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PREFACE

This tenth edition of Electronic Devices reflects changes recommended by users and
reviewers. As in the previous edition, Chapters 1 through 11 are essentially devoted to dis-
crete devices and circuits. Chapters 12 through 17 primarily cover linear integrated circuits.
Multisim® circuit files in version 14 and LT Spice circuit files are available at the website:

www.pearsonglobaleditions.com/Floyd.

New Features

*

*

*

LT Spice circuit simulation.
Mutlisim files upgraded to Version 14 and new files added.
Several new examples.

Expanded coverage of FETs including JFET limiting parameters, FINFET,
UMOSEFET, Current source biasing, Cascode dual-gate MOSFET, and tunneling
MOSFET.

Expanded coverage of thyristors including SSRs using SCRs, motor speed control.
Expanded coverage of switching circuits including interfacing with logic circuits.
Expanded PLL coverage.

Many new problems.

Standard Features

*

*

Full-color format.

Chapter openers include a chapter outline, chapter objectives, introduction, key
terms list, Device Application preview, and website reference.

Introduction and objectives for each section within a chapter.

Large selection of worked-out examples set off in a graphic box. Each example has
a related problem for which the answer can be found at: yww.pearsonglobaleditiong

®

Multisim™ circuit files for selected examples, troubleshooting, and selected prob-
lems are on the companion website.

LT Spice circuit files for selected examples and problems are on the companion website.

Section checkup questions are at the end of each section within a chapter. Answers
can be found at: www.pearsonglobaleditions.com/Floyd.

Troubleshooting sections in many chapters.

10:49:42.
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+ A Device Application is at the end of most chapters.
+ A Programmable Analog Technology feature is at the end of selected chapters.

+ A sectionalized chapter summary, key term glossary, and formula list at the end of
each chapter.

+ True/false quiz, circuit-action quiz, self-test, and categorized problem set with basic
and advanced problems at the end of each chapter.

+ Appendix with answers to odd-numbered problems, glossary, and index are at the
end of the book.

+ Updated PowerPoint® slides, developed by Dave Buchla, are available online. These
innovative, interactive slides are coordinated with each text chapter and are an excel-
lent tool to supplement classroom presentations.

¢ A laboratory manual by Dave Buchla and Steve Wetterling coordinated with this
textbook is available in print.

Student Resources

Digital Resources (www.pearsonglobaleditions.com/Floyd) This section offers stu-
dents an online study guide that they can check for conceptual understanding of key top-
ics. Also included on the website are tutorials for Multisim® and LT Spice. Answers to
Section Checkups, Related Problems for Examples, True/False Quizzes, Circuit-Action
Quizzes, and Self-Tests are found on this website.

Circut Simulation (www.pearsonglobaleditions.com/Floyd) These online files include
simulation circuits in Multisim® 14 and LT Spice for selected examples, troubleshoot-
ing sections, and selected problems in the text. These circuits were created for use with
Multisim® or LT Spice software. These circuit simulation programs are widely regarded
as excellent for classroom and laboratory learning. However, no part of your textbook is
dependent upon the Multisim® or LT Spice software or provided files.

Instructor Resources

To access supplementary materials online, instructors need to request an instructor access
code. Go to www.pearsonglobaleditions.com/Floyd to register for an instructor access code.
Within 48 hours of registering, you will receive a confirming e-mail including an instructor
access code. Once you have received your code, locate your text in the online catalog and
click on the Instructor Resources button on the left side of the catalog product page. Select
a supplement, and a login page will appear. Once you have logged in, you can access
instructor material for all Pearson textbooks. If you have any difficulties accessing the site
or downloading a supplement, please contact Customer Service at: http://support.pearson

com/getsuppo

Online Instructor’s Resource Manual Includes solutions to chapter problems,
Device Application results, summary of Multisim® and LT Spice circuit files, and a test
item file. Solutions to the lab manual are also included.

Online Course Support If your program is offering your electronics course in a dis-
tance learning format, please contact your local Pearson sales representative for a list
of product solutions.

Online PowerPoint® Slides This innovative, interactive PowerPoint slide presenta-
tion for each chapter in the book provides an effective supplement to classroom lectures.

Online TestGen This is a test bank of over 800 questions.
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Chapter Features

Chapter Opener Each chapter begins with an opening page, as shown in Figure P-I.
The chapter opener includes a chapter introduction, a list of chapter sections, chapter
objectives, key terms, a Device Application preview, and a website reference for associ-

ated study aids.

