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EDITOR'S FOREWORD

The McGraw-Hill Basic Skills in Electricity and
Electronics series has been designed to provide
entry-level competencies in a wide range of occu-
pations in the electrical and electronics fields. The
series consists of instructional materials designed
especially for the career-oriented student. Each
major subject area covered in the series is sup-
ported by a textbook, an activities manual, and a
teacher’'s manual. All the materials focus on the
theory, practices, applications, and experiences
necessary for those preparing to enter their chosen
vocations.

There are two fundamental considerations in the
preparation of materials for such a series: the needs
of the learner and the needs of the employer. The
materials in this series meet these needs in an ex-
pert fashion. The authors and editors have drawn
upon their broad teaching and technical experi-
ences to accurately interpret the needs of the stu-
dent. The needs of business and industry were ver-

ified through questionnaires, surveys, personal
interviews, government occupational trend re-
ports, and field studies.

The widespread acceptance of the Basic Skills in
Electricity and Electronics series and the positive
responses from users confirm the basic soundness
in content and design of these materials as well as
their effectiveness as learning tools. Yet it is natural
that in an ongoing series such as this, refinements
in pedagogy and technical content constantly take
place. Every effort has been made to provide the
most up-to-date materials possible. Teachers will
find the texts and manuals in each of the subject
areas well-coordinated and structured around a
framework of modern objectives. Students will
find the concepts clearly presented, lucidly illus-
trated, and relevant to current technology.

The publisher and editor welcome comments from
teachers and students using the books in this series.

Charles A. Schuler
Project Editor
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This introductory text on the principles and appli-
cations of electronics is designed for those students
who already have a basic understanding of Ohm'’s
law, Kirchhoff’s laws, power formulas, schematic
diagrams, and electrical components such as resis-
tors, capacitors, and inductors. A knowledge of
basic algebra is the only mathematics prerequisite.
This book provides an excellent foundation in
electronics for those who may need or want to go
into the subject in more depth. It also provides
entry-level skills and knowledge for a wide range of
occupations in clectricity and electronics.

This second edition, like the first, combines the-
ory and applications in a logical, well-paced se-
quence. It is important that a student’s first experi-
ence in electronics be based on such an approach.
This combination of theory and applications first
develops an understanding of how electronic cir-
cuits and devices function. It then applies function
to solve practical problems and develop worth-
while systems. Electronics is a vital and exciting
field—the study of it should be the same.

[ have taken a practical approach throughout
this text. The devices and circuits presented are
typical of those used in all phases of electronics.
Theory and calculations are the same as those used
by practicing technicians. Reference is made to
common aids such as parts catalogs and substitu-
tion guides.

The 15 chapters into which this book is divided
progress from an introduction to the field of elec-
tronics, through basic solid-state theory, transistors
and gain, amplifiers, oscillators, radio, integrated
circuits, control circuits, and regulated power sup-
plies. An appendix containing a wide range of
BASIC programs, paralleling the text discussions,

has been included to serve those students who have
access to a microcomputer. While these computer
programs will help integrate the traditional text
approach with computer use, the availability of a
microcomputer is not essential to the effective use
of this text.

The development of and approach to each idea
and concept have been carefully designed to en-
sure that students will have a strong foundation on
which to build in a field characterized by rapid
technological advances. Where appropriate, in-
sights into future trends are also discussed.

This text includes features designed to make the
study of electronics more interesting and effective.
All important facts and concepts are reviewed in a
summary section at the end of each chapter. Stu-
dents should read these reviews carefully. Any
confusion at this point may indicate the need to go
back and restudy a section or a portion of the sec-
tion. Important terms are highlighted in the mar-
gins for quick reference. Students will also find
review tests after each section and a comprehensive
test at the end of each chapter. These will help to
ensure adequate comprehension of the material.

