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Preface

Flectronic Principles, seventh edition, continees its tradition as a clearly ex-
plained, in-depth introduction to electronic semiconductor devices and circuits.
This textbook is intended for students who are taking thefr first course in linear
electronics. The prerequisites are a DC/AC Circnits course, algcbra, and some
trigonometry.

Electronic Principles provides essential understanding of sermconductor
device characteristics, testing, and the practical circuits in which they are found.
The text provides clearly explained concepts—written in an easy-to-read conver-
sational style—establishing the foundation needed for understanding the opera-
tion and troubleshooting of electronic systems. Practical circnit examples and
troubleshooting exercises are found thronghowut the chapters.

New to This Editmn

Based on the feedback from extensive reviewing and course research, the seventh
edition of Electronic Principles contains enhanced material on a variety of elec-
tronic devices and circuits, including:

. acldmonal PNP transistor coverage,

= basic Bipolar Junction Trassistor (BJT) voltage-dwzder circuit design
~ © increased ac load line analysis of BJT power amplifiers

+  power E-MOSFET and D-MOSFET biasing

¢ Insulated Gate Bipolar Transistors (IGBTs)

*  R/ZR ladder /A converters

. Function gencrator integrated circuits

¢  Class-D amplifiers

Starting in Chapter 1, “Introduction,” the T-shooter troubleshooting exercise fea-
ture has been simplified for easier student use and understanding, This practical
feature is integrated throughout the remaining chapters. In Chapter 2, “Semicon-
ductors,” one of many “Summary Tables” has been added to provide concept re-
.inforcement and a convenient information resource. Starting in Chapter 3, “Diode
Theory,” data sheets for specific semiconductor devices will be found within the
chapter as they are discussed. Chapters 4 through 6 have additional content re- -
garding the testing of diodes and transistors using DMMs, VOMs, and semicon-
~ ductor curve tracers. ‘While Chapter 10, “Voltage Amplifiers,” retains its coverage



Preface

of the common-emitter (CE) amplifier, Chapter 11, “CC and CB Amplifiers,”
focuses on commen-collector (CC) or emitter follower, common-base (CB), and
Darlington amplifier configuaiions. Chapter 12, “Power Amplifiers,” has been
modified to include class A, B, AB and C power amplifiers, along with additional
ac load line analysis. In Chapter 13, “JFETs,” modifications have been made to
the order of JFET biasing and biasing techniques. In Chapter 14, “MOSFETs,”
depletion-mode and power enhancement-mode MGSFET amplifiers have been
added alosg with MOSFET testing. Chapter 15, “Thyristors,” includes more
detail in RC phase-shift control, SCR testing, and introduces IGBTs. Frequency

. analysis of FET stages has been added to Chapter 16, “Frequency Effects.” In

Chapter 20, “Linear Op-Amp Circuits,” the circuit operation of the R/2R ladder
D/A converter has been included. Chapter 22, “Nonlinear Op-Amp Circuits,” now
inclndes the basic operation of a class-D ampiifier. Also, Chapter 23, “Oscilla-
tors ” has an additional section on funciion generator ICs, including the XR-2206.
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‘»~ ® The topiés in this chépter inc!gd.e formulas, voltage sources, current
éourCES. two circuit theoréms, and troubl.eshooting. —Although some of
the discussion will be review, you will find new ideas that can make it
eas:er for you to Uﬂderstand semiconductor devices and to serve as a

framework for the_rest of the textbook.



Objectiw:s

After studymg this chapter yuu :&Quld be
able to:

@  Name the three types of formulas
and explain why each is true.

B " Explain why approximations are
often used instead of exact formulas.

®  Define an ideal voltage source and

Chapter Outline an ideal current source.
® ' o . B Describe how to recognize a stiff
1-1  The Three Kinds of Formulas voltage source and a stiff cu rrent
1-2 . Approximations . _ source.
1-3 - Voltage Sources ‘ ; " m State Thevenin's theorem and apply
1 e S ) . ittoa circuit,
4 urrent ou.rces . ® State Norton's theorem and apply it
1-5  Thevenin's Theorem o . toacircuit.
: 1-6  Norton's Theorem @  List two facts about an open device
17 Troubleshootin ~, &nd two.facts about a shorted
; ng ' © device.

Vocabulary

o .
cold-solder joint - . law : ‘ solder bridge
definition ' © Norton current - theorem
derivation ' - Norton resistance . Thevenin resistance
duality principle . opendevice Thevenin voltage
formula :  second approximation ‘ third approximation

ideal [Frst]approxlmataon shorted device ‘ " troubleshooting



GOOD TO KNOW

- For al! practical purposes, a~

formulalis like a set of instructions’
written in mathematical shorthand. ~ .

A formula describes how to go
about calculating a particular
quantity ot parameter.

i1-1 The Three Kinds of Formulas

A formula is a rule that relates quantities. The rule may be an equation, an in-

-equality, or other mathematical description. You will see many formulas in this

book. Unless you know why each one is true, you may become confused as they
accumulate. Fortunately, there are only three ways formutas can come into exis-

tence. Knowing what they are will make your study of electronics more logical

and satisfying.

The Deﬁnition

When you study electricity and electronics, you have to memorize new words hke
current, voltage, and resistance. However, a verbal explanation of these words is
not enough. Why? Because your idea of current must be mathematically identical
10 everyone else’s, The only way to get this ldentzty iswitha deﬁmtmn, a formula
invented for a new concept. - :

: Here is an example of a deﬁmuon In your earlier course work, you
Tearned that capacitance equals the charge on one plate divided by the voltage
between plates. The formula looks like this: '

-2
=Y |

This formula is 4 definition. Tt tefls you what capacitance C is and how to cafcu-

late it. Historically, some researcher made up this definition and it became widely

accepted,

Here is an exarnple of how to create a new definition out of thin air. Sup-

- pose we are doing research on reading skills and need some way to measure read-

ing speed. Out of the blue, we might decide to define reading speed as the nimber
of words read in a minute. If the number of words is W and the number of minutes
is M, we could make up a formula like this:

Lid

M
In tins equation, § is the speed measured in words per minute.
To be fancy, we could use Greek letters: e for words, u for minutes, and
o for speed. Qur definition would then look like this:

w : 4
o= B (N !
~ R
This equanon still translates to speed equals word*a divided by minutes. When you
see an equation like this and know that it is a definition, itis no longer as impres-
sive and mysterious as it initially appears to be. ‘
In summary, definitions are formulas that a re searcher creates. They are

_based on scientific observation and form the basis for the study of electronics.

They are simply accepted as facts. It’s done all the time in science. A definition is
true in the same sense that a word is true. Each represents something we want 0
talk about. When you know which formulas are definitions, electronics is easier ©
understand. Because definitions are starting points, all you need to do is to under-
sr.ancl and memorize them.

The Law

A law is differerit. It summarizes a relationship that already exists in nature. Here
is an example of a law.

feile ]

f“‘ dz

Chapter 1
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where f = force

K = aconstant of propomonahty, 910"y
Q\ = first charge
{; = second charge

d = distance between charges

Thts is Coulomb’s law. It says that the force of attraction or repulsion between two
charges is directly proportional to the charges and mversely proportional to the
square-of the distance between them.

' This is an impbrtant equation, for it is the foundation of electricity, Bint
where does it come from? And why is it true? To begin with, all the variables in
this law existed before its discovery: By experiment, Coulomb was able to prove
that the force was directly proportional to each charge and inversely proportional
to the square of the distance between the charges. Coulomb’s law is an example of
a relationship that exists in nature, Although earlier researchers cnuld measure
> @1, @2, and d, Coulomb discovered the law relating the quantmeq and wroie a
formula for it, _

Before discovering a law, someone may have a hunch that such 2 rela:
tionship exists, After a number of experiments, the researcher writes a formala
that summarizes (he discovery. When enough people confirm the 'discovery
through experiments, the formula becomes a law. A law is true because you can
verify it with an experiment.

The Derivatioh |

Given an equation like this:

\
v '

y=73x
we can add 5 to both sides to get:
¥y+5=3xr+35

The new equation is true bécanse both sides are still equal. There are many other
operations like subtraction, multiplication, division, factoring, and substitution
that preserve the equality of both sides of the equation. For thls reason, we can
derive many new formulas using mathematics.

A derivation is a formula that we can get from other formulas. This
means that we start with one or more formulas and, using mathematics, arrive at
a new formula mot in our criginal set of formulas. A derivation is true because
mathematics preserves the equality of both sides of every equation between the
starting formula and the derived formula. .

For instance, Ohm was experimenting with conductors. He discovered
that the ratio of voltage to carrent was a constant. He named this constant resis-
fance and wrote the following formula for it:

This is a derivation. It is the original form of Ohm’s law converted to another
equation. -



Here is another example. The definition for capacitance is:

“We can muitiply both sides by Vto get the foI_}owing pew equation:

g=cv

"This is a derivation. It says that the charge on a capacitor equals its capacitance

_ times the voltage across it. .

What to Remember

Why is a formula true? There are three possible answers. To build your under-
standing of electronics on solid ground, classify each new formula in one of these
three categories.

Definition: A forrmula invented for a new concept
Law: A formula for a relationship in nature
Derivation: A formula produ_c‘;e;}\ with mathematics

1-2 Approximations

‘We use approximations all the time in everyday life. If someone asks you how old
you are, you might answer 21 (ideal). Or you might say 21 going on 22 (secand
approximation). Or, maybe, 21 years and 9 months (third approximation). Or, if
you want to be more accurate, 21 years, 9 months, 2 days, 6 hours,/23 minutes,
and 42 seconds (exact}. . ) ' '

The foregoing illustrates different levels of approximation: an ideal ap-
proximation, a second approximation, a third approximation, and an exact answer,
The approximation to use will depend on the situation. The same is true in elec-
tronics work. In circuit analysis, we need to choose an approximation that fits the
situation. ' :

The Ideal Apprbﬁﬁatﬁon -

Did you know that 1 ft of AWG 22 wite that is' 1 in from a chassis has a resistance
of 0.016°0), an inductance of .24 xH, and a capacitance of 3.3 pF? If we had to
include the effects of resistance, inductance, and capacitance in every calculation
for current, we would spend too much tinie on calculations. This is why every-
body ignores the resistance, inductance, and capacitance of connecting wires in
most situations. : : '

‘ {;The ideal approximatiﬁn, sometimes called the first approximation, is
the simplest equivalent circuit for a device. For instance, the ideal approximation
of a piece of wire is a conductor of zero resistance, This ideal approximation is
adequate for everyday clectronics work.

