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Preface

phenomena of the charge carriers in a semiconductor. The nonequilibrium excess car-
rier characteristics are then developed in Chapter 6. Understanding the behavior of ex-
cess carriers in a semiconductor is vital to the goal of understanding the device physics.

The physics of the basic semiconductor devices is developed in Chapters 7 through
13. Chapter 7 treats the electrostatics of the basic pn junction, and Chapter 8 covers the
current-voltage characteristics of the pn junction. Metal-semiconductor junctions, both
rectifying and nonrectifying, and semiconductor heterojunctions are considered in
Chapter 9, while Chapter 10 treats the bipolar transistor. The physics of the metal-
oxide-semiconductor field-effect transistor is presented in Chapters 11 and 12, and
Chapter 13 covers the junction field-effect transistor. Once the physics of the pn junc-
tion 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. Chapter 14
considers optical devices and finally Chapter 15 covers power semiconductor devices.

USE OF THE BOOK

The text is intended for a one-semester course at the junior or senior level. As with
most textbooks, there is more material than can be conveniently covered in one
semester; this allows each instructor some flexibility in designing the course to his/her
own specific needs. Two possible orders of presentation are discussed later in a sepa-
rate section in this preface. However, the text is not an encyclopedia. Sections in each
chapter that can be skipped without loss of continuity are identified by an asterisk in
both 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 first six chapters; the remain-
der of the semester is devoted to the pn junction, the bipolar transistor, and the metal-
oxide-semiconductor field-effect transistor. A few other special topics may be briefly
considered near the end of the semester.

Although the bipolar transistor is discussed in Chapter 10 before the MOSFET or
JFET, each chapter dealing with one of the three basic types of transistors is written
to stand alone. Any one of the transistor types may be covered first.

NOTES TO THE READER

This book introduces the physics of semiconductor materials and devices. Although
many electrical engineering students are more comfortable building 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 of the
limitations of electronic devices, such as the microprocessor.

Mathematics is used extensively throughout the book. This may at times seem
tedious, but the end result is an understanding that will not otherwise occur. Although
some of the mathematical models used to describe physical processes may seem
abstract, they have withstood the test of time in their ability to describe and predict
these physical processes.
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The reader is encouraged to continually refer to the preview sections so that the ob-
jective of the chapter and the purposes of each topic can be kept in mind. This constant
review is especially important in the first five chapters, dealing with 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 sec-
tions are marked with an asterisk does not minimize the importance of these subjects.

It is also important that the reader keep in mind that there may be questions 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 book is intended as an introduction to the subject. Those
questions remaining unanswered at the end of the course, the reader is encouraged to
keep “in a desk drawer.” Then, during the next course in this area of concentration,
the reader can take out these questions and search 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 scenarios. The first case, called the clas-
sical approach, covers the bipolar transistor before the MOS transistor. However,
because the MOS transistor topic is left until the end of the semester, time constraints
may shortchange the amount of class time devoted to this important topic.

. The second method of presentation listed, called the nonclassical approach, dis-
cusses the MOS transistor before the bipolar transistor. Two advantages to this ap-
proach are that the MOS transistor will not get shortchanged in terms of time devoted
to the topic and, since a “real device” is discussed earlier in the semester, the reader
may have more motivation to continue studying this course material. A possible
disadvaq}age to this approach is that the reader may be somewhat intimidated by
jumping from Chapter 7 to Chapter 11. However, the material in Chapters 11 and 12
is written so that this jump can be made.

Unfortunately, because of time constraints, every topic in every 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.

Chapter 1 ‘Crystal structure
Chapters 2, 3 Selected topics from quantum
mechanics and theory of solids
Chapter 4 Semiconductor physics
Chapter 5 Transport phenomena
Chapter 6 Selected topics from nonequilibrium characteristics
Chapters 7, 8 The pn junction and diode
Chapter 9 A brief discussion of the Schottky diode
Chapter 10 The bipolar transistor

Chapters 11, 12 The MOS transistor
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Nonclassical approach

Chapter 1 Crystal structure

Chapters 2, 3 Selected topics from quantum
mechanics and theory of solids

Chapter 4 Semiconductor physics

Chapter 5 Transport phenomena

Chapter 7 The pn junction

Chapters 11, 12 The MOS transistor

Chapter 6 Selected topics from nonequilibrium characteristics

Chapter 8 The pn junction diode

Chapter 9 A brief discussion of the Schottky diode

Chapter 10 The bipolar transistor

FEATURES OF THE THIRD EDITION

Preview section: A preview section introduces each chapter. This preview
links the chapter to previous chapters and states the chapter’s goals, i.e., what
the reader should gain from the chapter. :
Examples: An extensive number of worked examples are used throughout the
text to reinforce the theoretical concepts being developed. These examples
contain all the details of the analysis or design, so the reader does not have to
fill in missing steps.