[ would like to acknowledge all the teachers and
students who have used my first edition and pro-
vided me with so much invaluable guidance and
assistance in preparing this second edition. I also
wish to thank those industry personnel who have
answered my many questions and shared their vital
information with me. As in the past, I welcome
comments and suggestions from students and
teachers who use this second edition.

Charles A. Schuler
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Electric devices and circuits can be dangerous.
Safe practices are necessary to prevent electrical
shock, fires, explosions, mechanical damage, and
injuries resulting from the improper use of tools.

Perhaps the greatest of these hazards is electrical
shock. A current through the human body in ex-
cess of 10 milliamperes can paralyze the victim
and make it impossible to let go of a “live” conduc-
tor. Ten milliamperes is a small amount of electri-
cal flow: It is ten one-thousandths of an ampere.
An ordinary flashlight uses more than 100 times
that amount of current! If a shock victim is exposed
to currents over 100 milliamperes, the shock is
often fatal. This is still far less current than the
flashlight uses.

A flashlight cell can deliver more than enough
current to kill a human being. Yet it is safe to han-
dle a flashlight cell because the resistance of
human skin normally will be high enough to
greatly limit the flow of electric current. Human
skin usually has a resistance of several hundred
thousand ohms. In low-voltage systems, a high re-
sistance restricts current flow to very low values.
Thus, there is little danger of an electrical shock.

High voltage, on the other hand, can force
enough current through the skin to produce a
shock. The danger of harmful shock increases as
the voltage increases. Those who work on very
high-voltage circuits must use special equipment
and procedures for protection.

When human skin is moist or cut, its resistance
can drop to several hundred ohms. Much less volt-
age is then required to produce a shock. Potentials
as low as 40 volts can produce a fatal shock if the
skin is broken! Although most technicians and
electrical workers refer to 40 volts as a low voltage,
it does not necessarily mean safe voltage. Obvi-
ously, you should, therefore, be very cautious even
when working with so-called low voltages.

Safety is an attitude; safety is knowledge. Safe
workers are not fooled by terms such as low volt-
age. They do not assume protective devices are
working. They do not assume a circuit is off even
though the switch is in the OFF position. They
know that the switch could be defective.

As your knowledge of electricity and electronics
grows, you will learn many specific safety rules and
practices. In the meantime:

1. Investigate before you act
2. Follow procedures
3. When in doubt, do not act: ask your instructor

General Safety Rules for Electricity and
Electronics

Safe practices will protect you and those around
you. Study the following rules. Discuss them with

others. Ask your instructor about any that you do
not understand.

1. Do not work when you are tired or taking

medicine that makes you drowsy.

2. Do not work in poor light.

3. Do not work in damp areas.

4. Use approved tools, equipment, and protec-

tive devices.

Do not work if you or your clothing is wet.

6. Remove all rings, bracelets and similar metal
items.

7. Never assume that a circuit is off. Check it
with a device or piece of equipment that you
are sure is operating properly.

8. Do not tamper with safety devices. Never de-
feat an interlock switch. Verify that all inter-
locks operate properly.

9. Keep your tools and equipment in good con-
dition. Use the correct tools for the job.

10. Verify that capacitors have discharged. Some
capacitors may store a lethal charge for a long
time.

11. Do not remove equipment grounds. Verify
that all grounds are intact.

12. Do not use adaptors that defeat ground con-
nections.

13. Use only an approved fire extinguisher. Water
can conduct electrical current and increase
the hazards and damage. Carbon dioxide
(CO;) and certain halogenated extinguishers
are preferred for most electrical fires. Foam
types may also be used in some cases.

14. Follow directions when using solvents and
other chemicals. They may explode, ignite, or
damage electrical circuits.

15. Certain electronic components affect the safe
performance of the equipment. Always use
the correct replacement parts.

16. Use protective clothing and safety glasses
when handling high-vacuum devices such as
television picture tubes.

17. Do not attempt to work on complex equip-
ment or circuits before you are ready. There
may be hidden dangers.

18. Some of the best safety information for electri-
cal and electronic equipment is in the litera-
ture prepared by the manufacturer. Find it
and use it!

val

Any of the above rules could be expanded. As
your study progresses, you will learn many of the
details concerning proper procedure. Learn them
well, because they are the most important infor-
mation available.