The exception occurs at higher frequencies, where you have to con-
sider the inductance and capacitance of the wire. Suppose 1 in of wir¢ has an
inductance of 0.24 pH and a capacitance of 3.3 pF. At 10 MEz, the inductive re-
actance is 15.1 £, and the capaéilive reactance is 4.82 k(). As you sce, 2 circuit
designer can no longer idealize a piece of wire. Depending on the rest of the
circuit, the inductance and capacitive reactances of a connecting wire may be
important. ‘ : ‘

Chapier 1
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As a guideline, we can idealize a piece of wire at frequencies under
1 MHz. This is usually a safe rule of thumb. But it dees not mean that you can be

-careless about wiring. In’ general, keep connecting wires as short as possible,

because at some point on the frequency scale, those wires will begin to degrade

_circuit performance.

When you are troubleshooting, the jdeal approximation is usually adeguate
becanse you are looking for large deviations from normal voltages and currents, In
this book, we will idealize semiconductor devices by reducing them to simple equiv- |
alent circuits. With ideal approximations, it is easier to analyze and understand how
semjconductor circuits work.

" The Second Approximation

The ideal approximation of a flashlight battery is a voltage source of 1.5 V. The sec- )
ond approximation adds one or more componests to the ideal approximation. For
instance, the second approximation of a flashlight battery is a voltage source of
1.5 V and a series resistance of 1 {). This series resistance is called the source or
internal resistance of the battery. If the load resistance is less than 10 (), the load volt-
age will be noticeably less than 1,5 'V because of the voltage drop across the source
tesistance. In this case, accurate calculations must include the source resistance.

The Third Approximation and Beyond

The third approximiation includes another component in the equivalent circuit Gf
the device. Chapter 3 will give'you an example of the third approximation when
we discuss semiconduictor diodes, ‘

Even Higher approximations are possible with many componants in the
cquivalent cireuit of 2 device. Hand caleulations using these higher approxima-
tions can become very difficult and time-consuming. Because of this, computers
using circnit simulation software are ofter used. For instance, MultiSim by Elec-
tronics Workbench (EWB) and PSpice are commercially available computer pro-
grams that use higher approximations to analyze semiconductor circuits. Many of
the circuits and examples in this book can be analyzed and demonstrated using
this type of software. :

Conclusion

‘Which approximation to use depends on what you are frying to do. If you are trou-
bleshooting, the ideal approximation is nsualty adequate. For many situations, the
second approximation is the best choice because it is easy to use and does not re-
quire a computer, For higher approximations, you should use a computer and a
program like MultiSim. ' ‘

1-3 Voltage Sources

f’” An ideal de voltage sonrce produces a load voltage that is constant. The simplest
* example of an ideal dc voltage source is a perfect battery, one whose internal

resistance is zero. Figure 1-la shows an ideal voltage source comnected to a
variable Joad resistance of 1 {1 to 10 M€}, The voltmeter reads 10 V, exactly the
same as the source voltage.

Figure 1-1b shows a graph of load voltage versus load resistance. As you
can soe, the load voltage remains fixed at 10 V when the load resistance changes
from 1 £ to 1 M{). In other words, an ideal dc voltage source produces a constant
load voltzge, regardless of how small or large the load resistance is. With an ideal
voltage source, oaly the load current changes when the load resistance changes.



Figure 1-1

(0] Ideat valtage soutee and variable load resistance; () load voltage s constant for all load resistances,
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Second Approximat:i(')n

" An ideal voltage source is a theoretical device; it capnot exist in nature. Why?
When the load resistance approaches zero, the load current approaches infinity.
No real voltage source can produce infinite current because a real voltage source
always has some internal resistance. The second approximation of a dc voltage
source includes this internal resistance. .

' . Figure 1-2a illustrates the idea. A source resistance Ry of 1 {}is now in
series with the ideal battery. The voltmeter reads 5 V when Ry is 1 (2. Why? Be-
cause the load current is 10'V divided by 2 {3, or 5 A. When 5 A flows through the
source resistance of 1 £, it produces an internal voltage drop of 5 V. This is why
the Toad voltage is only half of the ideal value, with the other half being dropped
across the internal resistance. -

" Figure 1-2b shows the graph of load voltage versus load resistance. In
this case, the Joad voltage does not come closé to the ideal value until the load re~-
sistance is much greater than the source resistance. But what does much greater
mean? In othier words, when can we ignore the source resistance?

"Figure 1~2 () Second approximation includes source resistance; {6) load voltage is constant for large load resistances.

Vg —=—
10V T

Vs (V)
1
10
‘ 4l
fAg R .
8t et Stiff region ——=——=
10 . o - ’
~AAA~

M,

, 6] 1
Br_ 5% .
10-1 MO 4 —t ] ] ] ]
1 100 1k 10k 100k ™

R; resistance {Ohms)

(a)

it

Chepter 1



Introduction

Figure 1-3  Stiff region occurs when load resistance is large enough,
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Stiff Voltage Source

' Now is the time when a new definition-can be useful. So, let us invent one, We can
ignore the source resistance when it is at least 100 times smaller than the load
resistance. Any source that satisfies this condition is a Sttjf volzage source. As a
definition, -

Stiff voltage source: K5 < 0.01R, - (1-1)

This formula defines what we mean by a stiff voltage source, The boundary of the
inequality (where << is changed to =) gives us the following equation:

Rs =0.01R;,

Solving for load resistance gives the minimurn load resistance we can use and stlll
have a stiff source:

RL{mjn) = lﬂORS . . (1-2)

In words, the minimum load resistance equals 100 times the source resistance.

Equation (1-2) is a derivation. We started with the definition of a stiff
veltage source and rearranged it to get the minimum load resistance permitted
with a stiff voltage source. As long as the load resistance is greater than 100Rs, the
voltage source is stiff, When the load resistance equals this worst-case value, the
calenlation error from igaoring the source resistance is 1 percent, small encugh to
ignore in a second approximation. '

Figure 1-3 visually sumunarizes a stiff voltage source, The load resis-
tance has to be greater than 100R; for the voltage source to be stiff,

Example 1-1
The definitton of a stiff voltage source apblies to ac sources as well as to de
sources. Suppose an ac voltage source has a source resistance of 50 £2. For what
load resmtance is the source stiff?
SOLUTION Multiply by 100 to get the minimurh load resistance:

Ry = 100Rs = 100(50 Q) = 5 k2



As long as the load resistance is greater than 5 k{2, the ac voltage source is stiff
angd we can ignore the int rnal resistance of the source. -

A final point. Using the second approximation for an ac voltage source
is valid only at low frequencies. At high frequencies, additional factors such as
lead inductance and stray capacitance come inte play. We will deal with these
high-frequency effects in a later chapter.

PRACTICE PROBLEM 1-1 If the ac source resistance in Example 1-1 is
600 2, for what load resistance is the source stiff?

GOOD TO KNOW '} ' _ —
A well- rtgulated power supply isa’ 1 ""4 ‘ Cu ri‘ent SOUI‘CCS '.

good example of 2 stiff V°"39e e A dc voltage source produces a constarit load voliage for different load resis-
souree. ) o tances. A de current source is different. It produces a constant load current for dif- -
' ferent load resistances. An example of a dc current source is a battery with a large
source resistance (Fig. 1-4a}. In this circuit, the source resistance is 1 MQ and the *
load current is:

Vs
. IL = —
. ‘ Rs + Ry )
- GOODTO KNOW .~ . When R is § {Lin Fig. I-4a, the load current is:
At the output terminals of s . - 1OV
constant current source, the load L= m =10 pA

voltage V; increases in direet . . . . N
In this calculation, the small load resistance has an insignificant effect on the load

proportion to the load resistance.
: ) o current. ) ) . .

Figure 1-45 shows the effect of varying the load resistance from 1 £) to

I MCL, In this case, the load current remains constant at 10 A over a large range.

Tt is only when the load resistance is greater than 1¢ k£ that a noticeable drop-off

occurs in load current.

Figure 1-4 (g} Simulated current source with 2 de voltage source and a large resistance; () load current is constant for smail load
- resistances. ’
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7 s
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- Stiff Current Source

Here is another definition ihat will be usefui, especially with semiconductor cir-
cuits. We will ignore the source resistance of a current source when it is at least
100 times larger than the load resistance. Any source that satisfies this condition
is a sHff current source, As a definition:

SHIT current source: R > 100K, (1-3)
"The upper boundary is the worst case. At this point:
Rg = l(}OR;

Solving for Joad resistance gives the maximum load Tesistance we can use and
still have a stiff current source:

Rimeg = 00LRg (1-4)

In words: The maximum load resistance equals Viw of the source resistance.
Equation (1-4) is a derivation, because we started with the definition of a
stiff current source and rearranged it to get the maximum load resistance. When
the load resistance equals this worst-case value, the calculation errot is | percent,
small enough to ignore i a second approximation.
Figure 1-5 shows the stiff region. As long as the load resistance is less
than 0.0F Ry, the current source is stiff.

Schematic Symbol

Figure 1-6a is the schematic symbol of an ideal carrent source, one whose source
resistance is infinite. This ideal approximation cannot exist in nature, but it can
exist mathematically. Therefore, we can use the idea! current source for fast
circuit analysis, as in troubleshooting,

Figure !-6a is a visual definition: It is the symbol for a current source.
When you see this symbol, it means that the device produces a constant current fs.
It may help to think of a current source as a pomp that pushes out a fixed number-
of coulombs per second. This is why you will hear expressions like “The current
source pumps 3 mA through a load resistance of 1 k€}.”

Figore 1-6b shows the second approximation. The internal resistance is
in paralle] with the ideal current source, not in series as it was with an ideal
voltage source. Later in this chapter we will discuss Norton's theorem. You will
then see why the internal resistance must be in parallel with the current source.
Table 1-1 will help you understand the differences between a voltage source and
a3 current source. :

Figure 1-5 - Stiff region occurs when load resistance is small enough. Figure 1-6 (a) Schematic symbo! of a current

100%

Load current

[<bm———— Stiff region —_—]

e, 99%

source; (&) second approximation of a current source.

(a) {b)

Introduction

0.01R5
Lead resistance
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; QQa'ritity'__‘ [ - Voitage Source Current Source

Rs . . Typicaily low Typicaliy high

-ﬁ’L ) Greater than 100Rs - Less than 0.07 Rs‘
Vi ' . ' . Constant . Depends on R
I I : Depends on Ry Constant

Example 1-2

A current source of 2 mA has an internal resistance of 10 M. Over what range of Joad resistance is the current source stiff? -

SOLUTION  Since this is a current source, the load resistance has to be small compared 1o the source resistance. With
the 100:1 rule, the maximum load resistance is:

Rumany = 0.01(10 M) =100 k2

The stiff range for the curent source js a load resistance from 0 to 100 k(L. )

Figure 1-7 summarizes the solution. In Fig. 1-7a, a current source of 2 mA is in parallet with 10 M{} and a variable
resistor set to I ). The ammeter measures a load current of 2 mA, When the load resistance changes from 1 {1 to | M£2, as
shown in Fig. 17, the source remains stiff up to 100 k€Y. At this point, the load current is down about 1 percent from the
ideal value. Stated another way, 99 percent of the source current passes through the load resistance. The other I percent
passes through the source resistance, As the load resistance continues to increase, load current continues fo decrease.