Chapter outline

List of
performance-
based chapter
objectives

Key terms

FIGURE P-1

2 DIODES AND APPLICATIONS

CHAPTER OUTLINE
Diode Operation

Study aids, Multisim files, and LT Spice files for this chapter
wailable at i i

Voltage-Current (V) C
Diode Approximations

Half-Wave Rectifiers

Full-Wave Rectifiers

Power Supply Filters and Regulators
Diode Limiters and Clampers
Voltage Multpliers

“The Diode Datasheet
Troubleshooting

Device Application

CHAPTER OBJECTIVES
+ Usea diode in common applications

INTRODUCTION
In Chapter 1, you leamed that many semiconductor devices
are based on the pn junction. In this chapter, the operation
and characteristics of the diode are covered. Also, three

presented and testing i discussed. The importance of the
diode in electronic circuits cannot be overemphasized. Its
abiliy to conduct current in one direction while blocking
current i the other direction is essential to the operation of
‘many types of circuits. One circuit in particular i the ac rec-
tifier, which is covered in this chapter. Other important ap

+ Analy adiode

and ers. Datasheets are discussed for

+ Exl
+ Explain and analyze the operation of half-wave rectifiers
+ Explain and analyze the operation of full wave rectifiers

DEVICE APPLICATION PREVIEW.

. power supply

+ Explain and analyze the operation of diode limiters and
clampers

& Explain and analyze the operation of diode voltage
multpliers

+ Interpret and use diode datasheets

-+ Troubleshoot diodes and power supply ciruits

~ KEY TERMS

 Diode + Halfwave rectifier
+ Bias + Peak inverse voltage (PIV)
+ Forward bias * Full-wave rectfier

+ Reverse bias  Ripple voltage

* VI characteristic  Line regulation

+ DC power supply  Load regulation
 Rectifier  Limiter

 Filter + Clamper

+ Regulator + Troubleshooting

You design and testing of
apower company

eral of s products. You will apply your knowledge of diode
circuits o the Device Application at the end of the chapter.

—_ Website
reference

Introduction

Device
Application
preview

A typical chapter opener.

Section Opener Each section in a chapter begins with a brief introduction and section
objectives. An example is shown in Figure P-2.

Section Checkup Each section in a chapter ends with a list of questions that focus on the
main concepts presented in the section. This feature is also illustrated in Figure P-2. The
answers to the Section Checkups can be found at: www.pearsonglobaleditions.com/Floyd.

Troubleshooting Sections Many chapters include a troubleshooting section that relates
to the topics covered in the chapter and that illustrates troubleshooting procedures and tech-
niques. The Troubleshooting section also provides Multisim® Troubleshooting exercises.

10:49:42.
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FIGURE P-2

A typical section opener and section
review.

FIGURE P-3

A typical example with a related
problem and Multisim®/LT Spice
exercise.

10:49:42.

Section checkup

ends each Trousssmoonne + 487
section.
1. Describe a basic CMOS inverter.
2. What type of two-input digital CMOS circuit has a low output only when both inputs
are high?
3. What type of two-input digital CMOS circuit has a high output only when both inputs
are low?
Introductory

9-7 TROUBLESHOOTING

paragraph begins
* A technician who understands the basics of circuit operation and who can, if neces-
each section. o e e e - :

limited to carrying out routine test procedures. In this seetion, you will sec how to test
a circuit board that has only a schematic with no specified test procedurc or voliage ~_ 58 —
levels. Tn this case, basic Knowledge of how the circuit operates and the abilty to do . =5

quick circuit analysis are useful. = )

Performance-based After completing this section, you should be able to.
. . .  Troubleshoot FET amplifiers
section objectives

| . Troubleshoot a two-stage common-source amplifier

+ Explain each step in the troubleshooting procedure + Use a datasheet
+ Relate the circuit board to the schematic

ATwo-Stage Common-Source Amplifier

Assume that you are given a cireuit board containing an audio amplifier and told simply
that it is not working properly. The circuit is a two-stage CS JFET amplifier, as shown in
Figure 9-50.

v FIGURE 9-50
Atwostage CS JFET amplifer circuit.

3
15k

o

. P 0 10w

01 uF

i

® &
10MQ Ry G 10M0
ju,,, 100

‘The problem is approached in the following sequence.

Step 1: Determine what the voltage levels in the circuit should be so that you know
what 0 look for. First, pull a datasheet on the particular transistor (assume both
Q1 and Q; are found to be the same type of transistor) and determine the g,,
so that you can caleu in. Assume that for this particu-
lar device, a typical ¢ ed. Calculate the expected typi-
cal voltage gain of ea e identical) based on the typical

stage (notice they

Worked Examples, Related Problems, and Circuit Simulation Exercises Numerous
worked-out examples throughout each chapter illustrate and clarify basic concepts or spe-
cific procedures. Each example ends with a Related Problem that reinforces or expands
on the example by requiring the student to work through a problem similar to the exam-
ple. Selected examples feature a Multisim® or LT Spice exercise keyed to a file on the
companion website that contains the circuit illustrated in the example. A typical example
with a Related Problem and a Multisim® or LT Spice exercise are shown in Figure P-3.
Answers to Related Problems can be found at: www.pearsonglobaleditions.com/Floyd.

