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Preface

The book is an introduction to the physical principles of modern semiconductor devices
and their advanced fabrication technology. It is intended as a textbook for undergradu-
ate students in applied physics, electrical and electronics engineering, and materials sci-
ence. It can also serve as a reference for practicing engineers and scientists who need an
update on device and technology developments.

# WHAT'S NEW IN THE SECOND EDITION

50% of the material has been revised or updated. We have added many sec-
tions that are of contemporary interest such as flash memory, Pentium chips,
copper metallization, and eximer-laser lithography. On the other hand, we
have omitted or reduced sections of less important topics to maintain the over-

all book length.

We have also made substantial changes in updating the pedagogy. We have
adopted a two-color format for all illustrations to enhance their presentation;
and all important equations are boxed.

All device and material parameters have been updated or corrected . For
example, the intrinsic carrier concentration in silicon at 300K is 9.65 x

10° cm, replacing the old value of 1.45 x 10 cm™. This single change has
an impact on at least 30% of the problem solutions.

To improve the development of each subject, sections that contain graduate-

Jevel mathematics or physical concepts have been omitted or moved to the
Appendixes, at the back of the book.

# TOPICAL COVERAGE

iv

Chapter 1 gives a brief historical review of major semiconductor devices and
key technology developments. The text is then organized into three parts.

Part I, Chapters 23, describes the basic properties of semiconductors and
their conduction processes, with special emphasis on the two most important
semiconductors: silicon (Si) and gallium arsenide (GaAs). The concepts in Part
I will be used throughout this book. These concepts requires a background
knowledge of modern physics and college calculus.

Part 11, Chapters 4-9, discusses the physics and characteristics of all major
semiconductor devices. We begin with the p—n junction which is the key
building block of most semiconductor devices. We proceed to bipolar and
field-effect devices and then cover microwave, quantum-effect, hot-electron,
and photonic devices. \’
Part I1T1, Chapters 1014, deals with processing technology from crystal growth
to impurity doping. We present the theoretical and practical aspects of the
major steps in device fabrication with an emphasis on integrated devices.
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& "KEY FEATURES

Each chapter includes the following features:
* The chapter starts with an overview of the topical contents. A list of learning

goals is also provided.

* The second edition has tripled the worked-out examples that apply basic con-
cepts to specific problems.

 * A chapter summary appears at the end of each chapter to summarize the
important concepts and to help the student review the content before tackling
the homework problems that follow.

* The book includes about 250 homework problems, over 50% of them new to
the second edition. Answers to odd-numbered problems, which have numeri-
cal solutions are provided in Appendix L at the back of the book.

# COURSE DESIGN OPTIONS

The second edition can provide greater flexibility in course design. The book contains
enough material for a full-year sequence in device physics and processing technology.
Assuming three lectures per week, a two-semester sequence can cover Chapters 1-7 in
the first semester, leaving Chapters 8-14 for the second semester. For a three-quarter
sequence, the logical break points are Chapters 1-5, Chapters 6-9, and Chapters 10-14.

A two-quarter sequence can cover Chapters 1-5 in the first quarter. The instructor
has several options for the second quarter. For example, covering Chapters 6, 11, 12,
13, and 14 produces a strong emphasis on the MOSFET and its related process tech-
nologies, while covering Chapters 6-9 emphasizes all major devices. For a one-quarter
course on semiconductor-device processing, the instructor can cover Section 1.2 and
Chapters 10-14.

A one-semester course on basic semiconductor physics and devices can cover
Chapters 1-7. A one-semester course on microwave and photonic devices can cover
Chapters 1-4, 7-9. If the students already have some familiarity with semiconductor fun-
damentals, a one-semester course on Submicron MOSFET: Physics and Technology can
cover Chapters 1, 6, 10-14. Of course, there are many other course design options depend-
ing on the teaching schedule and the instructor’s choice of topics.

& TEXTBOOK SUPPLEMENTS

* Instructor’s Manual. A complete set of detailed solutions to all the end-of-
chapter problems has been prepared. These solutions are available free to all
adopting faculty.