Remember, always practice safety; your life de-
pends on it.
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Introduction

The purpose of this chapter is to introduce you to electronics. Electronics is such a huge field
that beginners may be confused as to what they are studying. They may also wonder how it
relates to what they have already studied.

In this book, electronics refers to the study of active devices and their uses. An active
device is a diode, a transistor, or an integrated circuit. Passive devices are resistors, conduc-
tors, capacitors, and inductors. Generally, courses that deal mainly with active devices are
called electronics courses.

Electronics is really a brand new field. Its entire history is limited to this century. Yet, it has
grown so rapidly and become so important that several branches have developed. One of
the branches is digital electronics. This chapter will define this term and compare it to analog
electronics. The rapid growth of electronics in recent years will not slow down in the near

future. Thus, this chapter will also review some major trends in the field.

1-1 A Brief History

Electronics is very young. It is hard to place an
exact date on its beginning. Two important devel-
opments at the beginning of this century made
people interested in electronics. The first was in
1901 when Marconi sent a message across the At-
lantic Ocean using wireless telegraphy. Today, we
call wireless communication radio. The second
development came in 1906 when De Forest in-
vented the audion vacuum tube. The term “au-
dion” related to its first use to make sounds
(“audio”) louder. It was not long before the wire-
less inventors used the vacuum tube to improve
their equipment.

There was another development in 1906 worth
mentioning. Pickard used the first crystal radio
detector. This was a great improvement. It helped
to make radio and electronics more popular. It
also suggested the use of semiconductors (crystals)
as materials with great promise for the future of the
new field of radio and electronics.

Commercial radio was born in Pittsburgh,
Pennsylvania, at station KDKA in 1920. This
marked the beginning of a new era with electronic
devices appearing in the average home. Commer-
cial television began around 1946. Television
receivers were very complex compared to most ra-
dios. Other complicated electronic devices were
now in use, too. The vacuum tube, which had

served so well, was now making engineers and
technicians wish for something better.

The first vacuum-tube computer was built in
1943 at the University of Pennsylvania. Soon,
commercial vacuum-tube computers became
available. They were large and expensive, and
generated quite a bit of heat as a result of the many
vacuum tubes that they used. They were not very
reliable by modern standards. The numerous vac-
uum tubes and the heat caused many failures. It
was not uncommon to have several breakdowns in
one day. Television receivers and complex radio
receivers had dozens of vacuum tubes, but com-
puters had thousands. Something better than the
vacuum tube had to be found.

Scientists knew that many of the jobs done by
vacuum tubes could be done more efficiently by
semi-conducting crystals. They knew this for quite
some time, but they could not make crystals that
were pure enough to do the job. They kept work-
ing at it. The breakthrough came in 1947. Three
scientists working for Bell Laboratories made the
first working transistor. This was such a major
contribution to science and technology that the
three men—Bardeen, Brittain, and Shockley—
were awarded the Nobel Prize.

Improvements in the transistor came rapidly,
and now transistors have all but completely re-
placed the vacuum tube. “Solid state” has become
a household word. Many people say that the tran-
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Vacuum tube

- Solid state

Dl

sistor is one of the greatest developments of all
time.

Solid-state circuits were small, efficient, and
more reliable. But the scientists still were not satis-
fied. Nor were the engineers satisfied. So it was
with Jack Kilby of Texas Instruments. His work led
to the development of the integrated circuit in
1958. Integrated circuits are complex combina-
tions of several kinds of devices on a common
base, called a substrate, or in a tiny piece of sili-
con. They offer low cost for the performance, as
well as good efficiency, small size, and good relia-
bility. The complexity of some integrated circuits
allows a single chip of silicon only 0.64 centimeter
(cm) [0.25 inch (in)] square to replace huge pieces
of equipment. The chip can hold thousands of
transistors. You would not think any room would
be left, but you might also find some diodes, resis-
tors, and capacitors too!