THE CommON-Source AmpLiFiER 465

Both circuits in Figure 9-14 used voltage-divider bias to achieve a Vs above threshold.
‘The general dc analysis proceeds as follows using the E-MOSFET characteristic equation
(Equation 8-4) 1o solve for I,
(75)
Vos = 7 Voo
R+ R

Iy = K(Vos = Vasu
Vos = Voo — IoRo

Examples are set off from e s
text.

as for the JFET and D-MOSFET circuits that have
iput resistance for the circuit in Figure 9-14(a) is

in = Ru| Re | Rixienr Equation 9-6

where Rixgae) = Vos/ loss

EXAMPLE 9-9 A common-source amplifier using an E-MOSFET is shown in Figure 9-17. Find Vs, Ip.
Vs, and the ac output voltage. Assume that for this particular device, Jpyon) = 200 mA
at Vas = 4V, Vosw = 2V, and g, = 23 mS. Vj, = 25 mV.

Each example contains a
related problem relevant
to the example.
Solution Vgs=(R‘TR2)VDD=(::§';§))ISV=2.1]V

For Vgs =4V,

Tom 200mA
K= e~ SOmA/V?
(Vos = Vaswy)® 4V —2V) /

Selected examples include

a Multisim®/LT Spice

exercise coordinated with

the circuit simulation files —_|
on the website.

Therefore,
Iy = K(Vas = Vosan)* = (S0mA/V3(223 V = 2V)? = 2.65 mA
Vos = Voo — foRp = 15V = (265 mAY33kQ) = 626V
Ri=Ro| R =33k [ 33k0 = 3k0
The ac output voltage is
Vi = AV = G,RiVi, = (23 mS)3 k)25 mY) = LT3V

Related Problem  For the E-MOSFET in Figure 9~17, Ipyoq) = 25 mA at Vs = 5V, Vasgs) = 1.5 V, and
&m = 10mS. Find Vgs, Ip, Vps, and the ac output voltage. V, = 25 mV.

e

Open the Multisim file EXM09-09 or the LT Spice file EXS09-09 in the Examples
folder on the website. Determine Ip, Vs, and V, using the specified value of V.
Compare with the calculated values.
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Device Application This feature follows the last section in most chapters and is identi-
fied by a special graphic design. A practical application of devices or circuits covered
in the chapter is presented. The student learns how the specific device or circuit is used
and is taken through the steps of design specification, simulation, prototyping, circuit
board implementation, and testing. A typical Device Application is shown in Figure P—4.
Device Applications are optional. Results are provided in the Online Instructor’s Resource
Manual.

PREFACE ¢ 9

366

* BIT Powes Awpuirieas

Device Application: The Complete PA System

“The class AB p pifer follows th he speaker as shown
in the PA system block diagram in Figure 7-33. In this application, the power amplifer
is developed and interfaced with the preamp that was developed in Chapter 6. The maxi-
mum signal power to the speaker should be approximaely 6 W for a frequency range
0f 70 Hz.10 5 kHez. The dynamic range for the input voltage s up t0 40 m¥. Finally, the
‘complete PA system i put ogether.

DC poer supply

(>

@ PA system block dagram

FIGURE 7-33

The Power Amplifier Circuit
“The schematic of the push-pull power amplifir is shown in Figure 7-34. The circuit is a
class AB amplifer imp with fi mirror
bias. Both a traditional Darlington pair and a complementary Darlington (Sziklai) pair are
used to provide sufficient current o an § €2 speaker load. The signal from the pream is
capacitively coupled to the driver stage, Qs, which is used to prevent excessive loading

FIGURE 7-34

Class AB power push-pull amplifer.

370+ BIT Powen Awpuiricas

Now that the cireuit ha d and tested.

‘After the circuit is successfully tested on a protoboard, it is ready to be finalized on a
printed circuit board

‘Simulate the audio amplifier using your Multsim or LT Spice software. Observe the
operation with the virtual oscilloscope.

Prototyping and Testing

Circuit Board
“The power amplifier is implemented on a printed circuit board as shown in Figure 7-38,
Heat sinks are used to provide additional heat dissipation from the power transistors.
that it agrees with the schematic in
is mounted off the PC board for

FIGURE 7-38

/

Power amplifercircuit board.

‘Troubleshooting the Power Amplifier Board
A power amplifier circuit board has failed the production test. Test results are shown in
Figure 7-30.
1. Based on the scope displays, lst possible faults for the circuit board
Putting the System Together
board and the p

circuit board

the de power supply (battery pack), microphone, speaker, and volume control potention-

eterare attached, as shown i Figure 7—40.

12, Verify that the system interconnections ar correet

Multisim®/
| LT Spice

Activity

Printed
circuit
board

Simulations
are provided
for most
Device
Application

circuits.

FIGURE P-4

Portion of a typical Device Application section.