* The figures used in the text are available, in electronic format, to instructors
from the publisher. Instructors can find out more information at the pub-
lisher’s website at: http: /www.wiley.com/college/sze |
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Introduction

1.1 SEMICONDUCTOR DEVICES
‘1.2 SEMICONDUCTOR TECHNOLOGY
SUMMARY

As an undergraduate in applied physics, electrical engineering, electronics engineering,
or materials science, you might ask why you need to study semiconductor devices. The
reason is that semiconductor devices are the foundation of the electronic industry, which
is the largest industry in the world with global sales over one trillion dollars since 1998.
A basic knowledge of semiconductor devices is essential to the understanding of advanced
courses in electronics. This knowledge will also enable you to contribute to the Information
Age, which is based on electronic technology.
Specifically, we cover the following topics:

e Four building blocks of semiconductor devices.

o Eighteen important semiconductor devices and their roles in electronic
applications. ‘

o Twenty important semiconductor technologies and their roles in device
processing.

e Technology trends toward high-density, high-speed, low-power consumption,
and nonvolatility.

1.1 SEMICONDUCTOR DEVICES

Figure 1 shows the sales volume of the semiconductor-device-based electronic industry
in the past 20 years and projects sales to the year 2010. Also shown are the gross world
product (GWP) and the sales volumes of automobile, steel, and semiconductor indus-
tries.12We note that the electronic industry has surpassed the automobile industry in 1998.
I the current trends continue, in year 2010 the sales volume of the electronic industry
will reach three trillion dollars and will constitute about 10% of GWE. The semiconductor
industry, which is a subset of the electronic industry, will grow at an even higher rate to
surpass the steel industry in the early twenty-first century and to constitute 25% of the
electronic industry in 2010.
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4 » Chapter 1. Introduction

TABLE1 (continued)

Year Semiconductor Device? Author(s)/Inventor(s) Ref.
1966 MESFET Mead 20
1967  Nonvolatile semiconductor memory Kahng and Sze 21
1970 Charge-coupled device Boyle and Smith 23
1974 Resonant tunneling diode® Chang,Esaki, and Tsu 24
1980 MODFET Mimura et al. 25
1994 Room-temperature single-electron Yano et al. 22

memory cell
2001 20 nm MOSFET Chau 14

sMOSFET, metal-oxide-semiconductor field-effect transistor; MESFET, metal-semiconductor field-effect transistor;
MODFET, modulation-doped field-effect transistor.. :

. PDenotes a two-terminal device, otherwise it is a three- or four-terminal device.

In 1947, the point-contact transistor was invented by Bardeen and Brattain.” This
was followed by Shockley’s® classic paper on p—n junction and bipolar transistor in 1949.
Figure 3 shows the first transistor. The two point contacts at the bottom of the triangu-
lar quartz crystal were made from two stripes of gold foil separated by about 50 pm
(1pm = 104 cm) and pressed onto a semiconductor surface. The semiconductor used
was germanium. With one gold contact forward biased, that is, positive voltage with respect
to the third terminal, and the other reverse biased, the transistor action was observed,
that is, the input signal was amplified. The bipolar transistor is a key semiconductor device
and has ushered in the modern electronic era.

Tn 1952, Ebers® developed the basic model for the thyristor, which is an extremely
versatile switching device. The solar cell was developed by Chapin, et al.'* in 1954 using
a silicon p—n junction. The solar cell is a major candidate for obtaining energy from the
sun because it can convert sunlight directly to electricity and is environmentally benign.
In 1957, Kroemer! proposed the heterojunction bipolar transistor to improve the tran-
sistor performance; this device is potentially one of the fastest semiconductor devices.
In 1958, Esakil? observed negative resistance characteristics in a heavily doped p—n junc-
tion, which led to the discovery of the tunnel diode. The tunnel diode and its associated
tunneling phenomenon are important for ohmic contacts and carrier transport through
thin layers.

The most important device for advanced integrated circuits is the MOSFET, which
was reported by Kahng and Atalla'® in 1960. Figure 4 shows the first device using a ther-
mally oxidized silicon substrate. The device has a gate length of 20 pm and a gate oxide
thickness of 100 nm (1 nm = 10-7 cm). The two keyholes are the source and drain con-
tacts, and the top elongated area is the aluminum gate evaporated through a metal mask.
Although present-day MOSFETS have been scaled down to the deep-submicron regime,
the choice of silicon and thermally grown silicon dioxide used in the first MOSFET remains
the most important combination of materials. The MOSFET and its related integrated
circuits now constitute about 90% of the semiconductor device market. An ultrasmall MOS-
FET with a channel length of 20 nm has been demonstrated recently.* This device can
serve as the basis for the most advanced integrated circuit chips containing over one tril-
lion (>10'2) devices.