Figure 1-7 Solution.

I tmA)}
2.00 '
195
L 10l .

I Stiff region

N (D 185 - T

ZmA ) .
1.80 b—1 1 I 1 l

: 1 100 1k " 10k 100k M
& R, resistance (Chms}
{al ' S . b

PRACTICE PROBLEM 1-2 What is the load voltage in Fig. [-7a when the toad resistance equals 10 k(27
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Figure 1-8 () Black box has a linear

circuit inside of it; (b} Thevenin chrouit.

ANY CIRCUIT WITH
DC SOURCES AND
LINEAR RESISTANCES

{a)
A
R
Vg —
B
(b

Entroduction

fi

Example 1-3

When you analyze transistor circuits, you will visualize 4 transistor as a current
source. In a well-designed circuit, the transistor will act like a suff current
source, 5o that you can ignore its internal resistance. Then you can caiculate the
load voltage. For instance, if a transistor is pumping 2 mA through a Joad resis-
tanice of 10 k{1, the [oad voltage is 20V,

“;—5 Thevenin's Theorem

Every once in a while, somebody makes a big breakthrough in engineering and
carries all of us o 2 new high. A French engineer, M. L. Thevenin, made one of

these quahtum leaps when he derived the circuit theorem named after him:
Thevénin's theorem,

Befinition of Thevenin Voltage and Resistance

A theorem is 2 stalement that we can prove mathematically. Because of this, it is
not a definition or a law. So, we classify it as a derivation. Recall the following
ideas about Thevenin's theorem from earlier courses. In Fig. 1-8a, the Thevenin
voltage Vpy is defined as the voltage across the load terminals when the load
tesistor is open. Because of this, the Thevenin voltage is sometimes called the
open-circuit voltage. As a definition:

Thevenin voltage: Vry = Voo ' (1-5)

The Thevenin resistance is defined as the resistance that an ohmmeter
measures across the load terminals of Fig. 1-8a when al] sources are reduced to
zero and the load resistor is open. As a definition:

Thevenin resistance: Rr;q = Roc {1-6)

With these two definitions, Thevenin was able to derive the famous theorem
named after him.

There is a subtle point in finding the Thevenin resistance. Reducing a
source 1o zero has different meanings for voltage and current sources- When you
reduce & voltage source fo zero. you arc effectively replacing it by a short because
that's the only way to guarantee zero voltage when a current flows throtgh_the
voltage source. When you reduce a current source to zero, you are effectively
replacing it by #n open because that’s the only way you can guarantee 2ero current
when there'is a voltage across the current source. To summarize:

T zero o voltage sowrce, replace it by a short.
To zero a current source, replace it by an open.

The Derivation

What is Thevenin’s theorem? Look a1 Fig. 1-8«. This black box can contain any
cireuit with ¢e sources and linear resistances. (A finear resistance does not change
with increasing voltage.) Thevenin was able to prove that no maiter how

13



compiicated the circuit inside the black box of Fig, 1-8a was, it would produce ex-
actly the same load current as the simple circnit of Fig. 1-85. As a derivation:

Via

I= Ry + Ry

a-7

Let the idea sink in. Thevenin’s theorem is 4 powerhouse tool. Engineers
and technicians use the theoremn constantly Electronics could not possibly be
where it is today without the Thevenin theorem. It not only simplifies catcula-
tions, it énables us to explain circuit operation that would be impossible t¢ explain
with iny Kirchhoff equauons

Example 1-4

Figure 1-9  (d) Original cirouit;

(£} open-load resistor to get Thevenin
voltage; {d reduce seurce to zero to get
Thevenin resistance,

6k 4RQ A

6 kO LKQ A

® m

(e)

14
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‘What are the Thevenin voltage and resista'nce'ip Fig. 1-9a7

SOLUTION - First, calculate the Thevenin voltage, To do this, you have to
open the load resistor. Opening the load resistance is equivalent to removing it
from the circuit, as shown in Fig. 1-9b. Since 8 mA flows through 6 ¥ in series
with 3 k€3, 24 V will appear across the 3 k(). With no current through the 4k,
24 V will appea.r acIoss the AB terminals. Therefore:

Vm=24v

Second, get the Thevenin resistance. Reducing a dc source to zero is
equivalent to replacing it by a short, as shown in Fig, 1-G¢. If we ‘connect an

- ohmmeter across the 44 terminals of Fig. 1-9¢, what will it read?

It will read 6 k(2. Why? Because looking back into the AB terminals
with the battery shorted; the ohmmeter szes 4 k() in series w1th a parailel con-.
nection of 3k41 and 6 k(. We can write:

3K X 60
Ry =4k + 22722 — gk
™ KO +6kO,

The product over sum of 3 k{2 and 6 k() is 2 k€2, which, added to 4 k€2, gives 6 k().

Again, we need a new definition. Paralle! connections oceur so oftén in
electronics that most people use & shorthand notation for them. From now e,
we will use the following notation:

il = in paraile! with

Whenevet you see two vertical bars in an equation, it means in parallel with. In
industry, you will see the foregomg equation for Thevenin resistance written like
this:

Rm=4kﬂ+(3kﬂ,i!6kﬂ):6kﬂ :

Most engmeers and technicians know that the vertical bars mean in paraliel
with. So, they automatically use product over sum or reciprocal method to caleu-
late the equivalent resistance.of 3 kG and 6 k).

Figure 1-10 shows the Thevenin circuit with a foad resistor, Compare
this simple circuit with the originat circuit of Fig, 1-9. Can you see how much

Chapter 1



Figure 1-10  Thevenin circuit for
Fig. 1-9a.

- Bka
AAIN—

=

24V = R

T

easier it will be to calculate the load current for different load resistances? H not,
the next example will drive the point home.

PRACTICE PROBLEM 1-4 Using Thevenin’s theorem, what is the load
current in Fig. 1-9a for the following values of Ry: 2 k(), 6 (3, and 18 k()?

1f you really want to appreciate the power of Thevenin’s theorem, fry
calculating the foregoing currents using the original circuit of Fig, 1- 9a and any
other method.

Example 1-5

102 BluttiSim

A breadboard is a circuit often built with solderless connections without regard
to the final location of parts to prove the feasibility of a design. Suppose you
have the circuit of Fig. 1-11a breadboarded on a lab bench. How would you
measure the Thevenin voltage and resistance? ’

SOLUTION  Start by replacing the load resisior with a multimeter, as shown
in Fig. 1-115. After you set the multimeter to read volts, it will indicate 9 V. This
is the Thevenin voltage. Next, replacethe dc source by a short (Fig. 1-11¢). Set
the multimster to read obms, and it will indicate 1.5 k(2. This is the Thevenin
registance.

Are there any sources of error in the foregoing measurements? Yes, the
one thing to watch out for is the input impedance of the multimeter when voltage
is measurad. Because this input impedance is across the measured terminals, a
small current flows through the multimeter. For instance, if you use a moving-coil
multimeter, the typical sensitivity is 20 k{0 per volt. On the 10-V range, the volt-
meter has an input resistance of 200 k{}. This wifl load the circuit down shghtly
and decrease the load voltage from 9 t0 8.93 V.

As a guideline, the iaput impedance of the voltmeter should be at least
100 times greater than the Thevenin resistance. Then, the loading error is less
than t percent. To avoid loading error, use  field-effect transistor (FET) input
or digital multimeter (DMM) instead of a moving-coil multimeter. The input

- impedance of these mstruments is at least 10 M(, which usually eliminates

loading error.

Figure 1-11 {0} Circuit on lab bench;{8) measunng Thevenin voltage; (¢} measuring Thevenin resstancs:

S
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‘Figure 1-11 _ {continued)
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GOOD TO KNOW

Like Thevenin's theprem, Né
theoreém can be applied o ac
circuits containing mductar
capacitors, and resistors, an ac':
cifeuits, the Norten current .'N
usually stated as a compiex num
in polar form, whereas the No
impedance Zy is usually Exbré e
as a complex_'numb_el_'_‘_ir_l ‘réétan'g
form. o

Introduction

1=6 Norton's Theorem

Recall the following ideas about Norton’s theorem.from earlier courses. In
Fig. 1-12a, the Norton current Iy is defined as the load current when the load re-
sistor is shorted. Because of this, the Norten eurrent is sometimes called the
short-circuit current. As a definition:

Norton current: Iy = I . . 1-8)

The Morton resistance is the resistance that an ohmimeter measures
across the load terminals when al} sources are reduced to zero and the load resis-
tor is open. As a definition:

Norton resistance: Ry = Roc ' 1-9)
Since Thevenin resistance also equals Roc, we can write:

RN = RTH (1-1{))
This derivation says that Notton resistance equals Thevenin resistance. If you

calculate a Thevenin resistance af 10 k€3, you immediately know that the Norton
resistance equals 10 kf).

Basié idea

What is Norton’s theorem? Look at Fig. 1-124. This black box can contain any
circuit with dc sources and linear resistances, Norton proved that the circuit inside
the black box of Fig. 1-12¢ would produce exactly the same load voltage as the
simple circuit of Fig. 1-12b. As a derivation, Nortor's theorem looks like this:

Vi, = In(Rw i RL) _ ' (1-11)

" In words: The load voltage equals the Norton current times the Norton resistance

in parallel with the load resistance. -

Earlier we saw that Norton resmtance equals Thevenin resistance. Buf -
notice the differénce in the location of the resistors: Thevenin resistance is always
in series with a voltage source; Norton resistance is always in parallel with a cur-

Tent gource

I\fi)/;e' If you are using electron flow, keep the fellowing in mind. In
mdustry, the arrow inside the current source is almost always drawn in the'direc-
tion of conventional current. The exception is a cuerent source drawn with a
dashed arrow instead of a solid arrow. In this case, the souice pumps electrons in
the direction of the dashed arrow.