Chapter End Matter The following pedagogical features are found at the end of most
chapters:

*

*

Summary

Key Term Glossary

Key Formulas

True/False Quiz

Circuit-Action Quiz

Self-Test

Basic Problems

Advanced Problems

Datasheet Problems (selected chapters)
Device Application Problems (many chapters)

Multisim® Troubleshooting Problems (most chapters)

10:49:42.
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Sugdestions for Using This Textbook

As mentioned, this book covers discrete devices and circuits in Chapters 1 through 11 and
linear integrated circuits in Chapters 12 through 17.

Option 1 (two terms) Chapters 1 through 11 can be covered in the first term. Depending
on individual preferences and program emphasis, selective coverage may be necessary.
Chapters 12 through 17 can be covered in the second term. Again, selective coverage may
be necessary.

Option 2 (one term) By omitting certain topics and by maintaining a rigorous schedule,
this book can be used in one-term courses. For example, a course covering only discrete
devices and circuits would use Chapters 1 through 11 with, perhaps, some selectivity.

Similarly, a course requiring only linear integrated circuit coverage would use
Chapters 12 through 17. Another approach is a very selective coverage of discrete
devices and circuits topics followed by a limited coverage of integrated circuits (only
op-amps, for example). Also, elements such as the Multisim® and LT Spice exercises,
and Device Application can be omitted or selectively used.

To the Student

When studying a particular chapter, study one section until you understand it and only then
move on to the next one. Read each section and study the related illustrations carefully;
think about the material; work through each example step-by-step, work its Related Problem
and check the answer; then answer each question in the Section Checkup, and check your
answers. Don’t expect each concept to be completely clear after a single reading; you may
have to read the material two or even three times. Once you think that you understand the
material, review the chapter summary, key formula list, and key term definitions at the end
of the chapter. Take the true/false quiz, the circuit-action quiz, and the self-test. Finally, work
the assigned problems at the end of the chapter. Working through these problems is perhaps
the most important way to check and reinforce your comprehension of the chapter. By work-
ing problems, you acquire an additional level of insight and understanding and develop logi-
cal thinking that reading or classroom lectures alone do not provide.

Generally, you cannot fully understand a concept or procedure by simply watching or
listening to someone else. Only hard work and critical thinking will produce the results
you expect and deserve.
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CHAPTER OBJECTIVES

¢ Describe the structure of an atom

¢ Discuss insulators, conductors, and semiconductors and
how they differ

Describe how current is produced in a semiconductor

Describe the properties of n-type and p-type
semiconductors

Describe how a pn junction is formed
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PN junction

lonization
Free electron
Orbital

Insulator Barrier potential

VISIT THE WEBSITE

Study aids for this chapter are available at
https://www.pearsonglobaleditions.com/Floyd

INTRODUCTION

Electronic devices such as diodes, transistors, and integrated
circuits are made of a semiconductive material. To under-
stand how these devices work, you should have a basic
knowledge of the structure of atoms and the interaction of
atomic particles. An important concept introduced in this
chapter is that of the pn junction that is formed when two
different types of semiconductive material are joined. The
pn junction is fundamental to the operation of devices such
as the solar cell, the diode, and certain types of transistors.
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1-1 THE ATOM

HISTORY NOTE

as one of the most influential
physicists of the 20th century.

10:50:43.

All matter is composed of atoms; all atoms consist of electrons, protons, and neutrons
except normal hydrogen, which does not have a neutron. Each element in the periodic
table has a unique atomic structure, and all atoms for a given element have the same
number of protons. At first, the atom was thought to be a tiny indivisible sphere. Later
it was shown that the atom was not a single particle but was made up of a small, dense
nucleus around which electrons orbit at great distances from the nucleus, similar to the
way planets orbit the sun. Niels Bohr proposed that the electrons in an atom circle the
nucleus in different obits, similar to the way planets orbit the sun in our solar system.
The Bohr model is often referred to as the planetary model. Another view of the atom
called the quantum model is considered a more accurate representation, but it is dif-
ficult to visualize. For most practical purposes in electronics, the Bohr model suffices
and is commonly used because it is easy to visualize.

The Bohr Model

An atom* is the smallest particle of an element that retains the characteristics of that ele-
ment. Each of the known 118 elements has atoms that are different from the atoms of all
other elements. This gives each element a unique atomic structure. According to the classi-
cal Bohr model, atoms have a planetary type of structure that consists of a central nucleus
surrounded by orbiting electrons, as illustrated in Figure 1-1. The nucleus consists of
positively charged particles called protons and uncharged particles called neutrons. The
basic particles of negative charge are called electrons.

Each type of atom has a certain number of electrons and protons that distinguishes it
from the atoms of all other elements. For example, the simplest atom is that of hydrogen,
which has one proton and one electron, as shown in Figure 1-2(a). As another example,
the helium atom, shown in Figure 1-2(b), has two protons and two neutrons in the nucleus
and two electrons orbiting the nucleus.