In 1971, the Intel Corporation of California
announced one of the most sophisticated of all in-
tegrated circuits—the microprocessor. A micro-
processor is most of the circuitry of a computer
reduced to a single integrated circuit. Some mod-
ern microprocessors contain the equivalent of
100,000 transistors. Microprocessors have pro-
vided billions of dollars worth of growth for the
electronics industry and have opened entire new
areas of applications.

The integrated circuit is producing an electron-
ics explosion. Now electronics is being applied in
more ways than ever before. At one time, radio
was just about the only application. Today, elec-
tronics makes a major contribution to every part of
our society and in every field of human endeavor.
It affects us in many ways that we may not even be
aware of. We are living in the electronic age.

SELF TEST

Determine whether each statement is true or false.

1. The entire history of electronics is limited to
the twentieth century.

2. The early histories of radio and of electronics
are the same.

3. Transistors were invented before vacuum
tubes.

4. A modern integrated circuit can contain thou-
sands of transistors.

1-2 Digital or Analog

Today, electronics is such a huge field that it is
often necessary to divide it into smaller subfields.
You will hear terms such as medical electronics,

2 CHAPTER 1 INTRODUCTION

instrumentation electronics, automotive electron-
ics, avionics, consumer electronics, and others.
One way that electronics can be divided is into
digital and analog.

A digital electronic device or circuit will recog-
nize or produce an output of only several limited
states. For example, most digital circuits now in
use will respond to only two conditions: high or
low voltages. Digital circuits can be built that will
operate with more than two states, but most are
limited to only two.

An analog circuit can respond to or produce an
output of an infinite number of states. An analog
voltage might vary between 0 and 10. The actual
value might be 1.5, 2.8, or even 7.653 volts (V).
In theory at least, an infinite number of voltages
are possible.

For a long time, almost all electronic devices
and circuits operated in the analog fashion. This
seemed to be the most obvious way to do a particu-
lar job. After all, most of the things that we meas-
ure are analog in nature. Your height, your
weight, and the speed at which you travel in an
automobile are all analog quantities. Your voice is
analog. It contains an infinite number of levels
and frequencies. Therefore, if you wanted a cir-
cuit to amplify your voice, that is, make it sound
louder, your first thought would probably be to use
an analog circuit.

Telephone switching and computer circuits
forced engineers to explore digital electronics.
They needed circuits and devices that could make
logical decisions based on certain input condi-
tions. They needed highly reliable circuits that
would operate in the same way every time. By lim-
iting the number of conditions or states in which
the circuits must operate, the circuits could be
made more reliable. An infinite number of
states—the analog circuit—was not what they
needed.

Digital circuits can do most of the things we
once thought of as strictly analog. We can amplify
and otherwise process sound with digital circuits.
Which way something will actually be done is sim-
ply a question of efficiency. Circuit designers
choose the best way to do a job while keeping the
cost as low as possible.

Analog electronics involves techniques and con-
cepts different from those of digital electronics. In
this book, you will be studying analog electronics.
However, what you learn about analog electronics
will serve as a useful background for later studies of
digital electronics.

Figure 1-1 gives some examples of circuit be-
havior that will help you to identify digital or ana-
log operation. The signal going into the circuit is



- High level

«—Low level

Fig. 1-1 A comparison of digital and analog circuits
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Linear circuit

Integrated
circuits

. Micro-
miniaturization

on the left, and the signal coming out of the circuit
is shown on the right. The circuit marked A is an
example of a digital device. The output signal is a
square wave while the input signal is not exactly a
square wave. Square waves show only two voltage
levels and are very common in digital devices.

Circuit B in Fig. 1-1 is an analog device. The
input is a sine wave, and the output is a sine wave.
The output is larger than the input, and it has been
shifted above the zero axis. The most important
feature is that the output signal is a combination of
an infinite number of voltages. In a linear circuit,
the output is an exact replica of the input. Though
circuit B is linear, not all analog circuits are linear.