Figui‘_e 112 {rf} Black box has a linea_'r circuit inside of it; (8) Norton circuit,

- A
- ANY CIRCUIT WITH
DC SOURCES AND R
LINEAR RESISTANCES B
{a)
A
In Ry R
B

(6}
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Figure 1-13  Duality principle: Thevenin theorem impties Norton theorem and vice versa. (a) Converting Thevenin t¢ Norton;
{8 converting Worton to Thevenin, : '

Ry A A
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0 ' — o
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& Q ' Q
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(b} i

The Deriyation

Notton’s theorem can be derived from the duality principle. It states that for any
theorem in electrical circuit analysis there is a dual (opposite) theorem in which
one replaces the original quantities with dual quantities. Here is a brief list of dual
guantities: ‘ : :

Voltage ¢~——rrem———3 Current
Voltage source ¢« Current source
" Series ¢————————> Parallel’
Series resistance ¢—— Parallel resistance

Figure 1-13 summarizes the duality principle as it applies to Thevenin and Norton
circuits. It means that we can use either circuit in our calculations. As you will see
Jater, both equivalent circuits are useful. Sometimes, it is easier to use Thevenin.

At other times, we use Norton. It depends on the specific problem. Summary
Table 1-1 shows the steps for getting ihe Thevenin and Norton quantities.

Step 1 Open the load resistor. Short the load resistor.
Step 2 Calculate or measure the ‘ Calculate or measure the short-
-open-circuit voltage, Thisis  circuit current. This is the Norton

the Thevenin voltage. current.

Step 3 Short voltage sources and ~ Short voltage SOUICES, open current

open current sourees. sources, and open load resistor.
Step 4 Calculate or measure the Calcutate or measure the open-
open-circuit resistance. This  circuit resistance. This is the

is the Thevenin resistance. Norton resistance,

18- . Co . ) ) )  Chapter I
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Re!ationships between Thevenin and Norton Circuits

We already know that the Thevenin and Norton resistances are equal in value, but
different in location: Thevenin resistance is in series with a voltage source, and
Norton resistance is in parallel with a current source. :

We can derive two more relationships, as follows. We can convert any
Thevenin circuit to a Norton circuit, as shown in Fig. 1-F3a. The proof is straightfor-
ward. Short the AR terminals of the Thevenin circuit, and you get the Norton current:

. _ Vem
L= L TH . 1-12
N RTH ) ( ) )
This derivation éays that the Norton current cquals the Thevenin voltage divided
by the Thevenin resistance. _
Similarly, we can convert any Norton circuit to a Thevenin circuit, as
shown in Fig. 1-135. The open-circuit voltage is:

Vg = IyRy : o (1-13)

This derivation says that the Thevenin voltage equals the Norton current times the
Norton resistance.
Figure 1-13 summarizes the equanons for converting either circuit into

the other.

Example 1-6

Suppose that we have reduced a complicated circuit to the Thevenin circuit

shown in Fig. 1-14a. How can we convert this to a Norton circuit?

Figure 1-14  Caleufating Norton current,
2K A

0V .=

w

{a) . (b) el

SOLUTION  Use Eq. (1-12) to get:

10V

=g

4

= 5 mA

Figure 1- 14c shows the Norton circuit.

Most engineers and technicians forget Eq. (1 12) soon after they leave
school. But they always remember how to solve the same problem using Ohm's
law. Here is what they do. Look at Fig. 1-14a. Visualize a shert across the AB
terininals, as shown in Fig. 1-145. The short-circuit current equals the Norton
current:

10V

Iy= k@ =S mA

This is the same result, but calculated with Ohm's law applied to the Theveénin

circuit, Figure 1-15 summarizes the idea. This memory atd will help you calcutate
the Norton current, given the Thevenin circuit.

19
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Figure T~15 A memcry aid for Norton current.
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PRACTICE PROBLEM 1-6 If the Thevenin resistance of Fig. -14a is
5 k), determine the Notton current value. '

1 -7 Troubleshooting

Troubleshooting means finding out why a circuit is not doing what it is supposed
1o do. The most corumon troubles are opens and shorts. Devices like transistors
can become open or shorted in'a number of ways. One way to destroy any tran-
sistor is by exceeding its maxnnum—power Tating. :

Resistors become open when their power dissipation is excessive. But
you can get a shorted resistor indirectly as follows. During the stuffing and sol-
dering of printed-circuit boards, an undesirable splash of solder may connect two

-nearby conducting lines, Known as a solder bridge, this effectively shorts any
. device between the two conducting lines. On the other hand, a poor solder con-

nection usvally medns no connection at all, This is known as a cold-solder joint
and means that the device is open.

_ Besidde tpens and shorts, anything is possible. For instance, temporarily
applying too much heat to a resistor may permanenily change the resistance by

* several percent. Tf the value of resistance is critical, the circuit may not work prop- -

erly after the heat shock.

And then there is the troubleshooter’s mghtmare the intermittent trou- -
ble. This kind of trouble is very difficult to isolate because it appears and disap-
pears. Tt may be a cold-solder joint that alternately makes and breaks a contact, or’
a loose cable connector, or any similar troubIe that causes on-again, off-again
operation. . -

An Open Device

‘Always remember these two facts about an open device:

The current through an open device is zero.
The voltage across it is unknown.

The first statement is true because an open device has infinite resistance. No
current can exist in an infinite resistance. The second staternent is true because of
Ohm’s laW' :

 y=mR= (0)(00)

A

Chapter



Figure 1- 16 Volage divider and 103d
used in troubleshootmg discuission.

+12V

Introductien

.:Rz Open

When.R; is open, what happens to thc voltages? Since no current can flow through )
the open Ry, the voltage at 4 is pulled up toward the supply voltage Since Ry is

In this equanon, zero times mﬁmty is mathemaucally indeterminate. You have to
figure out what the voitagc is by Iookmg at the rest of the czrcult

A Shorted Device

A shorted device is exactly the oppos:te Always remember these two statemnents
about a shorted device:

The voltage across a shorted device is zero,
The eurrent through it is unknown.

The first statement is true because a shorted device has zero resistance. No volt-

age can exist across. zero resistance. The second statement is true because of |
" Ohm’s law: o

ey
Il

R:l<
i

oS

N

. Zero dwxded by zero is mathematicaliy meanmgless You have to figure out what

the current 1s by lookmg at Lhe rest of the circuit.

Prbcedure

. Normally, you measure voltages with respect to ground. From these meastirements
* and your knowledge of basic electricity, you can usually deduce thie trouble. After

you have isolated a comiponent as the top suspect, you can unsolder or disconnect
the component and use an ohmmeter or other instrument for confirmation. . .- -

- Normal Values

In F1g 1-16, a stiff voltage divider.consisﬁng of R; and R, drives resistors Ry and_

R4 in series. Before you can troubleshoot this circuit, you have to know what the
normal veltages.are. The first thing to do, therefore, is to work-out the values of V4

and Vy. The first is the voltage hetwefm A and ground, The second is the voltage |
" between B and ground. Because R and Ry are much smaklerthan R and R, (10 ()
- versus 100 k(3), the stiff voltage at 4 1sapproxunately +6 V. Furthermorte, since Ry

and R, are equal, the voltage at B is approximately +3 V, When this cirenit is

- trouble-freg, you will measure 6 V between A and ground, and 3 ¥ between Band

ground. These two voltages are the first entry of Table I- 2

4

R Open T

When R; is open, what do you thmk happens to the voltages? Smce no current can

fiow through the open: Ry; no current ean flow through Ry Ohm’s law tells us the -
voliage across R; is zero. Therefore VA O and Vg = 0, as shown in Table 1- 2 for.‘

- Ry open,

_@uch smaller than Ry and Ry, the voltage at A is approximiately 12V, Since Ry and
. Rg:are equal, the voltage at B becomes 6 V. This is why VA =12VandVy=6V,

. as shown in Table 1-2 for an &, open.

21
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. TrOinIE' ‘ Va Vs

Circuit OK ': 6V . - 3y
Ry ope.r; ‘ 0 ' 0
R, upen, . ' l.12V Y
Ry open o 6V ‘ 0
Ry open 6V 6V -
Copen v ev
-Dopen ' o BV . BV
" Ry shorted - l‘: .. 12V - . l Y
~ Ry'shorted * Lo : 0
Ry sharted o ‘ls.V S :5'\/ -
éq. shorted . " ' gy _ S

Remaining Troubles

If ground C is open, no current can pass through R,. This is equivalent to an open
R,. This is why the trouble C open has Vy = 12V and Vg = 6 Vin Table 1-2.

You should work out all of remaining entries in Table 1-2, making sure
that you understand why each voltage exists for the given trouble.

Example 1-7 |

In F1g 1-16, you measure V4 = 0 and ¥y = 0. What is the trouble? _
SOLUTION Look at Table 1-2. As you can see. two troubles are possible: Ry
open or R, shorted. Both of these prodice zero v&ltage at points A and B. To

isolate the trouble, you can disconnect Ry and measure it. If it measures open,
you have found the trouble. If it measures OK, then R; is the trouble.

PRACTICE PROBLEM 1-7 What could the possible troubles be if you
measure Vs = 12V and Vp = 6 V in Fig. 1-167 . "

Chapter 1.



Summary

SEC. i-1 THE THREE KINDS OF
FCRMULAS

A definition is.a formula invented for a
new concept. A law is & Tormula for 2
relation in nature, A derivation is a
formula produced with :
mathematics. :

SEC, 1-2 APPROXIMATIONS.

Approximations are widely used in
industry. The ideal approximation is useful
for troubleshooting. The secand
approximation is useful for preliminary
circuit cafeulations. Higher
Approximations are used with computers.

SEC. 1-3 VOLTAGE SOURCES

An ideal voltage source has no internal
resistance. The second approximation of a
voltage source hasan internal resistance in
series with the source. A stiff voltage source.
is defined as one whose internal resistance
is less than i of the load resistance.

_Definitians

(1-1)

Stiff voltage source:

A Rs < QO1R,

{1-3)  Stff current source:

Rt Re>100R,
{1-5)  Thevenin voltage:
)
LINEAR Voo
CIRCUIT 9 V= Vo
—0
Derivations

(1-2) Stiff voltage source:

R tmin

Introduction

Refminy = 100Rs

-SEC. 1-4 CURRENT SOURCES

Anideal current source has an infinite
internal resistance. The second
approximation of & current source has a
large internal resistance in paraliel with
the source. A stiff current source is defined
as one whose internal resistance is more
than 100 times the foad resistance.

SEC. 1-5 THEVENIN'S THECREM

The Thevenin voltage is defined as the
voltage across an open joad, The

Thevenin resistance is defined s the
resistance an ohmmeter would measure
with an open toad and all sources
reduced to zero. Thevenin proved that a
Thevenin equivalent circuit will produce
the same load current as any other cifcuit
with sources and linear resistances.

