567890DONDON90987

ISBN 0-256-16173-9

Publisher: Tom Casson

Senior sponsoring editor:  Scott Isenberg

Director of marketing: Kurt L. Strand

Project supervisor: Karen M. Smith

Production supervisor: Bob Lange

Cover designer: Randy Scott

Director, prepress purchasing: Kimberly Meriwether David
Compositor: Interactive Composition Corporation
Typetace: [10/12 Times Roman

Printer: R. R. Donnelley & Sons Company

Library of Congress Cataloging-in-Publication Data

Kasap, S. O. (Safa O.)
Principles of electrical engineering materials and devices / S.0.
Kasap.
p. cm.
Includes index.
[SBN 0-256-16173-9
1. Electric engineering—Materials. 2. Electric apparatus and

appliances. 1. Title.
TK453.K26 1997
621.3—dc21 96-47581

http://www.mhcollege.com -



ABOUT THE AUTHOR

Safa Kasap received his Bachelor of Science (Engineering), Master of Science, and Ph.D.
degrees from the Department of Electrical Engineering, Imperial College of Science and
Technology, University of London, in 1976, 1978, and 1983, specializing in amorphous
semiconductor materials and devices. From 1982 to 1983 he was a faculty member in the
Department of Electrical Engineering, South Bank University (London) and from 1983 to
1986 he was a Gestetner Postdoctoral Research Fellow at Imperial College working on
electrophotography.

Protessor Kasap 1s currently with the Department of Electrical Engineering, University
of Saskatchewan (Canada), where, since 1986, he has been teaching electrical engineering
materials and devices, optoelectronics, physical electronics, and solid state devices at the
undergraduate and postgraduate levels. His research interests cover electrical engineering
materials (which includes polymers and glasses), electrophotography, photodetectors, X-ray
image detectors, characterization of electrical noise in semiconductor devices, and measure-
ment science and technology, with more than 70 journal papers in these fields.

He has recently been awarded the Doctor of Science degree from the University of
London for his contributions to materials science in electrical engineering and electropho-
tography. He is a Fellow of the Institution of Electrical Engineers, the Institute of Physics,
and the Institute of Materials; and he is a registered professional engineer in Canada and the
European Union.

Concepts form the basis for any science. These are ideas, usually somewhat vague (espe-
cially when first encountered), which often defy really adequate definition. The meaning of
a new concept can seldom be grasped from reading a one-paragraph discussion. There must
be time to become accustomed to the concept, to investigate it with prior knowledge, and
to associate it with personal experience. Inability to work with details of a new subject can
often be traced to inadequate understanding of its basic concepts.

William C. Reynolds, Thermodynamics
(New York: McGraw-Hill, 1968, now out of print)



PREFACE

Over the last two decades, there have been dra-
matic advances in semiconductors; and many
Electrical Engineering (EE), Materials Sci-
ence, and Engineering Physics departments
have introduced extensive courses on semicon-
ductors, particularly on the fabrication of mi-
croelectronic devices. There are now many ex-
cellent texts on the subject. The first course in
materials 1s generally taught by non-electrical
engineers 1n other departments. In all these
courses, the mechanical properties, fracture,
phase diagrams, phase transformations, met-
als, alloys, steels and cast 1rons, ceramics,
glasses, plastics, and composites are greatly
overemphasized, and usually the students do
not satisfactorily cover electrical engineering
materials and applications of materials in the
EE discipline. The first materials course 1s gen-
erally followed by an EE course in semicon-
ductor materials and devices that invariably
includes extensive semiconductor physics. The
consequence has been an overemphasis in
mechanical properties and semiconductors. In
many cases, dielectric and magnetic properties
have been either underrepresented or totally
bypassed.

We are now realizing the importance of
having a first course that covers EE materials 1n
a general way that also includes dielectric and
magnetic properties. This was the rationale in
preparing the current text. Over the next five to
ten years, many Electrical Engineering, Mate-
rials Science, and Physics departments will be
looking for a materials text at the junior level
that covers a broad spectrum of electrical ma-
terials, includes dielectric and magnetic mate-
rials, has applications and extensive problems,
has elementary quantum mechanics, and has

v

an overall goal of satisfying various accredita-
tion requirements across international board-
ers. This textbook should answer these needs.