Circuits C through F are all digital. Note that
the outputs are all square waves (two levels of volt-
age). Circuit F deserves special attention. Its input
is a square wave. This could be an analog circuit
responding to only two voltage levels except that
something has happened to the signal which did
not occur in any of the other examples. The out-
put frequency is different from the input fre-
quency. Digital circuits that accomplish this are
called counters, or dividers.

SELF TEST
Determine whether each statement is true or false.

5. Electronic circuits can be divided into two
categories, digital and analog.

6. A digital circuit can respond to an infinite
number of conditions.

7. Digital circuits became popular before analog
circuits.

8. This book is limited to the study of analog
circuits.

9. A linear circuit can be put in the digital cate-

gory.

1-3 Trends in Electronics

Trends in electronics are characterized by enor-
mous growth and by sophistication. The growth is
largely the result of “the learning curve” and of
healthy competition. The learning curve simply
means that as more and more experience is gained,
more and more efficiency results. Electronics is
maturing as a technology. The yield of integrated
circuits is a perfect example of this phenomenon.
A new integrated circuit, especially if it is a sophis-
ticated one, may have a yield of less than 10 per-
cent. Nine out of ten devices will not pass the test
and must be thrown away. This makes the price of
a new device very high. Later, much is learned

CHAPTER 1 INTRODUCTION

about making that particular part. The yield goes
up to 90 percent. The price drops drastically and
many new applications are found for the part be-
cause it is now economically attractive to use it.
The new parts are complex, powerful, and sophis-
ticated. But their very complexity usually results
in a product that is easier to use. In fact, “user
friendly” is a term used to describe sophisticated
products.

Not only is electronics growing rapidly, it is also
changing rapidly. Those who work in electronics
must be willing to accept this rapid change. They
must be willing to constantly improve themselves
and learn more about electronics and how it inter-
acts with other technologies. It will be very chal-
lenging and exciting for those involved.

The integrated circuit is the key to most elec-
tronic trends. These marvels of micro-miniaturi-
zation keep expanding in performance and usually
decrease the cost of electronics products. They
also mean less energy consumption, they offer
high reliability, they are small, and they are light.
Is it any wonder that they have stimulated tremen-
dous growth?

That very special integrated circuit, the micro-
processor, has brought automation and program-
mability within the reach of almost everyone. For
example, electronic games and video games are
microprocessor-based designs. The modern office
has become an electronic office. The typewriter is
now a word processor. The filing cabinet has been
replaced by a spinning magnetic disk. And in the
very near future, digital telecommunications sys-
tems will make the office hum with an efficient
inflow and outflow of information in electronic
form.

Industry is now making increasing use of elec-
tronic technology to increase productivity. Com-
puter-aided design improves quality and greatly
decreases the time to develop new products. Com-
puter-aided manufacturing also increases quality
and drastically cuts costs. Robots are eliminating
dangerous, physically difficult, and boring jobs. In
fact, the industrial robot will eliminate most pro-
duction jobs by the turn of the century. Will this
increase unemployment? Yes, for unskilled and
certain semiskilled workers. However, it will
create many new jobs for those workers with mod-
ern educations. It is often said and written that
many future jobs are not yet identified.

Homes are changing too. The automatic appli-
ances are giving way to computerized and pro-
grammable appliances. There are more kinds of
equipment for entertainment and education in
the home. Home computers are popular, and
many home computers are tapping into large data



bases by connecting to them through the tele-
phone lines. Homes now have smoke detectors,
security systems, and systems that result in savings
on utility bills. Just think how many “electronic
gadgets” that are around today did not exist just a
few short years ago.

Schools use computers to keep records and assist
in the educational process. Students learn about
computers and they learn from them. Doctors use
computers to help diagnose patients. Sophisticated
computerized scanners even let the doctors “see”
inside a patient’s body without resorting to sur-
gery. Other electronic devices can block pain, reg-
ulate certain body functions, and actually keep
some patients alive.