SEC. 1-6 NORTON'S THEOREM
The Norton resistance equals the

- Thevenin resistance. The Norton.current

equals the oad current when the load is
shorted. Norton proved that a Nortan
equivalent circuit produces the same load
valtage as any other circuit with sources
and linear resistances. Norton current
equals Thevenin voltage divided by
Thevenin resistance,

SEC. 1-7 TROUBLESHOOTING

The most common troubles are shorts,
opens, and intermittent troubles, A short
always has zero voltage across it; the

-eurrent through a short must be

caleulated by examining the rest of the
cireuit. An open always has zero current
through it; the voltage across an open
must be caleulated by examining the rest
of the circuit. An intermittént trouble is
an on-again, off-again trouble that
regquires patient and logicat
troubleshooting ta isolate it

{(1-8) Thevenin resistance:

LINEAR
CIRCUIT

(1-8)

_'_q
s T
0

LINEAR
CIRCUIT

(1-9j

LINEAR |
CIRCUIT

o
et
0

R = Roc

Norton current:
l Isc Iy=Ie

Norton resistarnce:

__RN=ROC

{i-4) SHFF current source:

Biimax

- Rifan) = 0.01R;s
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Thevenin's thedrem:

LW

Arn
Vi —

{1-7)

{1-10} Norton resistance:

e ¥ ]
= Ry
0

LINEAR

CiRCUIT Ry=

MNarton's theorem;

(1=

Student Assignments

1. An ideal voltage source has
a. Zerc internal resistance
b. infinite internal resistance
¢ A load-dependent voltage
d. A load-dependent current

2. A real voltage source has
" a. Zero Internal resistance
b, Infinite internal resistance
c. Asmall internal resistance
d. A large internal resistance
3. If a load resistance is 100(}, &

stiff voltage source has a
resistance of

a. Less than 1 QY

b. At least 10 £}

c. More than 10 k{2
d. Less than 10 k{}

4. An ideal current source has
a. Zero internal resistance
b, Infinite interna! resistance
c A ﬁnad—dependént voltage
d. A load-dependent current

5. Areal current source has’
a. Zero internal resistance
b. Infinite internal resistance
. A smali internal resistance
d. Alarge internal resistance
6. 1f a toad resistance is 100 ),

a stff current source has a
resistance of

a, less than 102
b. Less than 1 £} -

24

{1-12)

Norton current:

;

. VI’H N ™ - VTH
L= "o Vg 2= I o ==L
L R?H +,RL o . “TH— ' ,N In Ryx
. (1-13) Thevenin voltage:
2 t
H Iny An : Vg

Vo= IniRy| Ra)

¢ Less thas 10 k2
. More than 10 k()

. The Thevenin voltage is the same - '

as the

a, Shorted-load voltage
b, Open-lcad voltage
c.-deal source voltage
d. Norton voltage

. The Thevenin resistance is equal in

value to the
a. Load resistance

- b. Half the load resistance

c. intérnal resnstance dfa Norton
cireuit

d. Open- ioad resistance

. To get the Thevenm\io!tage, you

have to i .
a.:Short the Ioad reslstor

b. Open the load resistor
¢. Short the voltage source

d Opan the voltage source’

. To get the Norfon current you

have to
a. Short'the foad resistor ™ -
b. Open the load resistor

- _é. Shert the voltage source

11.

d. Open the current source
The.Norton current is sometlmes
called the

a. Shorted-load current

b, Open-load current

‘¢. Thevenin current

d. Theverin voltage

|

Vo= IyRy

. A solder bridge
" a. May produce a short

b. May cause an open

. ¢ Is useful in some circuits

d. Always has high resistance

. A cold-solder joint

a. Always has low resistance

b. Shows good soldering technique -
c. Usually produces an open

d. Will cause a short circuit

. An open resistor has

a. Infinite current through it
b. Zero voliage across it ;
¢. Infinite voltage across it
d. Zero curréent through it

. A shorted resistor has

a. Irfinite current through it
b. Zerovoltage across it
¢ Infinite voltage across it

~.d. Zero current through it
. An ideal veltage source and an

interna! resistarice aré examples

" of the

a. ideal approximation
b. Sécond approximation
¢. Higher approximation

- d. Exact model

. Treating a connecting wire as a

conductor with zero resistance Is
an example of the

a. ldesal approximation
b. Second approximation
c. Higher approximation
d. Exact model

Chapter 1
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18.

Problems

The voltage out of an ideal

. 20. Thevenin's theorem replaces a

b. Idea! current source and parsllel

voltage source - complicated clrcunt facmg a load resistor
a, Is zero by-an ¢. ideal voitage source and serfes
Itage source and parallel resistor
b. Is constant a.. ldeal voitag ce.ant p . ‘ .
- resistor . d. Ideal current source and series
¢ Depends on the value of load - b. Idea! current source and para“el resistor
resistance -

- resistar
d. Depends on the internal resistance

¢ Ideal voltage source and series

22. One way to short a device is’
a. With a cold-solder joint

L resistor _ b. With a sofder bridge
:'zsr‘;g”‘e”t out of an ideal current d. Ideal eurrent source e and series o. By disconnecting it
. resistor . d. By opening it
a. Is zero op
21. ‘Norten's theorem replaces a 23. Derivations are

b. s constant

c. Depends on the value of load
resistance

by an

d. Depen'ds on the infernal resistance resistor

SEC. 1-3  VOLTAGE SOURCES

1-1

1-2

1~4

1-5

1-6

A given voltage source has an ideal voltage of 12V and an
internal resistance of 0.1 £, For what values of load resastamce
will the voltage source appear stiff?

A load resistance may vary from 270 £ to 100 k€0, For a stiff
weltage source to exist, what is the largest internal resistance
the source can have?

The Internal output resistance of a function genf:rator is 50 €.
For what values of load resistance does the generator appear
stiff?

A car battery has an internal resistance ofO 04 0. For what
values of load resistance does the car battery appear stiff?

The interral resistance of a voltage source eguals 0.05 (3. How .

much voltage is dropped across this interal resistance when
the current through Tt equals 2 A7

in Fig. 1-17, the ideal voltage is 9 V and the mtemal resmtance
15 0.4 £). If the load resistance is zero, what is the load current?

Figure 1-17

SEC. 1-4 CURRENT SCURCES

1-7

1-9

Suppose a current source has an ideal current of 10 mA and an
internal resistance of 10'ME For what values of inad res:stance
will the eurrent source appear stiff?

Aload resistance may vary fram 270 £ to 100 k(Y. If & st
eurrent soutce drives this foad resistance, what is the internal
resistance of the source?

A current sburce has an internal resistance of 100 kfL. What is
the largest load resistance if the current source must appear
stiff?

Introduction

complicated circuit facing a toad .

a. ldeal voltage source and parallel

1-10

SEC.
1412

SEC.

1-16

a. Discoveries

© b Inventions
¢. Produced by mathematics
d. Always called theoréms

I Fig. 1-18, the ideal current is 20 mA and the internal
resistance if 200 k€). If the [oad rgsistance equals zern, what
does the laad current equal? :

Figure 1-18

I Fig. 1-18, the ideai current is 5 mA and the internal ;
resistance is 250 k(0. If the foad resistance is 10 k), what is the
load current?'ls this a.stiff current source?

1-5 THEVENIN'S THEOREM-
What Is the Thevenin voltage in Fig. 1-197 The Thevenin resistance?

Figure 1-19

Use Thevenin's theorem to calculate the load current in
Fig. 1-19 for each of these load res»stances D 1k, 2 k03,
3 k€D, 4 k02, 5 KO, and 6k, ’

The voltage source of Fig. 1-19 is decreased to 18 V. What
happens o the Thevenin voltage? To the Thevenin resistance?

" Al resistances are doubled in Fig. 1-19. What happens to the

Thevenin voltage? To the Thevenin resistance?

-6 - NORTON'S THEQREM

A circuit has a Thevenin voltage of 12 V and a Thevenin
resistance of 3 k(). What is the Norton circyit?

25
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1-17 Acircuit has a Norton current of 10 mA and a Norton
resistance of 10 k). What is the Thevenin circuit?

1-18 What'is the Norton circuit for Fig. 1-187

SEC. 1-7 TROUBLESHOOTING

$-19 Suppose the load voltage of Fig. 1-19 is 36 V. What is wrong
©owithRs? : .

Critical Thinking

1-23 Suppose we temporarily short the load terminals of a voltage -
source. If the ideal voltage i 12V and the shorted load current
is 150 A, what is the internal resistance of the source?

1-24 In Fig. 1-17, the ideal voltage is 10V and the-load resistance is
75 (1. If the load voltage equals 9V, what does the internal
resistance egual? Is the voltage source stiff?

1-25 Somebody hands you a black box with a 2-k{} resistor
connected across the exposed load terminals. How can you
measure the Thevénin voltage?

1-26 The black box in Prob. 1-25 has a knob on it that allows you to
: reduce sl internal voltage and current sources to zero. How
can you measure the Thevenin resistance?

1-27 Solve Prob, 1-13, Then solve the same pioblem without ﬁsing
Thevenin's theorem. After you are finished, comment on what
you have learned about the Thevenin theorem.

1-28 You are in the laboratory looking at a ciruit Iike the one shown
in Fig. 1-20, Somebody chafienges you to find the Thevenin
circuit driving the load resistor, Describe an experimental
pracedure for measuring the Thevenin voltage and the
Thevenin resistance. '

1-29 Design a hypothetical current source using a battery and a
resistor. The current source must meet the following
specifications: It must supply a stiff 1 mA of current to any
load resistance between O and 1 k(3.

1-30 Design 3 voltage divider {similar to the one in Fig, 1-19) that
meels these specifications: Ideal source voltage is 30V, open-
load voltage is 15 V, and Thevehin resistance Is equal to or less
than 2 k(). :

Design a voltage divider like the one in Fig. 1-19 so that it
produces a stiff 10V to all load resistances greater than 1 MQ.
Use an ideal veltage of 30V,

1-31

Troubleshooting

. 1-35 INBMalESIEE Using Fig. 1-22 and its troubleshooting table,

find the circuit troubles for conditions 1 to 8. The troubles are
one of the resistors open, one of the resistors shoried, anpen
ground, or no supply voltage,

26

1220 The load voltage of Fig. 1-19 is zero. The battéry and the load

resistance are OK. Suggest two possible troubies. '
1-21 If the load voltage is 2ero in Fig. 1-19 and all resistorsare -
normal, where does the trouble lie?

1-22 In Fig. 1-19, R, is replaced with a voltmeter to measure the
. voltage acrass R What input resistance must the voltmeter
have to prevent meter loading?

Figure 1-20
- Rg . A
Ry R
Rs o8 R,
Az
A RE
il P B
Ay : Ry
- A2 Ay
AN
Ry ‘

1-32 Somebody hands you a D-cel! flashlight battery and a digital
multimeter [DMM). You have riothing else to work with.
Describe an experimental method for finding the Thevenin
equivalent circuit of the fiashlight battery.