Atomic Number

All elements are arranged in the periodic table of the elements in order according to their
atomic number. The atomic number equals the number of protons in the nucleus, which is
the same as the number of electrons in an electrically balanced (neutral) atom. For example,
hydrogen has an atomic number of 1 and helium has an atomic number of 2. In their normal
(or neutral) state, all atoms of a given element have the same number of electrons as protons;
the positive charges cancel the negative charges, and the atom has a net charge of zero.

*All bold terms are in the end-of-book glossary. The bold terms in color are key terms and are also defined
at the end of the chapter.
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& Electron & Proton o Neutron

FIGURE 1-1

The Bohr model of an atom showing electrons in orbits around the nucleus, which consists of
protons and neutrons. The “tails” on the electrons indicate motion.

Nucleus Nucleus
@ & 2
w e
Electron
_ Electron
o 9
Electron
(a) Hydrogen atom (b) Helium atom
FIGURE 1-2

Two simple atoms, hydrogen and helium.

Atomic numbers of all the elements are shown on the periodic table of the elements in
Figure 1-3.

Electrons and Shells

Energy Levels Electrons orbit the nucleus of an atom at certain distances from the nu-
cleus. Electrons near the nucleus have less energy than those in more distant orbits. Only
discrete (separate and distinct) values of electron energies exist within atomic structures.
Therefore, electrons must orbit only at discrete distances from the nucleus.

Each discrete distance (orbit) from the nucleus corresponds to a certain energy level.
In an atom, the orbits are grouped into energy levels known as shells. A given atom has a
fixed number of shells. Each shell has a fixed maximum number of electrons. The shells
(energy levels) are designated 1, 2, 3, and so on, with 1 being closest to the nucleus. The
Bohr model of the silicon atom is shown in Figure 1—4. Notice that there are 14 electrons
surrounding the nucleus with exactly 14 protons, and usually 14 neutrons in the nucleus.

10:50:43.
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Equation 1-1
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Helium
Atomic number = 2

Silicon
Atomic number = 14

A FIGURE 1-3

The periodic table of the elements. Some tables also show atomic mass.

> FIGURE 1-4

lllustration of the Bohr model of the
silicon atom.

Nucleus
14p, 14n

The Maximum Number of Electrons in Each Shell The maximum number of electrons
(N,) that can exist in each shell of an atom is a fact of nature and can be calculated by the
formula,

N, = 2n?
where n is the number of the shell. The maximum number of electrons that can exist in the
innermost shell (shell 1) is

N, =22 =2(12=2



The maximum number of electrons that can exist in shell 2 is
N, =2n*=22)*=2(4) =38

The maximum number of electrons that can exist in shell 3 is
N, =2n*=23)>*=209) =18

The maximum number of electrons that can exist in shell 4 is

N, = 212 = 2(4)2 = 2(16) = 32

Valence Electrons

Electrons that are in orbits farther from the nucleus have higher energy and are less tightly
bound to the atom than those closer to the nucleus. This is because the force of attraction
between the positively charged nucleus and the negatively charged electron decreases with
increasing distance from the nucleus. Electrons with the highest energy exist in the outermost
shell of an atom and are relatively loosely bound to the atom. This outermost shell is known
as the valence shell, and electrons in this shell are called valence electrons. These valence
electrons contribute to chemical reactions and bonding within the structure of a material and
determine its electrical properties. When a valence electron gains sufficient energy from an
external source, it can break free from its atom. This is the basis for conduction in materials.

lonization

When an atom absorbs energy, the valence electrons can easily jump to higher energy shells.
If a valence electron acquires a sufficient amount of energy, called ionization energy, it can
actually escape from the outer shell and the atom’s influence. The departure of a valence
electron leaves a previously neutral atom with an excess of positive charge (more protons
than electrons). The process of losing a valence electron is known as ionization, and the
resulting positively charged atom is called a positive ion. For example, the chemical symbol
for hydrogen is H. When a neutral hydrogen atom loses its valence electron and becomes a
positive ion, it is designated H*. The escaped valence electron is called a free electron.

The reverse process can occur in certain atoms when a free electron collides with the atom
and is captured, releasing energy. The atom that has acquired the extra electron is called a
negative ion. The ionization process is not restricted to single atoms. In many chemical reac-
tions, a group of atoms that are bonded together can lose or acquire one or more electrons.

For some nonmetallic materials such as chlorine, a free electron can be captured by the
neutral atom, forming a negative ion. In the case of chlorine, the ion is more stable than the
neutral atom because it has a filled outer shell. The chlorine ion is designated as CI™.