The automobile is becoming an electronics
package. Microprocessors regulate timing and fuel
flow to increase efficiency and decrease pollution.
They can also determine the shift points in an au-
tomatic transmission and prevent skids due to
locked braking systems. Very informative dash-
board displays are planned for future models. The

driver will be well informed as to speed, distance,
and vehicle performance, and will ‘even receive
messages when service is required.

The outlook is very bright for those with careers
in electronics. The new products, the new appli-
cations, and the tremendous growth all mean good
jobs for the future. The jobs will not be easy ones.
They will be challenging and they will be marked
by constant change.

SELF TEST
Determine whether each statement is true or false.

10. Integrated circuits will be used less in the fu-
ture.

11. The learning curve makes electronic devices
less expensive as time goes on.

12. Automation and robotics will eliminate some
jobs and create new ones that demand more
technical education.

Summary

1. Electronics is a young field. Its entire history is
contained in the twentieth century.
2. The key developments in electronics have been

1901 radio

1906  vacuum tube
1947  transistor

1958 integrated circuit
1971  microprocessor

3. Electronic circuits can be classified as digital or
analog.

4. The number of states or voltage levels is limited
in a digital circuit (usually to two).

5. An analog circuit has an infinite number of
voltage levels.

6. In a linear circuit, the output signal is a replica
of the input.

7. All linear circuits are analog, but not all analog
circuits are linear.

8. Digital circuits will find many new applications
and in areas now thought of as analog.

CHAPTER REVIEW QUESTIONS
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Determine whether each statement is true or false.

Radio was invented in 1854.

Integrated circuits contain several vacuum tubes.

“Solid state” means that the equipment uses vacuum tubes.

Most digital circuits can output only two states, high and low.

Digital circuit outputs are usually sine waves.

The output of a linear circuit is an exact replica of the input.

Linear circuits are classified as analog.

All analog circuits are linear.

Because of electronics, many future devices will be automatic and pro-

. Future applications of electronics will be limited to just a few areas in
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Semiconductors

After a brlef review of conductors and insulators you are going to study materials with
properties that fall between conductors and Insulators. These materlals are called semicon-

ductors.

Semiconductors have a unique way of supporting the flow of electric current. Some of the
current carriers are not electrons. High temperatures can create new carriers in semiconduc-
tors. These are Important differences between semiconductors and conductors.

The transistor has been called one of the most important developments of all time. Itis a
semiconductor device. To make your study of electronics more effective, you will learn some

of the propertles of semiconductors.

2-1 Conductors

Conductors are the fundamental component of
electronic circuits and devices. They easily and
efficiently allow the flow of electric charges. Fig-
ure 2-1 shows how a copper wire supports the flow
of electrons. A copper atom contains a positively
charged nucleus and negatively charged electrons
that orbit around the nucleus. Figure 2-1 is sim-
plified to show only the outermost orbiting elec-
tron, the valence electron. The valence electron is
very important since it acts as the current carrier for
the atom.

Even a very small wire will contain billions of
atoms, each with one valence electron. These
electrons are only weakly attracted to the nucleus
of the atom. They are very easy to move. If an
electromotive force (a voltage) is applied across the

Valence electrons

wire, the valence electrons will respond to this
force and begin drifting toward the positive end of
the source voltage. Since there are so many va-
lence electrons and since they are so easy to move,
we can expect tremendous numbers of electrons to
be set in motion by even a small voltage. Thus, we
say copper is an excellent electric conductor. We
can also say that is has low resistance.

Heating the wire will change its resistance. As
the wire becomes warmer, the valence electrons
become more active. They move farther away
from the nucleus, and they move more rapidly.
This increases the chance for collisions as the
electrons drift toward the positive end of the
wire. These collisions resist the current. There-
fore the resistance of the wire is a little greater than
it was before.