1-33 You have a D-cell flashlight battery, 2 DMM, and a box of
different resistors. Describe a method that uses one of the
_ resistors to find the Thevenin resistance of the battery.

1-34 Calculate the foad current in Fig. 1-21 for each of these load
resistances: 0, 1 k€Y, 2 k€2, 3 k€Y, 4 k€Y, 5 k€D, and 6 kik

Figure 1-21
Gk

8
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Condition " . Va© vy v

* Normal ~ a4V o2V Co12v
Trouble 1 12V .6V _' 2V
Trouble 2 ov ov 12V
Trouble 3 6V ov 12V
Trouble 4 3V av 12v

Job Interview Questions_'

-A Job interviewer can quickly tell whether your learning is
skin-deep or whether you really understand electronics.
Interviewers do not always ask neat and tidy questions,
Sometimes, they leave out data-to see how you handle the

Trouble 5 gV | 3V .1 2V
' Trouble 6 LAY . BV 12V
Trouble 7 ov Cov ov
Trouble & 3\/ oV v
" 6. 'What would be an advantage of 2 50 ) voltage source .

compared to a 600 £} voltage source?

. How are the Thevenin resistance and “cold cra nkmg

amperes” of a car battery related?

question. When you interview for a job, the interviewer might 8. Someone tells you that a voitage source is heavily Ioaded
ask you questions like the followmg What do you think this means? o
1. What is the difference between a voltage source and a 9. Which approximation does the technician normal\y use 5
current source? when pgn‘ormmg initial traubleshooting procedures? Why?
2. When do you have to include the source resrstance in your 10. When troubleshooting an EIeCtm,mCS SYstem, you megsure
calculations for foad cysrent? a de voltage of 9.5 V at a test point where the sch_ema‘uc
3. If adevice is modeled as a current souree, what can you sdy dx?gram .Says it should be 10 V. What shoutd you infer from
: ; this reading? Why? ]
about the load resistance? , .
4. What does a stiff source mean to Yo'u? 11, What are some of the reasons for using a Thevenin ar
' A : : Norton circuit?

5. | have a circuit breactoarded fab b L Teli t . . .
measurement‘s | canﬁmake to ;:tThi '?Eevir:i: V;t:;: \ﬂ]da 12. What is the value of the Thevenin and Norton theorems in
Thevenin resistance, bench testing?

Self-Test Answers

. a 5 d 9 b 13, ¢ 17, a 21, b
2 C 6 d 10, a 14, d | 18 b 22, b
3 a 7 b 11 E 15, b . 19 b 23, ¢
4. b 8. c 12, . a 16. b 200 ¢

Practice Problem Answers

1-1 80k(2 1-4  3mAwhen R = 2kL 2 mA R, = 1«6 fy=2mA

g kﬂ 1 mA RL 18 k{2

-2 W=20V

Introduction

1-7  Either R; open, Copen, or R, shorted

27



To understand how diodes, transistors, and integrated circuits work,

you first-have o study semiconductors: materials that are neither
conductors nor i_nsulatoré. Semiconldu'ctérs contain some free‘ |
electroﬁs. but what makes them unusua‘_! is the presence of holes.
In this cha‘pter, you Wf_ll learn about s&h&icongucfo'rs, holes, andlother

refated topies.



Objectives :

_ } After studying this chapter, you should be
- able to:

®  Recognize, at the atomic level, the e
characteristics of good conductors 3
and semiconductors, _ &
& ® Describe the structure of a silicon f
: . crystal. o %
Chapter Qutline : ‘ B List the twa types of carriers and g
B e R e name the type of impurity that &
2-1 Conductors : " causes each to be a majority cartier. B
2-2 Semiconductors “ ®m Explain the conditions that exist at %
- a : * " the pnjunction of an unbiased
2-3  Silicon Crystals diode, a forward-biased diode, and a %
2-4  Intrinsic Semiconductors reverse-biased diode. £
2-5  Two Types of Flow ® Describe the types of breakdown £
2.6 D . Semi | d current caused by excessive reverse
- oping a semiconGuctor voltage across a diode. :
2-7  Two Types of Extrinsic
Semicanguctors
2-8  The Unbiased Diode
2-9  Forward Bias ‘
_2-10 R.verse Bias
2~-11 Breakdown
2-12  Energy Levels
© 2-13  The Energy Hill
2-14 Barrier Potential and Temperature
2-15 Reverse-Biased Diode
- Vocabulary
ambient temperature forward-bias o junction
avalanche effect’ . © free electron _ recombination
barrigrpotentiat - hole L reverse bias
 breakdown voltage intrinsic semiconductor saturation current:
conduction band junction dicde “semiconductor ’:
covalent bo_nd , junction temperature _ sificon. ¥
depletion layer ‘ majority carriers surface-leakage current i
digde .~ minority carriers thermal energy ) 2
doping ) n-type semiconductor
extrinsic semicenductor p-type semiconductor
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2-1 Conductors

Copper is a good conductor. The reason is clear when we look at its atomic struc-
ture (Fig. 2-1). The nucleus of the atom contains 2% protons (pasitive charges).
When a copper atom has a neutral charge, 29 ¢lectrons (negative charges) circle
the nucleus like planets around the sun. The electrons travel in distinct orbits (also
called shells). There are 2 electrons in the first orbit, 8 electrons in the second,
18 in the fhird, and 1 in the outer orbit.

Stable Orbits

The positive nuclens of Fig, 2-1 attracts the planetary electrons. The reason why
these electrons are not pulled into the nucleus is the centrifugal (outward) force |
creared by their circular motion. This centrifugal force is exactly equal to the in-
ward pull of the nucleus, so that the orbit is stable. The idea is similar to a satel-
lite that orbits the earth.'At the right speed and height, a satellite can remain in a
stable orbit above the earth. .

The larger the orbit of an electron, the smaller the attraction of the nu-
clens. In a larger orbit, an electron travels more slowly, producing less centrifugal
force. The outermost electron in Fig. 2-1 travels very slowly and feels almost no
attraction to the nucleus. -

The Core

In electronics, all that matters is the outer orbit. It is called the valence orbif. This
orbit controls the electrical properties of the atom. To emphasize the importance
of the valence orbit, we define the core of an atom as the nucleus and all the
inner orbits. For a copper atom, the core is the nucleus {+25}, and the first three ~
orhits (—28).

The core of a copper atom has a net charge of +1 because it contains
26 protons and 28 inrer electrons, Figure 2-2 can help in visualizing the core and
the valence orbit. The valence electron is in a large orbit around a core and bas a
net charge of enly -+1. Because of this, the inward pull {elt by the valence elec-
tron is very smali. -

Figure 2-1  Copper atom. ' Figure 2-2 Core diagram of copper atom.

Chapter 2



Semiconductors

Figure 2-4  (g) Atom in crystal ha_s.four neighbors; (b} covalent bonds.”
i

(B

Covalent Bonds

Each neighboring atom shares an electron with the ‘central atom. In this way, the
central atom has four additional electrons, giving it a total of eight elecirons in the
valence orbit. The electrons no longer belong to any single atom. Each central

atom and its neighbors share the electrons. The same idea is true for all the other
silicon atoms, In other words, every atom inside a silicon crystal has four

-neighbors,

In Fig. 2-4a, each core has 2 charge of +4. Look at the camra] core and
the one ta its right. These two cores attract the pair of electrons between them with
equal and opposite force. This pulling in oppesite directions is what holds. the
silicon atoms together. The idea is similar to tug-of-war teams pulling on a rope.
As fong as both teams pull with eqiial and epposite force, they remair bonded.
mgerher o
Since each shared electron in Fig. 2-4a is being pulled in opposite direc-
tions, the electron becomes a hond between the opposite cores. We call this type
of ¢hemical bond a covalent bond. Figure 2-44 is a simpler way to show the con-
cept of the covalent bonds. a a silicon crystal, there are billtons of silicon atoms,
each with eight valence electrons. These valence electrons are the covalent bonds
that hold the crystal together—that give it solidity. '

Valence Safuration

Each atom in a silicon crystal has eight electrons in its valence orbit, These eight
electrons produce a chemical stability that results in & solid piece of silicon rmate-
rial:*No one is guite sure why the outer orbit of all elements has a predisposition
toward having eight electrons. When eight electrons do not exist naturaily in an
¢lement, there seems to-be a tendency for the element to combine and share elec-
trons with other atoms 50 as to have eight electrons in the outer orbit.

There are advanced equations.in physics that partially explain why elﬂht
electrons preduce chemical stability in different materials, but no one knows the
reason why. the-number eight is so special. It is one of those laws like the law of
gravity, Coulomb's law, and other laws that we observe but cannet fully explain.

“When the valencé orbit has eight electrons, it is safurafed because no
morg:electrons can fit into this orbit~Stated as a law:

Valence saturition: n = 8§ ' (2-1)

In words, the valence orbit can hold no more thon eight electrons. Furthermore,

“the eight valence electrons are called bound electrons hecause they are tightly
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held by the atoms. Because of these bound clectrons, a siticon crystal is almost a
perfect insulator at room temperatuse. approximately 25°C.

The Hole

The ambient temperature isihe temperature of the surounding air. When the
ambient temperature is above te zero {(—273°C), the heat energy in this air

causes the atoms in a slhwn crystal 1o vibrate, THE higher the ambient tempera-
) Cture, the stronger the mechanical \ibmnons become. When you pick up a warm

‘ " object, the warmth you feel is the effect of the vibraling atoms.

GOOD TO KNOW ‘ in a silicon crystal, the vibrations of the atoms stonally distodge

an electron from the valence orbit. When this happens, the releaséd €leciron gains
: enough energy fo go into a larger orbit, as shown in Fig. 2-5a. In this larger orbit,
a charge of 0.16 X 1078 €, but of the electron is a free electron. ST
opposite polarity. - But that's not all. The departure of the eleuron creates o vacancx iﬂ_},he

A hole and an electron each possess

tmct and capture any e]ectron in the lmmedmte v lcmlly The exlslence of holes is
the critical difference between conductors and v.emlconductorfa Holes enable
semiconduciors to do all kinds of things that are impossible with conductors.

At Toom temperature, thermal energy produces only a few holes and free
electrons. To increase the fumber of holes and free electrons, it is necessury 10 .

depe the crystal. More is said about this in a later section,

Remmbinaﬁoh and Lifetime

In a pure silicon erystal. thermal (heat) energy crgates an.gqual number ¢ of free

Figure 2-5 (o) Thermal energy eleutmns 'md holes. The free electrons move, randomly thlouﬂhout the tal.
produces electron ang hole; 4 free electro Will aﬂppl_'_gar,h“gwgmg fee  its atirac 0. and fall into it.
{6} recombination of free electron Recomblnatlonﬁigwthe merging of a free electron and @ hole (see Fig. 2-58).

and hole. _ e amount of Gme between the creation and disappearance of a free.

electron is called the /iferime. It vuries from a few nanoseconds to several mi-
croseconds. depending on how perfect the crystal is and other factors.