Organization and Features

The text represents a first course in electrical
engineering materials and devices suitable for
one- or two-semester courses at the second- or
third-year level of a four-year curriculum. It can
either tollow a short elementary materials sci-
ence course or can be used on its own as a
starting text. This 1s not a specialized text in
electronic materials emphasizing semiconduc-
tor physics and technology. There are many
books in the market in this field.

The organization of the text allows it to be
used for both one or two semester courses.
Some chapters have additional topics to allow
a more detailed treatment, usually including
quantum mechanics or more mathematics.
The text may be used in short or extended
(two-semester) courses according to the in-
structor’s choice of chapters and sections.
Cross referencing has been avoided as much as
possible to reduce “‘student 1rritation” to an ac-
ceptable level without too much repetition and
to allow various sections to be skipped as de-
sired by the reader.

The majority of the problems have been
solved on software math packages (Theorist
and Mathcad) that will be available to the in-
structor. I chose to divide the material into eight
chapters based on my personal experience with
the students. They felt more comfortable in
covering something in every chapter rather
than leaving out whole chapters in a course.



When a whole chapter 1s skipped, they tend to
feel that they missed out on an important topic
and feel a loss of continuity. I currently use the
text in a two-semester EE materials course.

| tried to keep the general treatment and
various proofs at a semiquantitative level with-
out going into detailed physics. On the one
hand, we are required to cover as much as pos-
sible and, on the other hand, professional engi-
neering accreditation requires students to solve
numerical problems and carry out “design cal-
culations.” In preparing the text, I tried to sat-
1sfy B.Sc. Engineering accreditation require-
ments in as much breadth as possible. Many of
the problems have been set to satisfy engineer-
ing accreditation requirements. Obviously one
cannot solve numerical problems, carry out de-
sign calculations, and at the same time derive
each equation 1n a text without exploding the
size of the text to an unacceptable level.

Some important features:

« The principles are developed with the min-
imum of mathematics and with the empha-
sis on physical ideas. Quantum mechanics
1s part of the course but without its difficult
mathematical formalism.

* There are more than 120 worked exam-
ples, most of which have a significance in
electrical engineering. Students learn by
way of examples, however simple, and to
that end more than 130 problems have
been provided.

 Even the simplest concepts have examples
to endow a feeling of fulfillment in the stu-
dent.

 Most students would like to have clear dia-
grams to help them visualize the explana-
tions and understand concepts. The text
includes numerous illustrations (427 origi-
nal diagrams, figures, and graphs) that
have been computer drafted to reflect the
concepts and aid the explanations in the
text.

Pretface v

e The end-of-chapter questions and prob-
lems are graded so that they start with easy
concepts and eventually lead to more so-
phisticated concepts. Difficult problems
are i1dentified with an asterisk (*). Many
practical applications with diagrams have
been included. All of these problems have
been classroom tested and have been
solved on Theorist and/or Mathcad. There
1s a detailed Solutions Manual for the in-
structor.

e Some of the end-of-chapter problems also
instill the 1idea of concurrent engineering,
which requires the student to apply several
concepts simultaneously from various di-
verse fields even though they may not have
covered some of the topics in detail.

e There is a glossary, “Important Terms,” at
the end of each chapter that defines some
of the concepts and terms used, not only
within the text but also in the problems.

« The end of each chapter includes a section
on “Additional Topics™ to further develop
important concepts, to introduce interest-
ing applications, or to prove a theorem.
These topics are intended for the keen stu-
dent and can be used as part of the text for
a two-semester course.