All conductors show this effect. As they become

Fig. 2-1 The structure of a copper conductor
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hotter, they conduct less efficiently and their resist-
ance increases. Such materials are said to have a
positive temperature coefficient. This simply
means that the relationship between temperature
and resistance is positive—that is, they increase
together.

Copper is the most important conductor in elec-
tronics. Almost all the wire used 1n electronics is
made from copper. Printed circuits use copper foil
to act as circuit conductors. Copper is a good con-
ductor, and it is easy to solder. This makes it very
popular.

Silver is the best conductor because it has the
lowest resistance. It is also easy to solder. The cost
of silver makes it less popular than copper. How-
ever, silver-plated conductors are sometimes used
in critical electronic circuits to minimize resist-
ance.

Gold is a good conductor. It is very stable and
does not corrode as badly as copper and silver.
Sometimes sliding and moving electronic contacts
will be gold-plated. This makes the contacts very
reliable.

SELF TEST

Determine whether each statement is true or false.

1. Valence electrons are located in the nucleus
of the atom.

2. In conductors, the valence electrons are
strongly attracted to the nucleus.

3. The current carriers in conductors are valence
electrons.

4. Cooling a conductor will decrease its resist-
ance.

5. Silver is not often used in electronic circuits
because of its high resistance.

2-2 Semiconductors

Semiconductors do not allow current to flow as
easily as conductors do. Under some conditions
semiconductors can conduct so poorly that they
behave as insulators.

Silicon is a very popular semiconductor. It is
used to make diodes, transistors, and integrated
circuits. These and other components make mod-
ern electronics possible. It is very important to
understand some of the details about silicon.

Figure 2-2 shows atomic silicon. The compact
bundle of particles in the center of the atom con-
tains protons and neutrons. This bundle is called
the nucleus of the atom. The protons show a posi-
tive (+) electric charge, and the neutrons show

Valence orbit

Fig. 2-2 The structure of a silicon atom

no electric charge (N). Negative electrons travel
around the nucleus in orbits. The first orbit has
two electrons. The second orbit has eight elec-
trons. The last, or outermost, orbit has four elec-
trons. The outermost orbit is the most important
atomic feature when you are studying the electrical
behavior of materials. It is called the valence orbit.

Because we are interested mainly in the valence
orbit, it is possible to simplify the drawing of the
silicon atom. Figure 2-3 shows only the nucleus
and the valence orbit of a silicon atom. Remem-
ber that there are four electrons in the valence
orbit.

Materials with four valence electrons are not
stable. They tend to combine chemically with
other materials. They can be called active materi-

Fig. 2-3 A simplified silicon atom
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als. This activity can lead them to a more stable
state. A law of nature makes certain materials tend
to form combinations that will make eight elec-
trons available in the valence orbit. Eight is an
important number because it gives stability.

One possible combination for silicon is with
oxygen. A single silicon atom can join, or link,
with two oxygen atoms to form silicon dioxide.
This linkage is called an ionic bond. The new
structure is much more stable than either silicon or
oxygen. It is interesting to note that chemical,
mechanical, and electrical properties often run
parallel. Silicon dioxide is stable chemically. It
does not react easily with other materials. It is
stable mechanically. It is a hard, glasslike mate-
rial. It is stable electrically. It does not conduct; in
fact, it is used as an insulator in integrated circuits
and other solid-state devices.

Sometimes oxygen or any other material is not
available for silicon to combine with. The silicon
still wants the stability given by eight valence elec-
trons. If the conditions are right, silicon atoms will
arrange to share valence electrons. This process of
sharing is called covalent bonding. The structure
that results is called a crystal. Figure 2-4 is a sym-
bolic diagram of a crystal of pure silicon. The dots
represent valence electrons.