Main Idea

At any instant, the following is Iakmg place inside a silicon Lryslal

1. Some free electrons and holes are being created by thermal energy. A

2. Other free electrons and holes are recombining: 4. ‘

3. Some free electrons and holes exist temporan!y, awamng o
recombination.

PRENSRINSS e S

Example 2-3

If & pure silicon crystal has 1 million free electrons inside it. how many holes .
does it have? What happens 10 the number of free electrons and holes if the am-
bient temperature increnses?

SOLUTION ~ Look at Fig. 2-52. When heat energy creates a free electron, it
automatically creates a hole at the same time. Therefore, a pure silicon crystat

{b)

RE] . o o ‘ Chapter 2



Semiiconductors

o diways has the same number of holes and free electrons. If there are } |m!]10n
-free electrons, there are | miiHion holes.

A higher temperature increases the vibrations at the atomic level. which
means that more free electrons and holes are created. But no matter what the
temperature is, a-pure -::hcon crystal has the saine number of free electrom and
holes. :

-4 lntrmsnc Semaconductors .

Flow of Free Electrons

Figure 2-6 shows part of a mlrcon crystal between charged metallic plales As-

sume that thermal ! energy has produced a free electron and & hole. The free e}ec-“
{ron is in a Iar"e it A The right end of the crystal. Because of the neg&uvely

. tharged plate. the free electron is repelled 10 the left. This free electron can move

from one Targe orbit to the next until it reachcs the positive plate..

Flow of Holes

Notice the hole at the left of Fig. 2-6. This hole attracts the valence electron
point A. This causes the valence electron to move into the hole.

When the valence electron at point A moves tg the. left, it creates a new
hole at point A The effect is the same-as moving the original hole to the right. The
new hole at point A can then attract and capture another valence electron. In this

‘way, valence electrons can travel along the path shown by the arrows. This means

the hole can move the opposite way, afong path A-B-C-D-E-F, acting the same
as a positive charge.

Figure 2-6  Hole flow through & semiconductor.

T FREE ELECTRON [1-




Figure 2-7 Intrinsic semiconductar 2_5 ‘TWO TypeSOf F!‘)W

has equal number of free electrons and -
holes. o Figure 2-7 shows an intrinsic semiconductor. It has ‘the same number of free elec-

trons and holes. This is becayse thermal energy prg%gggﬂﬁ;e,g electrons and holes

' i pairs. The applied voltage will force the free electrons to flow left and fite holes
to flow right. When the free electrons arive at the left end of the crystal, they enter
the ‘external wire and flow 1o the positive battery terminal.

On the other hand, the free electfons at the nogative battery terminal vl

flow to the right end of the crystal. At this point, they enter the crystal and recom-
bine with holes that arrive at the right end of the crystal. In this way, a steady flow
of free electrons and holes occurs inside the semiconductor. Note that there is no
hole fiow outside the semiconductar. . .
In Fig. 2+7, the free electrons. and holes move_in_opposite directions.
From now on, we wi Jisualize the current in a semiconductor as the combined
~ effect of the two types of flow; the fiow of free electrons in one direction and the
flow of holes in the other direction. Free electrons and holes are often called
carriers because they carry a charge from one place to another. ’

£++.++++++.

2-6 Doping a Semiconductor
One way to increase conductivity of a semiconductor is by doping. This means

adding impurity atoms to an intrinsic crystal to alter its electrical conductivity. A
doped semiconductor 18 called an extrinsic semiconductor.

Increasing the Free Electrons

How does a manufacturer dope a silicon crystal? The first step is to melt a pure sil-
ican crystal. This breaks the covalent bonds and changes the silicon from a solid
to a liquid. To increase the aumber of free electrons, pentavalent atoms are added
to the molten silicon. Pentavalent atoms have five electrons in the valence orbit.~’
Examples of pentavalent atoms include arsenic, antmony, and phosphorus.”
Because these materials will donate an extra electron to the silicon crystal, they
. areoften referred to as donor Impurities. : :
\ Figure 2-82 shows how the doped silicon crystal appears after it cools
* down and re-forms its solid crystal structure. A pentavalent atom is in the centet,” .
| surrounded by four silichn atoms. As before, the neighboting atoms share an eleor
~ tron with the ceitral atom. But this time, there is an extra electron left overs
" Remember that each pentavalent atom has five valence electrons. Sirice only eight
glectrons can fit into the valence orbit, the extra electron remains in a larger orbit.
In other words, it is a free electron. . : )
FEach pentavalent or donor.atom in o silicon crystal produces one free
electmrf} This is how a manufactuyér conirols the conductivity of a doped semi-
I  conductor. The more impurity that is added, the greater the-conductivity. In this”
' o © ' way, a semiconductor may be lightly or beavily doped. A lightly doped semicon-
ductor has a high resistance, whereas 2 heavily doped semiconductor has a low
resistance. I ' :

Figuré 2-8 (o) Boping to get more
free electrons; {b) doping to get more
holes.

& FREE ELECTRON

Increasing the Number of Holes

How can we dope a pure silicon crystal to get an exXcess of holes? By using 2

trivalent impurity, one whose atoms have only three valence electrons. Examples
include aluminum, boron, and gallium, : .

) . Figure 2-8b shows a trivalent atom in the center, It is surronnded by four

silicon atoms, each sharing one of its valence electroms. Since the trivalent atom

“ originally had only three .valence electrons and- each neighbor shares: one




Figure 2-9  n-type semicoriductor has
many free electrans.

Semiconductors

electron, only seven electrons are in the valence orbit. This means that a hole
exists in the valence orbit of sach trivalent atom. A trivalent atom is also called
an acceptor atom becanse each hole it contributes can accept afree electron
dunng recombination.

Points to Remember

Before manufacturers caii*dope a semiconductor, they must produce it as a pure

crystal. Then, by controlling the amount of impurity, they can precisely control
the properties of the semiconductor. Historically, pure germanium crystals were
easier to.produce than pure silicon crystals. This is why the earliest semiconduc-
tor devices were made of germanium. Eventnally, manufacturing techniques
improved and pure silicon crystals' became available. Because of its advantages,
silicon has become the most popular and useful semiconductor material,

| Example 2-4

A doped semiconductdr has 10 billion silicon atoms and 15 miflion pentavalent - -

atoms. If the ambient temperature is 25°C, how many free electrons and holes

- are there ms1de the sem]conductor'?

SOLUT!ON Each: pentava.lent atom contributes one free electron. Therefore

the semiconductor has 13 million free electrons produced by doping. There wil' | o

be almost no holes by comparison because the only holes i in the sermcondu wr
are those produced by heat energy

PRACTICE PROBLEM 2-4  As in Example 2-4, if § million trivalent atoms
are added instead of pentavalent atorts, how many holes are there inside the
semiconductor?

o vt s e i e o

n-Typc Semlconductor _ ‘
Silicon that has been doped with a pentavalent impurity is called an n-type semi-

the frec e]ectrons are called the majorlty camers and the holes are cal!ed the_ ’

mmonty carriers. T

" BEcElse of the applied voltage the free electrons move to the left and the

holes move to the right. When a hole arrives at the right erid of the crystal, cne of
‘the free electrons from the external circuit enters rhe seimiconductor and recom-
bines with the hole. :

37




Figure 2-10  p-type semiconductor -

has many holes.
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The free electrons shown in Fig. 2-9 fow.to the left end of the crystal, -
where they enter the wire and flow on to the positive terminal of the batiery.

p-Type Semiconductor

Silicon that has been doped with-a uivalent'impurity is called a p-type semicon-
ductor, where the p stands for positive. Figure 2-10 shows a p-type semiconduc-
tor. Since holes outnumber free electrons, the holes are referred to as the majority
carriers and the free electrons are known as the minority carriers.

Because of the applied voltage, the free electrons move to the left and the
holes move to the right. In Fig. 2-10, the holes arriving at the right end of the crys- -

" tat will recombine with free electrons from the external circuit.

There is also 2 flow of minority cartiers in Fig. 2-10. The free electrons
inside the semiconductor flow from right to left. Becanse there are so few minor-
ity carriers, they have almiost no effect in this circuit. '

2-8 The Unbiased Diode

By itself, a piece of n-type semiconductor is about as useful as a carbon Tesistor;
the same can be said for a p-type seiiconductor. But when a manufacturer dopes
a crystal so that one-half of it is p-type and the other half is #-type, something new
comes into existence. :

The border between p-type and n-type is cailed the pn- junction. The pn
junction has led to all kinds of inventions including diodes, fransistors, and inte-

" grated circuits. Understanding the pn junction enables you to understand all kinds

of semiconductor devices.

The Unbiased Diode \

As discussed in the preceding section, each trivalent atorn in a doped silicon crys-
tal produces one hole. For this reason, we can visualize a piece of p-type seimi-
conductor as shown on the left side of Fig, 2-11. Each circled minus sign is the
rivalent atorn, and each plus sign is the hole in its valence orbit.