This book 1s supported by the author’s Web site
(http://Kasap3.Usask.Ca), which contains ad-
ditional worked examples, additional topics,
color photographs, more illustrations, an ex-
tended glossary of Defining Terms in Elec-
tronic Materials and Devices, links to other
materials science Web sites, a list of interesting
reading material (helpful for term papers), ta-
bles of useful materials data, a corrigendum
page, and an extensive reading list with com-
ments. No undergraduate book can claim origi-
nality, and I have benefitted from many excel-
lent books. These are listed in Web site with the
author’s comments.
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Prerequisites

The level of sophistication has been kept at the
junior undergraduate level where the students
have not seen quantum mechanics or any ele-
mentary materials science. Indeed, this would
be their first exposure to quantum mechanics.
They would have been exposed to first-year
physics and chemistry courses covering only
classical concepts. Their mathematical level is
assumed to include ordinary differentiation
and integration but to exclude partial differenti-
ation. It is quite likely that partial differentia-
tion 1s covered in a math class in the same
semester. Partial differentiation occurs only in
the Schrodinger equation in Chapter 3, where it
1s simply treated as if it were ordinary differen-
tiation but with respect to one of the variables.
For those students who have taken an elemen-
tary class in materials science (van Vlack, Ele-
ments of Materials Science, or a similar text), a
suitable starting point is Chapter 2.
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chapter

Elementary Materials Science Concepts'

Understanding the basic building blocks of matter has been one of the most
intriguing endeavors of mankind. Our understanding of interatomic interactions
has now reached a point where we can quite comfortably explain the macroscopic
properties of matter, based on quantum mechanics and electrostatic interactions
between electrons and ionic nucler in the material. There are many properties of
materials that can be explained by a classical treatment of the subject. In this
chapter, as well as the next, we treat the interactions in a material from a classical
perspective and introduce a number of elementary concepts. These concepts do not
invoke any quantum mechanics, which 1s a subject of modern physics and 1s
introduced in Chapter 3. Although many useful engineering properties of materials
can be treated with hardly any quantum mechanics, it 1s impossible to develop the
science of electronic materials and devices without modern physics.

1.  ATOMIC STRUCTURE

The model of the atom that we must use to understand its general behavior involves
quantum mechanics, a topic we will study 1n detail in Chapter 3. For the present,
we will simply accept the following facts about a simplified, but intuitively satisfac-
tory, atomic model called the shell model, based on the Bohr model (1913).
The mass of the atom 1s concentrated at the nucleus, which contains protons
and neutrons. Protons are positively charged particles. whereas neutrons are neu-
tral particles, and both have about the same mass. Although there is a coulombic
repulsion between the protons, all the protons and neutrons are held together in the
nucleus by the strong force, which i1s a powerful, fundamental, natural force

' This chapter may be skipped by readers who have already been exposed to an elementary course in materials
science.

-



CHAPTER 1 e Elementary Materials Science Concepts

between particles. This force has a very short range of influence, typically less than
10" m. When the protons and neutrons are brought together very closely, the
strong force overcomes the electrostatic repulsion between the protons and keeps
the nucleus intact. The number of protons in the nucleus is the atomic number Z of
the element.

The electrons are assumed to be orbiting the nucleus at very large distances
compared to the size of the nucleus. There are as many orbiting electrons as there
are protons in the nucleus. An important assumption in the Bohr model 1s that only
certain orbits with fixed radii are stable around the nucleus. For example, the
closest orbit of the electron in the hydrogen atom can only have a radius of
0.053 nm. Since the electron is constantly moving around an orbit with a given
radius, over a long time period (perhaps ~ 10 '* seconds on the atomic time scale),
the electron would appear as a spherical negative-charge cloud around the nucleus
and not as a single dot representing a finite particle. We can theretore view the
electron as a charge contained within a spherical shell of a given radius.

Due to the requirement of stable orbits, the electrons therefore do not randomly
occupy the whole region around the nucleus. Instead, they occupy various well-
defined spherical regions. They are distributed in various shells and subshells
within the shells, obeying certain occupation (or seating) rules.” The example for
the carbon atom is shown in Figure 1.1.

The shells and subshells that define the whereabouts of the electrons are
labeled using two sets of integers, n and €. These integers are called the principal
and orbital angular momentum quantum numbers, respectively. (The meanings
of these names are not critical at this point.) The integers n and € have the values
n=1,23....,and ¢ =0,1,2,...n — 1, and € < n. For each choice of n,
there are n values of €, so higher-order shells contain more subshells. The shells

L-shell with
two subshells

1522522p? or [He]2s?2p?