In 1962, Hall et al.’s first achieved lasing in semiconductors. In 1963, Kroemer'® and
Alferov and Kazarinov!” proposed the heterostructure laser. These proposals laid the foun-
dation for modern laser diodes, which can be operated continuously at room tempera-
ture. Laser diodes are the key components for a wide range of applications, including

~ UMC 1223
UMC v. AICP



Chapter 1. Introduction < 5

Fig. 3. The first transistor.” (Photograph courtesy of Bell Laboratories.)

Fig.4 The first metal-oxide-semiconductor field-effect transistor.!® (Photograph courtesy of
Bell Laboratories.)
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6 = Chapter 1. Introduction

digital video disk, optical-fiber communication, laser printing, and atmospheric—pollution
monitoring.

Three important microwave devices were invented or realized in the next 3 years.
The first device is the transferred-¢lectron diode (TED; also called Gunn diode) by Gunn®
in 1963. The TED is used extensively in such millimeter-wave applications as detection
systems, remote controls, and microwave test instruments. The second device is the
IMPATT diode; its operation was first observed by Johnston et al.1%in 1965. IMPATT diodes
can generate the highest continuous wave (CW) power at millimeter-wave frequencies
of all semiconductor devices. They are used in radar systems and alarm systems. The third
device is the MESFET, invented by Mead® in 1966. It is a key device for monolithic
microwave integrated circuits (MMIC). .

An important semiconductor memory device was invented by Kahng and Sze™ in
1967. This is the nonvolatile semiconductor memory (NVSM), which can retain its stored
information when the power supply is switched off. A schematic diagram of the first NVSM
is shown in Fig.5z. Although it is similar to a conventional MOSFET, the major differ-
ence is the addition of the floating gate, in which semipermanent charge storage is possible.
Because of its attributes of nonvolatility, high device density, low-power consumption,
and electrical rewritability (e.g., the stored charge can be removed by applying voltage
to the control gate), NVSM has become the dominant memory for portable electronic
systems such as the cellular phone, notebook computer, digital camera, and smart card.

A limiting case of the floating-gate nonvolatile memory is the single-electron mem-
ory cell (SEMC) shown in Fig.5b. By reducing the length of the floating gate to ultra-

Control gate

— I 1 / Floating gate ( ~ 1 pF)

n-type semiconductor

(a)

Control gate

/ Floating gate ( ~ 1 aF)

Drain

Source

\ Channel
(b)
Fig.5 (a) A schematic diagram of the first nonvolatile semiconductor memory (NVSM) with

a floating gate.?! (b) A limiting case of the floating-gate NVSM—the single-electron memory
cell.22 : ‘
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Chapter 1. Introduction - 7

small dimensions (e.g., 10 nm), we obtain the SEMC. At this dimension, when an elec-
tron moves into the floating gate, the potential of the gate will be altered so that it will
prevent the entrance of another electron. The SEMC is an ultimate floating-gate mem-
ory cell, since we need only one electron for information storage. The operation ofa SEMC
at room temperature was first demonstrated by Yano et al.** in 1994. The SEMC can
serve as the basis for the most advanced semiconductor memories that can contain over
one trillion bits.

The charge-coupled device (CCD) was invented by Boyle and Smith? in 1970. CCD
is used extensively in video cameras and in optical sensing applications. The resonant tun-
neling diode (RTD) was first studied by Chang et al.* in 1974. RTD is the basis for most
quantum-effect devices, which offer extremely high density, ultrahigh speed, and enhanced
functionality because it permits a greatly reduced number of devices to perform a given
circuit function. In 1980, Minura et al.?> developed the MODFET (modulation-doped
field-effect transistor). With the proper selection of heterojunction materials, the MOD-
FET is expected to be the fastest field-effect transistor.

Since the invention of the bipolar transistor in 1947, the number and variety of semi-
conductor devices have increased tremendously as advanced technology, new materials,

“and broadened comprehension have been applied to the creation of new devices. In Part
II of the book, we consider all the devices listed in Table 1. It is hoped that this book
can serve as a basis for understanding other devices not included here and perhaps not
even conceived of at the present time.