Test your understanding: Exercise or drill problems are included throughout
each chapter. These problems are generally placed immediately after an
example problem, rather than at the end of a long section, so that readers can
immediately test their understanding of the material just covered. Answers are
given for each drill problem so readers do not have to search for an answer at
the end of the book. These exercise problems will reinforce readers’ grasp of
the material before they move on to the next section.

Summary section: A summary section, in bullet form, follows the text of each
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
Summary section of each chapter. This section defines and summarizes the
most important terms discussed in the chapter.

Checkpoint: A checkpoint section follows the Glossary section. This section
states the goals that should have been met and states 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 each
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
each chapter, organized according to the subject of each section in the chapter
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body. A larger number of problems have been included than in the second
edition. Design-oriented or open-ended problems are included at the end in a
Summary and Review section.

™ Computer simulation: ~Computer simulation problems are included in many
end-of-chapter problems. Computer simulation has not been directly
incorporated into the text. However, a website has been established that
considers computer simulation using MATLAB. This website contains
computer simulations of material considered in most chapters. These computer
simulations enhance the theoretical material presented. There also are exercise
or drill problems that a reader may consider.

B Reading list: A reading list finishes up each chapter. The references, that are
at an advanced level compared with that of this text, are indicated by an
asterisk.

B Answers to selected problems: Answers to selected problems are given in the
last appendix. Knowing the answer to a problem is an aid and a reinforcement
in problem solving.

ICONS

Computer Simulations

Design Problems and Examples

SUPPLEMENTS
This book is supported by the following supplements:

® Solutions Manual available to instructors in paper form and on the website.
M Power Point slides of important figures are available on the website.
B Computer simulations are available on the website.
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Semiconductors and the
Integrated Circuit

PREVIEW

e often hear that we are living in the information age. Large amounts of

information can be obtained via the Internet, for example, and can also be

obtained quickly over long distances via satellite communication sys-
tems. The development of the transistor and the integrated circuit (IC) has lead to
these remarkable capabilities. The IC permeates almost every facet of our daily lives,
including such things as the compact disk player, the fax machine, laser scanners at
the grocery store, and the cellular telephone. One of the most dramatic examples of
IC technology is the digital computer—a relatively small laptop computer today has
more computing capability than the equipment used to send a man to the moon a few
years ago. The semiconductor electronics field continues to be a fast-changing one,
with thousands of technical papers published each year. W

HISTORY

The semiconductor device has a fairly long history, although the greatest explosion
of IC technology has occured during the last two or three decades.! The metal-
semiconductor contact dates back to the early work of Braun in 1874, who discov-
ered the asymmetric nature of electrical conduction between metal contacts and
semiconductors, $uch as copper, ifon, and lead sulfide. These deyices were used as

'This brief introduction is intended to give a flavor of the history of the semiconductor device and
integrated circuit. Thousands of engineers and scientists have made significant contributions to the
development of semiconductor electronics—the few events and names mentioned here are not meant
to imply that these are the only significant events or people involved in the semiconductor history.

xix
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Compliments of Texas Instruments Incorporated
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detectors in early experiments on radio. In 1906, Pickard took out a patent for a point
contact detector using silicon and, in 1907, Pierce published rectification character-
istics of diodes made by sputtering metals onto a variety of semiconductors.

By 1935, selenium rectifiers and silicon point contact diodes were available for
use as radio detectors. With the development of radar, the need for detector diodes
and mixers increased. Methods of achieving high-purity silicon and germanium were
developed during this time. A significant advance in our understanding of the metal—
semiconductor contact was aided by developments in the semiconductor physics.
Perhaps most important during this period was Bethe’s thermionic-emission theory
in 1942, according to which the current is determined by the process of emission of
electrons into the metal rather than by drift or diffusion.

Another big breakthrough came in December 1947 when the first transistor was
constructed and tested at Bell Telephone Laboratories by William Shockley, 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 significant improvement occurred at the end of 1949 when single-crystal
material was used rather than the polycrystalline material. The single crystal yields
uniform and improved properties throughout the whole semiconductor material.

The next significant step in the development of the transistor was the use of the
diffusion process to form the necessary junctions. This process allowed better control
of the transistor characteristics and yielded higher-frequency devices. The diffused
mesa transistor was commercially available in germanium in 1957 and in silicon in
1958. The diffusion process also allowed many transistors to be fabricated on a sin-
gle silicon slice, so the cost of these devices decreased.

THE INTEGRATED CIRCUIT (IC)

Up to this point, each component in an electronic circuit had to be individually con-
nected by wires. In September 1958, Jack Kilby of Texas Instraments demonstrated
the first integrated circuit, which was fabricated in germanium. At about the same
time, Robert Noyce of Fairchild Semiconductor introduced the integrated circuit in
silicon using a planar technology. The first circuit used bipolar transistors. Practical
MOS transistors were then developed in the mid-’60s. The MOS technologies, espe-
cially CMOS, have become a major focus for IC design and development. Silicon is
the main semiconductor material. Gallium arsenide and other compound semicon-
ductors are used for special applications requiring very high frequency devices and
for optical devices.