Count the valence electrons around the nucleus
of one of the atoms shown in Fig. 2-4. Select one
of the internal atoms as represented by the circled
N. You will count eight electrons. Thus, the sili-

con crystal is very stable. At room temperature,
pure silicon is a very poor conductor. If a moderate
voltage is applied across the crystal, very little cur-
rent will flow. The valence electrons that nor-
mally would support current flow are all tightly
locked up in covalent bonds.

Pure silicon crystals behave as insulators. Yet
they are classified as semiconductors. They can be
made to semi-conduct. One way to do this is to
heat them. Heat adds energy to the crystal. An
electron can absorb some of this energy and move
to a higher orbit level. The high-energy electron
will break its covalent bond. Figure 2-5 shows a
high-energy electron in a silicon crystal. This
electron is free to move and will serve as a current
carrier. Now, if a voltage is placed across the crys-
tal, current will flow.

Silicon has a negative temperature coefficient.
As temperature increases, resistance decreases in
silicon. It is difficult to predict exactly how much
the resistance will change in a given case. One
rule of thumb is that the resistance will be cut in
half for every 6° C rise in temperature.

The semiconductor germanium is used to make
transistors and diodes, too. Germanium has four
valence electrons and can form the same type of
crystalline structure as silicon. It is interesting to
observe that the first transistors were all made of
germanium. The first silicon transistor was not
developed until 1954. Now, silicon has almost
replaced germanium in most solid-state applica-
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Fig. 2-4 A crystal of pure silicon
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tions. One of the major reasons for this shift from
germanium to silicon is the temperature response.
Germanium also has a negative temperature coef-
ficient. The rule of thumb for germanium is that
the resistance will be cut in half for every 10°C rise
in temperature. This would seem to make germa-
nium more stable with temperature change.

The big difference between germanium and sili-
con is the amount of heat energy needed to move
one of the valence electrons to a higher orbit level,
breaking its covalent bond. This is far easier to do
in a germanium crystal. A comparison between two
crystals, one germanium and one silicon, of the
same size and at room temperature will show
about a 1000:1 ratio in resistance. The silicon
crystal will actually have 1000 times the resistance
of the germanium crystal. So even though the re-
sistance of silicon changes more rapidly with in-
creasing temperature than that of germanium, sili-
con is still going to show greater resistance than
germanium.

[t is easy to see why circuit designers prefer sili-
con devices for most uses. The thermal, or heat,
effects are usually a source of trouble. Tempera-
ture is not easy to control, and we do not want
circuits to be influenced by it. However, all cir-
cuits are changed by temperature. Good designs
minimize that change.

Sometimes heat-sensitive devices are necessary.
A probe for measuring temperature might take
advantage of the temperature coefficient of semi-
conductors. So the temperature coefficient of
semiconductors is not always a disadvantage.

Determine whether each statement is true or false.

6. Silicon is a conductor.

Silicon has four valence electrons.

Silicon dioxide is a good conductor.

A silicon crystal is formed by covalent

bonding.

10. A pure silicon crystal acts as an insulator at
room temperature.

11. Heating semiconductor silicon will decrease
its resistance.

12. Semiconductor germanium has less resistance
than semiconductor silicon.

13. Silicon transistors and diodes are not used as
often as germanium devices.

o e

2-3 N-Type Semiconductors

Thus far, we have seen that pure semiconductor
crystals are very poor conductors. High tempera-
tures can make them semi-conduct because car-
riers are produced. There has to be another way to
make themn semi-conduct.

Doping is a process of adding other materials to
the silicon crystal to change its electrical character-
istics. One such doping material is arsenic. Figure
2-6 shows a simplified arsenic atom. Arsenic is
different from silicon in several ways, but the im-
portant difference here is in the valence orbit. Ar-
senic has five valence electrons.

When an arsenic atom enters a silicon crystal, a
free electron will result. Figure 2-7 shows what
happens. The covalent bonds will capture four of
the arsenic atom’s valence electrons, just as if it
were another silicon atom. This tightly locks the
arsenic atom into the crystal. The fifth valence

Fig. 2-6 A simplified arsenic atom
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