1.2 SEMICONDUCTOR TECHNOLOGY
121 Key Semiconductor Technologies

Many important semiconductor technologies have been derived from processes invented
centuries ago. For example, the lithography process was invented in 1798; in this first
process, the pattern, or image, was transferred from a stone plate (litho).* In this sec-
tion, we consider the milestones of technologies that were applied for the first time to
semiconductor processing or developed specifically for semiconductor-device fabrication.

Some key semiconductor technologies are listed in Table 2 in chronological order.
In 1918, Czochralski?” developed a liquid-solid monocomponent growth technique. The
Czochralski growth is the process used to grow most of the crystals from which silicon
wafers are produced. Another growth technique was developed by Bridgman® in 1925.
The Bridgman technique has been used extensively for the growth of gallium arsenide
and related compound semiconductor crystals. Although the semiconductor properties
of silicon have been widely studied since early 1940, the study of semiconductor com-
pounds was neglected for along time. In 1952, Welker® noted that gallium arsenide and
its related ITI-V compounds were semiconductors. He was able to predict their charac-
teristics and to prove them experimentally. The technology and devices of these com-
pounds have since been actively studied.

The diffusion of impurity atoms in semiconductors is important for device process-
ing. The basic diffusion theory was considered by Fick® in 1855. The idea of using dif-
fusion techniques to alter the type of conductivity in silicon was disclosed in a patent in
1952 by Pfann.?! In 1957, the ancient lithography process was applied to semiconductor-
device fabrication by Andrus.® He used photosensitive etch-resistant polymers (photoresist)
for pattern transfer. Lithography is a key technology for the semiconductor industry. The
continued growth of the industry has been the direct result of improved lithographic tech-
nology. Lithography is also a significant economic factor, currently representing over 35%
of the integrated-circuit manufacturing cost.
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TABLE 2 Key Semiconductor Technologies

Chapter 1. Introduction

Year Technology? Author(s)/Inventor(s) Ref.
1918  Czochralski crystal growth Czochralski 27
1925  Bridgman crystal growth Bridgman 28
1952 II1-V compounds Welker 29
1952 Diffusion Pfann 31
1957 Lithographic photoresist Andrus 32
1957 Oxide masking Frosch and Derrick 33
1957 Epitaxial CVD growth Sheftal, Kokorish, and Krasilov 34
1958  Ion implantation Shockley 35
1959  Hybrid integrated circuit Kilby 36
1959 Monolithic integrated circuit Noyce 37
1960 Planar process Hoerni 38
1963 CMOS Wanlass and Sah 39
1967 DRAM Dennard 40
1969  Polysilicon self-aligned gate Kerwin, Klein, and Sarace 41
1969 MOCVD Manasevit and Simpson 42
1971 Dry etching Irving, Lemons, and Bobos 43
1971 Molecular beam epitaxy Cho 44
1971 Microprocessor (4004) Hoff et al. o 45
1982 Trench isolation Rung, Momose, and Nagakubo 46
1989 Chemical mechanical polishing Davari et al. 47
1993 Copper interconnect Paraszczak et al. 48

¢CVD, chemical vapor deposition; CMOS, complementary metal-oxide-semiconductor field-effect transistor; DRAM,
dynamic random access memory; MOCVD, metalorganic CVD.

The oxide masking method was developed by Frosch and Derrick® in 1957. They
found that an oxide layer can prevent most impurity atoms from diffusing through it. In
the same year, the epitaxial growth process based on chemical vapor deposition technique
was developed by Sheftal et al.3* Epitaxy, derived from the Greek word epi, meaning on,
and taxis, meaning arrangement, describes a technique of crystal growth to form a thin
layer of semiconductor materials on the surface of a crystal that has a lattice structure
identical to that of the crystal. This method is important for the improvement of device
performance and the creation of novel device structures.

In 1958, Shockley® proposed the method of using ion implantation to dope the semi-
conductors. Ton implantation has the capability of precisely controlling the number of
implanted dopant atoms. Diffusion and ion implantation can complement each other for

impurity doping, For example, diffusion can be used for high-temperature, deep-junction

processes, whereas ion implantation can be used for lower-temperature, shallow-junction
processés. '

In 1959, a rudimentary integrated circuit (IC) was made by Kilby.* It contained one
bipolar transistor, three resistors, and one capacitor, all made in germanium and connected
by wire bonding—a hybrid circuit. Also in 1959, Noyce®” proposed the monolithic IC by
fabricating all devices in a single semiconductor substrate (monolith means single stone)
and connecting the devices by aluminum metallization. Figure 6 shows the first mono-
lithic IC of a flip-flop circuit containing six devices. The aluminum interconnection lines
were obtained by etching evaporated aluminum layer over the entire oxide surface using
the lithographic technique. These inventions laid the foundation for the rapid growth of
the microelectronics industry. : ‘
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Fig.6 The first monolithic integrated circuit.’” (Photograph courtesy of Dr. G. Moore.)