The Quantum Model

Although the Bohr model of an atom is widely used because of its simplicity and ease of
visualization, it is not a complete model. The quantum model is considered to be more ac-
curate. The quantum model is a statistical model and very difficult to understand or visualize.
Like the Bohr model, the quantum model has a nucleus of protons and neutrons surrounded
by electrons. Unlike the Bohr model, the electrons in the quantum model do not exist in
precise circular orbits as particles. Three important principles underlie the quantum model:
the wave-particle duality principle, the uncertainty principle, and the superposition principle.

¢ Wave-particle duality. Just as light can be thought of as exhibiting both a wave
and a particle (photon), electrons are thought to exhibit a wave-particle duality. The
velocity of an orbiting electron is related to its wavelength, which interferes with
neighboring electron wavelengths by amplifying or canceling each other.

¢ Uncertainly principle. ~ As you know, a wave is characterized by peaks and valleys;
therefore, electrons acting as waves cannot be precisely identified in terms of their
position. According to a principle ascribed to Heisenberg, it is impossible to deter-
mine simultaneously both the position and velocity of an electron with any degree

10:50:43.
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TABLE 1-1

Electron configuration table for
nitrogen.

of accuracy or certainty. The result of this principle produces a concept of the atom
with probability clouds, which are mathematical descriptions of where electrons in
an atom are most likely to be located.

* Superposition. A principle of quantum theory that describes a challenging concept
about the behavior of matter and forces at the subatomic level. Basically, the principle
states that although the state of any object is unknown, it is actually in all possible
states simultaneously as long as an observation is not attempted. An analogy known
as Schrodinger’s cat is often used to illustrate in an oversimplified way quantum super-
position. The analogy goes as follows: A living cat is placed in a metal box with a vial
of hydrocyanic acid and a very small amount of a radioactive substance. Should even a
single atom of the radioactive substance decay during a test period, a relay mechanism
will be activated and will cause a hammer to break the vial and kill the cat. An observer
cannot know whether or not this sequence has occurred. According to quantum theory,
the cat exists in a superposition of both the alive and dead states simultaneously.

In the quantum model, each shell or energy level consists of up to four subshells called
orbitals, which are designated s, p, d, and f. Orbital s can hold a maximum of two elec-
trons, orbital p can hold six electrons, orbital d can hold 10 electrons, and orbital f can hold
14 electrons. Each atom can be described by an electron configuration table that shows the
shells or energy levels, the orbitals, and the number of electrons in each orbital. For exam-
ple, the electron configuration table for the nitrogen atom is given in Table 1-1. The first
full-size number is the shell or energy level, the letter is the orbital, and the exponent is the
number of electrons in the orbital.

NOTATION EXPLANATION

152 2 electrons in shell 1, orbital s
26 2p° 5 electrons in shell 2: 2 in orbital s, 3 in orbital p

Atomic orbitals do not resemble a discrete circular path for the electron as depicted in
Bohr’s planetary model. In the quantum picture, each shell in the Bohr model is a three-
dimensional space surrounding the atom that represents the mean (average) energy of the
electron cloud. The term electron cloud (probability cloud) is used to describe the area
around an atom’s nucleus where an electron will probably be found.

EXAMPLE 1-1
Solution
TABLE 1-2
Related Problem™

10:50:43.

Using the atomic number from the periodic table in Figure 1-3, describe a silicon (Si)
atom using an electron configuration table.

The atomic number of silicon is 14. This means that there are 14 protons in the nucleus.
Since there is always the same number of electrons as protons in a neutral atom, there
are also 14 electrons. As you know, there can be up to two electrons in shell 1, eight in
shell 2, and eighteen in shell 3. Therefore, in silicon there are two electrons in shell 1,
eight electrons in shell 2, and four electrons in shell 3 for a total of 14 electrons. The
electron configuration table for silicon is shown in Table 1-2.

NOTATION EXPLANATION

152 2 electrons in shell 1, orbital s
2s? Zp6 8 electrons in shell 2: 2 in orbital s, 6 in orbital p
3 3p? 4 electrons in shell 3: 2 in orbital s, 2 in orbital p

Develop an electron configuration table for the germanium (Ge) atom in the periodic table.

* Answers can be found at www.pearsonglobaleditions.com/Floyd.
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In a three-dimensional representation of the quantum model of an atom, the s-orbitals are
shaped like spheres with the nucleus in the center. For energy level 1, the sphere is a single
sphere, but for energy levels 2 or more, each single s-orbital is composed of nested spherical
shells. A p-orbital for shell 2 has the form of two ellipsoidal lobes with a point of tangency at the
nucleus (sometimes referred to as a dumbbell shape.) The three p-orbitals in each energy level
are oriented at right angles to each other. One is oriented on the x-axis, one on the y-axis, and
one on the z-axis. For example, a view of the quantum model of a sodium atom (Na) that has
11 electrons as shown in Figure 1-5. The three axes are shown to give you a 3-D perspective.