Figure 1.1 The shell model of the carbon
atom, in which the electrons are confined to
certain shells and subshells within shells.

2In Chapter 3, in which we discuss the quantum mechanical modgl of the atom, we will see that these shells and
subshells are spatial regions around the nucleus where the electrons are most likely to be found.



1.1 Atomic Structure

corresponding to n = 1, 2, 3, 4, . . . are labeled by the capital letters K, L, M,
N, . . ., and the subshells denoted by € = 0, 1, 2,3, . . . arelabeled s, p,d.f . . ..
The subshell with € = 1 in the n = 2 shell is thus labeled the 2 p subshell, based
on the standard notation n¥¢.

There 1s a definite rule to filling up the subshells with electrons; we cannot
simply put all the electrons in one subshell. The number of electrons a given
subshell can take is fixed by nature to be® 2(2¢ + 1). For the s subshell (¢ = 0),
there are 2 electrons, whereas for the p subshell, there are 6 electrons and so on.
Table 1.1 summarizes the most number of electrons that can be put into various
subshells and shells of an atom. Obviously, the larger the shell, the more electrons
it can take, simply because it contains more subshells.

The number of electrons in a subshell is indicated by a superscript on the
subshell symbol, so the electronic structure, or configuration, of the carbon atom
(atomic number 6) shown in Figure 1.1 becomes 15°2s°2p°. The K shell has only
one subshell, which 1s full with two electrons. This is the structure of the inert
element He. We can therefore write the electronic configuration more simply as
[He|2s°2 p*. The general rule is put the nearest previous inert element, in this case
He, in square brackets and write the subshells thereafter.

The electrons occupying the outer subshells are the farthest away from the
nucleus and have the most important role in atomic interactions, as in chemical
reactions, because these electrons are the first to interact with outer electrons on
neighboring atoms. The outermost electrons are called valence electrons and they
determine the valency of the atom. Figure 1.1 shows that carbon has four valence
electrons 1n the L -shell.

When a subshell 1s full of electrons, it cannot accept any more electrons and
it 1s said to have acquired a stable configuration. This is the case with the inert
elements at the right-hand side of the Periodic Table, all of which have completely
filled subshells and are rarely involved in chemical reactions. The majority of such
elements are gases inasmuch as the atoms do not bond together easily to form a
liquid or solid. They are sometimes used to provide an inert atmosphere instead of
air for certain reactive materials.

Table 1.1 Maximum possible number of electrons in the
shells and subshells ot an atom

Subshell
€=0 1 2 3
n Shell s p d f
1 K 2
2 L 2 6
3 M Z 6 10
4 N 2 6 10 14

| 3We will actually show this in Chapter 3 using quantum mechanics. a
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1.2 BONDING AND TYPES OF SOLIDS

1.2.1 Molecules and General Bonding Principles

When two atoms are brought together, the valence electrons interact with each
other and with the neighbor’s positively charged nucleus. The result of this interac-
tion is often the formation of a bond between the two atoms, producing a molecule.
The formation of a bond means that the energy of the system of two atoms together
must be less than that of the two atoms separated, so that the molecule formation
1s energetically favorable, that i1s, more stable. The general principle of molecule
formation 1s illustrated in Figure 1.2a, showing two atoms brought together from
infinity. As the two atoms approach each other, the atoms exert attractive and
repulsive forces on each other as a result of mutual electrostatic interactions.
[nitially, the attractive force F, dominates over the repulsive force Fj. The net force
Fy 1s the sum of the two,

Fy = Fy + Fy
and this 1s imtially attractive, as indicated in Figure 1.2a.

The potential energy E(r) of the two atoms can be found from®

j = oo
- —— .

‘

’ )
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= ; ! |
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(a) Force vs. r (b) Potential energy vs. r
Figure 1.2 (a) Force versus interatomic separation and (b) potential energy versus interatomic separation.

| 4Remember that the change dE in the PE is the work done agaimst the force, dE = Fdr.