Since that first IC, circuit design has become more sophisticated, and the inte-
grated circuit more complex. A single silicon chip may be on the order of 1 square
centimeter and contain over a million transistors. Some ICs may have more than a
hundred terminals, while an individual transistor has only three. An IC can contain
the arithmetic, logic, and memory functions on a single semiconductor chip—the
primary example of this type of IC is the microprocessor. Intense research on silicon
processing and increased automation in design and manufacturing have led to lower
costs and higher fabrication yields.
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FABRICATION

The integrated circuit is a direct result of the development of various processing tech-
niques 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
following few paragraphs provide 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
used as a gate insulator in the MOSFET and is also used as an insulator, known as the
field 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 na-
tive oxides that are of sufficient 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 elevated temperatures
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 oxidation process
is shown in Figure 0.1. Oxygen diffuses across a stagnant gas layer directly adjacent
to the oxide surface and then diffuses through the existing oxide layer to the silicon
surface where the reaction between O, and Si forms SiO,. Because of this reaction,
silicon is‘actually consumed from the surface of the silicon. The amount of silicon
consumed is approximately 44 percent of the thickness of the final oxide.

Photomasks and Photolithography The actual circuitry on each chip is created
through the use of photomasks and photolithography. The photomask is a physical
representation of a device or a portion of a device. Opaque regions on the mask are
made of an ultraviolet-light-absorbing material. A photosensitive layer, called pho-
toresist, is first spread over the surface of the semiconductor. The photoresist is an

T
Si0,  Silicon

Gas
Diffusion
of 02 >
: Stagnant .
gas layer
Diffusion of O,
through existing

oxide to silicon surface

Figure 0.1 | Schematic of the oxidation
process.
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UV source

Photomask {F Glass

~—— UV absorbing
material

l«— Photoresist

-+—— Silicon

Figure 0.2 | Schematic showing the use of a photomask.

organic polymer that undergoes chemical change when exposed to ultraviolet light.
The photoresist is exposed to ultraviolet light through the photomask as indicated in
Figure 0.2. The photoresist is then developed in a chemical solution. The developer
is used to remove the unwanted portions of the photoresist and generate the appro-
priate patterns on the silicon. The photomasks and photolithography process is
critical in that it determines how small the devices can be made. Instead of using
ultraviolet light, electrons and x-rays can also be used to expose the photoresist.

Etching After the photoresist pattern is formed, the remaining photoresist can be
used as a mask, so that the material not covered by the photoresist can be etched.
Plasma etching is now the standard process used in IC fabrication. Typically, an etch
gas such as chlorofluorocarbons are injected into a low-pressure chamber. A plasma is
created by applying a radio-frequency voltage between cathode and anode terminals.
The silicon wafer is placed on the cathode. Positively charged ions in the plasma are
accelerated toward the cathode and bombard the wafer normal to the surface. The
actual chemical and physical reaction at the surface is complex, but the net result is
that silicon can be etched anisotropically in very selected regions of the wafer. If pho-
toresist is applied on the surface of silicon dioxide, then the silicon dioxide can also
be etched in a similar way.

Diffusion A thermal process that is used extensively in IC fabrication is diffusion.
Diffusion is the process by which specific types of “impurity” 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 building
block of semiconductor devices.) Silicon wafers are oxidized to form a layer of sili-
con dioxide and windows are opened in the oxide in selected areas using photolitho-
graphy and etching as just described. '

The wafers are then placed in a high-temperature furnace (about 1100°C) and
dopant atoms such as boron or phosphorus are introduced. The dopant atoms gradu-
ally diffuse 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

xxill
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diffused atoms is nonlinear, as shown in Figure 0.3. When the wafer is removed from
the furnace and the wafer temperature returns to room temperature, the diffusion co-
efficient of the dopant atoms is essentially zero so that the dopant atoms are then

fixed in the silicon material.

Ion Implantation A fabrication process that is an alternative to high-temperature
diffusion is ion implantation. A beam of depant 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 distri-
bution in the depth of penetration of the dopant ions. Figure 0.4 shows such an ex-
ample of the implantation of boron into silicon at a particular energy.

Two advantages of the ion implantation process compared to diffusion are
(1) the ion implantation process is a low temperature process and (2) very well de-
fined doping layers can be achieved. Photoresist layers or layers of oxide can be used
to block the penetration of dopant atoms so that ion implantation can occur in very
selected regions of the silicon.
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Figure 0.3 | Final concentration of diffused
impurities into the surface of a semiconductor.
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Figure 0.4 | Final concentration of
ion-implanted boron into silicon.