The “planar” process was developed by Hoerni®® in 1960. In this process, an oxide
layer is formed on a semiconductor surface. With the help of a lithography process, por-
tions of the oxide can be removed and windows cut in the oxide. Impurity atoms will dif-
fuse only through the exposed semiconductor surface, and p—n junctions will form in the
oxide window areas.

As the complexity of the IC increased, we have moved from NMOS (n-channel
MOSFET) to CMOS (complementary MOSFET) technology, which employs both
NMOS and PMOS (p-channel MOSFET) to form the logic elements. The CMOS con-
cept was proposed by Wanlass and Sah ® in 1963. The advantage of CMOS technol-
ogy is that logic elements draw significant current only during the transition from one
state to another (e.g., from 0 to 1) and draw very little current between transitions, allow-
ing power consumption to be minimized. CMOS technology is the dominant technol-
ogy for advanced ICs.

In 1967, an important two-element circuit, the dynamic random access memory
(DRAM), was invented by Dennard.*’ The memory cell contains one MOSFET and one
charge-storage capacitor. The MOSFET serves as a switch to charge or discharge the capac-
itor. Although DRAM is volatile and consumes relatively high power, we expect that DRAM
will continue to be the first choice among various semiconductor memories for nonportable
electronic systems in the foreseeable future.

To improve the device performance, the polysilicon self-aligned gate process was pro-
posed by Kerwin et al 41 in 1969. This process not only improved device reliability, it also
reduced parasitic capacitances. Also in 1969, the metalorganic chemical vapor deposition
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(MOCVD) method was developed by Manasevit and Simpson.** This is a very important
epitaxial growth technique for compound semiconductors such as GaAs.

As the device dimensions were reduced, a dry etching technique was developed to
replace wet chemical etching for high-fidelity pattern transfer. This technique was initi-
ated by Irving et al.** in 1971 using a CF, — O, gas mixture to etch silicon wafers. Another
important technique developed in the same year is molecular beam epitaxy by Cho.*
This technique has the advantage of near-perfect vertical control of composition and dop-
ing down to atomic dimensions. It is responsible for the creation of numerous photonic
devices and quantum-effect devices.

In 1971, the first microprocessor was made by Hoff et al.> They put the entire cen-
tral processing unit (CPU) of a simple computer on one chip. It was a four-bit micro-
processor (Intel 4004), shown in Fig. 7, with a chip size: .of 3 mm X 4 mm, and it contained
2300 MOSFETs. It was fabricated by a p-channel, polysilicon gate process using an 8 pm
design rule. This microprocessor performed as well as those in $300,000 IBM comput-
ers of the early 1960s—each of which needed a CPU the size of a large desk. This was
a major breakthrough for the semiconductor industry. Currently, microprocessors con-
stitute the largest segment of the industry.

Fig.7 The first microprocessor.® (Photograph courtesy of Intel Corp.)
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Since early 1980, many new technologies have been developed to meet the require-
ments of ever-shrinking minimum feature lengths. We consider three key technologies:
trench isolation, chemical-mechanical polishing, and the copper interconnect. The trench
isolation technology was introduced by Rung et al.% in 1982 to isolate CMOS devices.
This approach eventually replaced all other isolation methods. In 1989, the chemical-
mechanical polishing method was developed by Davari et al.#" for global planarization
of the interlayer dielectrics. This is a key process for multilevel metallization. At submi-
cron dimensions, a widely known failure mechanism is electromigration, which is the trans-
port of metal ions through a conductor due to the passage of an electrical current. Although
aluminum has been used since the early 1960s as the interconnect material, it suffers
from electromigration at high electrical current. The copper interconnect was introduced
in 1993 by Paraszczak et al.*® to replace aluminum for minimum feature lengths approach-
ing 100 nm. In Part IIT of this book, we consider all the technologies listed in Table 2.