2py orbital (2 electrons) < FIGURE 1-5

T Three-dimensional quantum model
of the sodium atom, showing the
2p, orbital (2 electrons)  orbitals and number of electrons in
each orbital.

2p, orbital (2 electrons) Ls orbital (2 electrons)

2s orbital (2 electrons)
3s orbital (1 electron) ——

X-axis

Z-axis Nucleus

y-axis

e atom.

composed of? Define each component.

bits and their energy levels.

n positive and negative ionization.
inguish the quantum model.

1-2  MATERIALS USED IN ELECTRONIC DEVICES

In terms of their electrical properties, materials can be classified into three groups:
conductors, semiconductors, and insulators. When atoms combine to form a solid, crys-
talline material, they arrange themselves in a symmetrical pattern. The atoms within a
semiconductor crystal structure are held together by covalent bonds, which are created
by the interaction of the valence electrons of the atoms. Silicon is a crystalline material.

After completing this section, you should be able to

0 Discuss insulators, conductors, and semiconductors and how they differ

10:50:43.
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[ Valence electrons

FIGURE 1-6
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Diagram of a carbon atom.
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Insulators, Conductors, and Semiconductors

All materials are made up of atoms. These atoms contribute to the electrical properties of a
material, including its ability to conduct electrical current.

For purposes of discussing electrical properties, an atom can be represented by the
valence shell and a core that consists of all the inner shells and the nucleus. This concept is
illustrated in Figure 1-6 for a carbon atom. Carbon is used in some types of electrical
resistors. Notice that the carbon atom has four electrons in the valence shell and two electrons
in the inner shell. The nucleus consists of six protons and six neutrons, so the +6 indicates
the positive charge of the six protons. The core has a net charge of +4 (+6 for the nucleus
and —2 for the two inner-shell electrons).

Insulators An insulator is a material that does not conduct electrical current under nor-
mal conditions. Most good insulators are compounds rather than single-element materials
and have very high resistivities. Valence electrons are tightly bound to the atoms; there-
fore, there are very few free electrons in an insulator. Examples of insulators are rubber,
plastics, glass, mica, and quartz.

Conductors A conductor is a material that easily conducts electrical current. Most met-
als are good conductors. The best conductors are single-element materials, such as copper
(Cu), silver (Ag), gold (Au), and aluminum (Al), which are characterized by atoms with
only one valence electron very loosely bound to the atom. These loosely bound valence
electrons can become free electrons with the addition of a small amount of energy to free
them from the atom. Therefore, in a conductive material the free electrons are available to
carry current.

Semiconductors A semiconductor is a material that is between conductors and insula-
tors in its ability to conduct electrical current. A semiconductor in its pure (intrinsic) state
is neither a good conductor nor a good insulator. Single-element semiconductors are an-
timony (Sb), arsenic (As), astatine (At), boron (B), polonium (Po), tellurium (Te), silicon
(Si), and germanium (Ge). Compound semiconductors such as gallium arsenide, indium
phosphide, gallium nitride, silicon carbide, and silicon germanium are also commonly
used. The single-element semiconductors are characterized by atoms with four valence
electrons. Silicon is the most commonly used semiconductor.

Band Gap

In solid materials, interactions between atoms “smear” the valence shell into a band of
energy levels called the valence band. Valence electrons are confined to that band. When
an electron acquires enough additional energy, it can leave the valence shell, become a free
electron, and exist in what is known as the conduction band.

The difference in energy between the valence band and the conduction band is called an
energy gap or band gap. This is the amount of energy that a valence electron must have in
order to jump from the valence band to the conduction band. Once in the conduction band,
the electron is free to move throughout the material and is not tied to any given atom.

Figure 1-7 shows energy diagrams for insulators, semiconductors, and conductors. The
energy gap or band gap is the difference between two energy levels and electrons are “not
allowed” in this energy gap based on quantum theory. Although an electron may not exist
in this region, it can “jump” across it under certain conditions. For insulators, the gap can
be crossed only when breakdown conditions occur—as when a very high voltage is ap-
plied across the material. The band gap is illustrated in Figure 1-7(a) for insulators. In
semiconductors the band gap is smaller, allowing an electron in the valence band to jump
into the conduction band if it absorbs a photon. The band gap depends on the semicon-
ductor material. This is illustrated in Figure 1-7(b). In conductors, the conduction band
and valence band overlap, so there is no gap, as shown in Figure 1-7(c). This means that
electrons in the valence band move freely into the conduction band, so there are always
electrons available as free electrons.
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Energy Energy Energy FIGURE 1-7
A i 4 Energy diagrams for the three types
of materials.
Conduction band
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Comparison of a Semiconductor Atom to a Conductor Atom

Silicon is a semiconductor and copper is a conductor. Bohr diagrams of the silicon atom and
the copper atom are shown in Figure 1-8. Notice that the core of the silicon atom has a net
charge of +4 (14 protons — 10 electrons) and the core of the copper atom has a net charge of +1
(29 protons — 28 electrons). Recall that the core includes everything except the valence electrons.