1.22 Technology Trends

Since the beginning of the microelectronics era, the smallest line width or the minimum
feature length of an integrated circuit has been reduced at a rate of about 13% per year.**
At that rate, the minimum feature length will shrink to about 50 nm in the year 2010.
Device miniaturization results in reduced unit cost per circuit function. For example, the
cost per bit of memory chips has halved every 2 years for successive generations of DRAMs.
As device dimension decreases, the intrinsic switching time also decreases. The device
speed has improved by four orders of magnitude since 1959. Higher speeds lead to
expanded IC functional throughput rates. In the future, digital ICs will be able to per-
form date processing and numerical computation at terabit-per-second rates. As the device
becomes smaller, it consumes less power. Therefore, device miniaturization also reduces
the energy used for each switching operation. The energy dissipated per logic gate has
decreased by over one million times since 1959.

Figure 8 shows the exponential increase of the actual DRAM density versus the year
of first production from 1978 to 2000. The density increases by a factor of 2 every
18 months. If the trends continue, we expect that DRAM density will increase to 8 Gb
in the year 2005 and to 64 Gb around the year 2012. Figure 9 shows the exponential
increase of the microprocessor computational power. The computational power also
increases by a factor of 2 every 18 months. Currently, a Pentium-based personal com-
puter has the same computational power as that of a supercomputer, CRAY 1, of the late
1960s; yet, it is three orders of magnitude smaller. If the trends continue, we will reach
100 GIP (billion instructions per second) in the year 2010.

Figure 10 illustrates the growth curves for different technology drivers.® At the begin-
ning of the modern electronic era (1950-1970), the bipolar transistor was the technol-
ogy driver. From 1970 to 1990, the DRAM and the microprocessor based on MOS devices
were the technology drivers because of the rapid growth of personal computers and
advanced electronic systems. Since 1990, nonvolatile semiconductor memory has been
the technology driver, mainly because of the rapid growth of portable electronic systems.

UMC 1223
UMC v. AICP



UMC 1223
UMC v. AICP



UMC 1223
UMC v. AICP



14 » Chapter 1. Introduction

We have also described key semiconductor technologies. The origins of many tech-
nologies can be traced back to the late eighteenth and early nineteenth centuries. of
particular importance are the development of the lithographic photoresist in 1957, which
established the basic pattern-transfer process for semiconductor devices; the invention
of the integrated circuits in 1959, which was seminal to the rapid growth of the micro-
electronic industry; and the developments of the DRAM in 1967 and the microproces-
sor in 1971, which constitute the two largest segments of the semiconductor industry.

We have a vast literature on semiconductor-device physics and technology. To date,
more than 300,000 papers have been published in this field, and the grand total may reach
one million papers in the year 2012. In this book, each chapter deals with a major device
or a key technology. Each is presented in a clear and coherent fashion without heavy
reliance on the original literature. However, we have selected a few important papers at
the end of each chapter for reference and for further reading.
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Energy Bands and Carrier
Concentration in Thermal
Equilibrium

2.1 SEMICONDUCTOR MATERIALS
2.2 BASIC CRYSTAL STRUCTURE
f= 2.3 BASIC CRYSTAL GROWTH TECHNIQUE
= 2.4 VALENCE BONDS
& 2.5 ENERGY BANDS
2.6 INTRINSIC CARRIER CONCENTRATION
2.7 DONORS AND ACCEPTORS
SUMMARY

In this chapter, we consider some basic properties of semiconductors. We begin with a
discussion of crystal structure, which is the arrangement of atoms in a semiconductor.
This is followed by a brief description of the crystal growth technique. We then present
the concepts of valence bonds and energy bands, which relate to conduction in semi-
conductors. Finally, we discuss the concept of carrier concentration in thermal equilib-
rium. These concepts are used throughout this book.

Specifically, we cover the following topics:

* Element and compound semiconductors and their basic properties.

* The diamond structure and its related crystal planes.

* The bandgap and its impact on electrical conductivity.

* The intrinsic carrier concentration and its dependence on temperature.

* The Fermi level and its dependence on carrier concentration.

2.1 SEMICONDUCTOR MATERIALS

Solid-state materials can be grouped into three classes—insulators, semiconductors, and
conductors. Figure 1 shows the range of electrical conductivities o (and the corresponding
resistivities p= 1/0)" associated with some important materials in each of the three classes.
Insulators such as fused quartz and glass have very low conductivities, on the order of

° A list of symbols is given in Appendix A.
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