/— Valence electron FIGURE 1-8
e Bohr diagrams of the silicon and
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(a) Silicon atom (b) Copper atom

The valence electron in the copper atom “feels” an attractive force of +1 compared to
a valence electron in the silicon atom which “feels” an attractive force of +4. Therefore,
there is more force trying to hold a valence electron to the atom in silicon than in copper.
The copper’s valence electron is in the fourth shell, which is a greater distance from its
nucleus than the silicon’s valence electron in the third shell. Recall that, electrons farthest
from the nucleus have the most energy. The valence electron in copper has more energy
than the valence electron in silicon. This means that it is easier for valence electrons in
copper to acquire enough additional energy to escape from their atoms and become free
electrons than it is in silicon. In fact, large numbers of valence electrons in copper already
have sufficient energy to be free electrons at normal room temperature.

Silicon and Germanium

The atomic structures of silicon and germanium are compared in Figure 1-9. Silicon is
used in diodes, transistors, integrated circuits, and other semiconductor devices. Notice
that both silicon and germanium have the characteristic four valence electrons.

10:50:43.
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FIGURE 1-9 =
Diagrams of the silicon and germa- Four valence electrons in p
. the outer (valence) shell . e e .
nium atoms. =) .
=} ° Q
@ o @ @ @ o o
? 9 @ A 4 Q =Y e
=) Qe =Y <)
= o—O
Silicon atom Germanium atom

The valence electrons in germanium are in the fourth shell while those in silicon are in
the third shell, closer to the nucleus. This means that the germanium valence electrons are
at higher energy levels than those in silicon and, therefore, require a smaller amount of ad-
ditional energy to escape from the atom. This property makes germanium more unstable
at high temperatures and results in excessive reverse current. This is why silicon is a more
widely used semiconductive material.

Covalent Bonds Figure 1-10 shows how each silicon atom positions itself with four
adjacent silicon atoms to form a silicon crystal, which is a three-dimensional symmetrical
arrangement of atoms. A silicon (Si) atom with its four valence electrons shares an electron
with each of its four neighbors. This effectively creates eight shared valence electrons for
each atom and produces a state of chemical stability. Also, this sharing of valence electrons
produces a strong covalent bond that hold the atoms together; each valence electron is at-
tracted equally by the two adjacent atoms which share it. Covalent bonding in an intrinsic
silicon crystal is shown in Figure 1-11. An intrinsic crystal is one that has no impurities.
Covalent bonding for germanium is similar because it also has four valence electrons.

FIGURE 1-10 o

lllustration of covalent bonds in
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(a) The center silicon atom shares an electron with each (b) Bonding diagram. The red negative signs
of the four surrounding silicon atoms, creating a represent the shared valence electrons.

covalent bond with each. The surrounding atoms are
in turn bonded to other atoms, and so on.
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FIGURE 1-11

Covalent bonds in a silicon crystal.
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1-3 CURRENT IN SEMICONDUCTORS

The way a material conducts electrical current is important in understanding how
electronic devices operate. You can’t really understand the operation of a device such
as a diode or transistor without knowing something about current in semiconductors.

After completing this section, you should be able to

0 Describe how current is produced in a semiconductor

As you have learned, the electrons in a solid can exist only within prescribed energy
bands. Each shell corresponds to a certain energy band and is separated from adjacent
shells by band gaps, in which no electrons can exist. Figure 1-12 shows the energy band
diagram for the atoms in a pure silicon crystal at its lowest energy level. There are no
electrons shown in the conduction band, a condition that occurs only at a temperature of
absolute 0 Kelvin.

10:50:43.
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FIGURE 1-12 Energy
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Conduction Electrons and Holes

An intrinsic (pure) silicon crystal at room temperature has sufficient heat (thermal) energy
for some valence electrons to jump the gap from the valence band into the conduction band,
becoming free electrons. Free electrons are also called conduction electrons. This is illus-
trated in the energy diagram of Figure 1-13(a) and in the bonding diagram of Figure 1-13(b).

FIGURE 1-13 =)
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e e
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(a) Energy diagram for the outer two bands (b) Bonding diagram

When an electron jumps to the conduction band, a vacancy is left in the valence band
within the crystal. This vacancy is called a hole. For every electron raised to the conduc-
tion band by external energy, there is one hole left in the valence band, creating what is
called an electron-hole pair. Recombination occurs when a conduction-band electron
loses energy and falls back into a hole in the valence band.

To summarize, a piece of intrinsic silicon at room temperature has, at any instant, a
number of conduction-band (free) electrons that are unattached to any atom and are es-
sentially drifting randomly throughout the material. There is also an equal number of holes
in the valence band created when these electrons jump into the conduction band. This is
illustrated in Figure 1-14.
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