Similarly, we can visualize. the pentavalent atoms and free electrons of -
an n~type semiconductor as shown on the right side of Fig. 2-11. Each circled plas
sign represents a pentavalent atom, and each minus sign is the free electron it con-
tributes to the semtconductor. Notice that each piece of semiconductor riiaterial is
electrically neutral because the number of pluses and miruses is equal; i

- A manufacturer can produce a single crystal with p-type material on one
side and n-type on the other side, a5 shown in Fig. 2-12. The junction is the bor-
der where the p-type and the n-fype regions meet, and junction diode is another
name for a pp crystal. The word diode is a contraction of two electrodes, where di

stands for “two.”*

Figure 2-11  Two types of semiconductor,
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Figuré 2-12  the pniunction.
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The Depletion Layer

Because of their repulsion for each other, the free elecirons.on the 7 side of Fig. 2-12
tend to diffuse (spread) in 2l directions. Some of the free electrons diffuse.across
.the junction. When a free electron enters the pregion, it becomes a minority car-
rier. With so many holes around i, this minority carrier has a short lifetime. Soon
after enteting the p region, the free electron recombines with a hole, When this
happens, the kole disappears and the free electron becomes a valence electron,
o Each time an electron diffuses across a junction, it creates a pair of jons.
When an electron leaves the & side, it Ieaves behind a pentavalent atom that is
short one negative charge; this pentavalent atom becomes a positive ion. After the
migrating electron falls into 2 hole on the p side, it makes a negative jon out of the
trivalent atom that captures it. - T )

Figure 2-13a shows these ions on each side of the junction. The circled
Dlus signs are the positive ions, and the circled minus signs are the negative ions.
The ions are fixed in the crystal structure because of covalent bonding, and they
cannot move around like free electrons and holes. :

Each pair of positive and negativé ions at the junction is called adipole.
The creation of a dipole means that one free electron and one hole have been taken
ont of circulation, As the number of dipoles builds up, the region near the junction
is emptied of carriers. We call this charge-empty region the depletion layer
(see Fig. 2-134). - ' ' '

Barrier ‘-Potentiial

" Bach dipole has an electric field between the positive and negative ions. There-

fore, 1f additional free electrons enter the depletion laver, the eléctric field tries o
push these elecirons Back Tio the » region. The strength of the electric field tn-

creases with cach Crossing electron until equilibrium is reached. To a first ApPToX-

imation, this means that the electric field eventually stops the diffusion of
electrons across the junction. € : o

Figijre 2-13 (o) Cren

Semiconductors
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Tn Fig. 2-134, the electric field between the ions is equivalent io a differ-
ence of potential called the barrier potential. At 25°C, the barmier potential
equals approximately 0.3 V for germaniam diodes and 0.7 V for silicon.diodes.

LY

'2-9 Forward Bias

Figure 2-14 shows a dc source across a diode. The negative source terminal is
connected to the n-type material, and the positive tetmyinal is connected to the
p-type meserintTiiy connection produces what is calledforward bias.

Flow of Free Eléctrans

In Fig. 2-14, the battery pushes holes and free electrons toward the junction. If the
battery voltage is less than the barrier potential, the free electrons do not have .
enoug’ energy to get thropgh the depletion layer. When they enter the depletion .
i o1, the ions will push them back into the n region. Because of this, there is no
current through the diode. '
When the dc voltage source is greater than the barrier potential, the bat-
‘fCI_'}[ again pushes holes and free electrons toward the junction. This time, the free
-electrons have enough energy to pass through the depletion Jayer and recombine
. .with the holes. If you visualize all the holes in the p region moving to the right and
all the free electrons moving to the left, you will have the basic idea. Somewhere
in'the vicinity of the junction, these opposite charges recombine. Since free elec-
trons ¢ontinuously enter the right end of the didde and holes are being continu-
ously created at the left ¢nd, there is a continuous current through the diode.

The .Flow of One Eiectrdn

" Let us follow a single electron through the entire circuit. After the free electron
leaves the negative terminal of the baitery, it enters the right end of the diode. It
travels through the » region until it reaches the junction. When the battery voltage
is greater.than 0.7V, the free electron has enough energy to get across the deple-
tion layer. Soon after the free electron has entered the p region, it recombines with
ahole. .

Tn other words, the free electron becomes a valence electron. As a
valence electron, it continues to travel to the left, passing from one hole to the next
until it reaches the left end of the diode. When it leaves the left end of the diode,’

" anew hole appears and the process begins again, Since there are billions of elec-
troms taking the same jovrney, we get a continuous current through the diode. A
series resistor is used to Iimit the amount of forward current, :

HIE BesdtiSine Figure 2-14  Forward bias.
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HEI PAmiRiSimm Figure 2-15  Reverse bias.
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What to Remember

Current flows easily in a forward-biased diode. As long as the apphed voitage is
greater than the barrier potential, there will be a large continuous current in the
cireuit, In other words, if the source voltage is greater than 0.7 V, a silicon diode
allows a continuous cuicént in the forward direction.

2-10 Reverse Bias

Turn the de source around and you get F1g 2-15. This time, the negatwe battery
terminal is connected to the p side, and the positive battery terminal to the n side.

. This connection produces what is called reverse bias.

Depletion Layer Widens

The negative battery terminal attracts the holes, and the positive battery terminal
attracts the free electrons. Because of this, holes and free electrons flow away
from the junction. Therefore, the depletion layer pets wider.

) How wide does the depletion layer get in Fig. 2-1647 When the'holes and -
electrons mové away from the junction, the newly created ions increase the dif-
ference of potential across the depletion layer. The wider the depletion Jayer, the
greater the difference of potential, The depletion layer stops growing when its dif-
ference of potential equals the applied reverse vollage. When this happens, elec-
trons and heles stop moving away from the junction.

Figure 216

Semiconductors
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Figure 2-17 Thermal production of free electron and hole in depletion layer produces
reverse minority saturation current. .
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‘Sometimes the depletion layer is shown as a shaded region like that of -
Fig. 2-16k. The width of this shiaded region is proportional to the reverse voltage

As the reverse voltage increases, the depletion layer gets wider.

Minority-Carrier Current.

Is there any current after the depletion layer stabilizes? Yes. A small current exists
with reverse bias. Recall that thermal energy continuously creates pairs of free
electrons and holes. This méans that a few minority carriers exist on both sides of
the junction. Most of these recombine with the majority carriers. But those inside
the depletion Jayer may exist long enough to get across the junction. When this
happens a smal current flows in the external circuit.
- Figare 2-17 illustrates the idea. Assume that thermal energy has created .

a free electron and hole near the junction, The. depletion layer pushes the free elec-
tron to the right, forcing one electron to leave the right end of the crystal. The hole
in the depletion layer is pushed to the left. This extra hole on the p side lets one
electron enter the left end of the crystal and fall into a hole. Since thermal energy
is continuously producing electron-hole pairs inside the depletion layer, a small
continuous current flows in the external circuit.

_ ~The reverse current caused by the thermally produced minority carriers
is called the saturation currest. In equations, the saturation currént is symbol-
ized by I5. The name saturation means that we cannot get more minority-carrier
current than is produced by the thermal energy. In other words, increasing the
reverse voltage will not increase the number of thermally created minority

carriers.
£y

Surface-Leakage Current

Besides the thermally produced minority-carrier current, does any other current”
exist in a reverse-biased diode? Yes. A small current flows on the surface of the
crystal, Known as the surface-leakage current, itis cansed by surface nnpunnes
and imperfections in the crystal structure. .

What to Remember

The reverse-current in a diode consists of a minority-carrier current and a

" surface-leakage cument. In most applications, the reverse current in a silicon

diode is so small that you don’t even notice it. The main idea to remember is this:
Current is approximately zero in a reverse-biased silicon diode.

Chapter 2



Figure 2-18  Avalanche produces many free electrons and holes in depletion layer,

T

2-11 Breakdown

Diodes have maximum voltage ratings, There is a limit to how much reverse volt-
age 2 divde can withstand before it is destroyed. If you continue increasing the
reverse voltage, you will eventually reach the breakdown voltage of the diods,
For many diodes, breakdown voltage is at least 50 V, The breakdown voltage is
shown on the data sheet for the diode. We will discuss data sheets in Chap. 3.

Once the bredkdown voltage is reached, a large number of the minority
carriers suddenly appears in the depletion layer and the diode conducts heavily,

Where do the camiers come from? They are produced by the avalanche
effect (see Fig. 2-18), which occurs at higher reverse voltages. Here is what hap-
pens. As usual, there is a small reverse minority-cartier current. When the reverse
voltage increases, it forces the minority carriers to move more quickly, These
minority carriers collide with the atoms of the crystal. When these minority carriers
have enough energy, they can knock valence electrons loose, producing free elec-
trons. These new minority carriers then join the cxisting minority cartiers to
collide with other atoms. The process is geometric, because one free electron
liberates one valence electron to get two free electrons. These two free electrons
then free two more electrons to get four free electrons. The process continues until
the reverse current becomes huge. : .

Figure 2-19 shows a magnified view of the depletion layer. The reverse

 bias forces the free electron to move to the right. As it moves, the electron gains

speéd. The larger the reverse bias, the faster the electron moves. If the high-speed
electron has enough energy, it can bump the valence electron of the first atom into
alarger orbit. This results in two free electrons. Both of these then accelerate and
£o on to dislodge two more elecirons. In this way, the number of minority carriers
may become quite large and the diode can conduct heavily.

) The breakdown voltage of a diode depends on how heavily doped the
diode is. With rectifier diodes (the most commeon type), the breakdown voltage is
usually greater than 50 V. Summary Table 2-1 illustrates the difference between a
forward- and reverse-biased diode. -
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- GOOD TO KNOW

Exceeding the breakdown

of a diode does not [it;gés
mean that you will destroy th
diode. As long as the pradu
reverse voltage and rev
does not exceed the dio
rating, the diode W|l| fg

Figure 2-19  The process of avalanche
'i5 @ geometric progression: 1, 2, 4, 8, . . |

2-12 Energy Levels

To a gead approximation, we can identify the total energy of an electron with the
size of its orbit. That is, we can think of each radius of Fig. 2-20a as equivalent to
an encrgy level in Fig. 2-20b. Electrons in the smallest orbit are on the first energy
level; electrons in the.second orbit are on the second energy level; and so on.

Higher Energy in Larger Orbit

Since an electron is attracted by the nucleus, extra energy is needed to lift an elec-
tron into a larger orbit. When an electron is moved from the first to-the second
arbit, it gains potential energy with respect to the nucleus. Some of the external
forces that can Hift an electron to higher energy levels are heat, light, and voltage.

Semiconductors . . ' 43
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Small reverse currént (saturation current
and surface leakage current) if
. Vi < breakdown voltage

Wide

For instance, assume that an outside force lifts the electron from the first
to the second orbit in Fig. 2-20a. This electron has more potential energy because
it is farther from the nucleus (Fig. 2-208). It is like an object above the earth: The
higher the object, the greater its potential energy with respect 1o the earth. I
released, the object falls farther and does more work when.it hits the earth.

Falling Electrons Radiate Light

After an electron has moved into a larger orbit, it may fall back to a lower energy
level. If it does, it will give up its extra energy in the form of heat, light, and other
radiation.

in a light-emitting diode (LED) the applied voltags fifts the electrons to
highier energy levels. When these €lectrons fali back to lower energy levels, they
give off light. Depending on the material used, the light is red, gréen, orange, or
blue. Some LEDs produce infrared radiation (invisible), which is useful in burglar
alarm systems.

Energy Bands -

When a silicon atom is isolated, the orbit of an electron is influenced only by the
charges of the isolated atom, This results in energy Jevels like the lines of
Fig. 2-20b. But when silicon atoms are in a crystal, the orbit of each electron is
also influeticed by the charges of many other silicon atoms. Since each electron
has a unigue position inside the crystal, no two electrons see exacily the same pat-
tern of surroundinig charges. Because of this, the orbit of each electron is different;
or, to put it another way, the energy level of each electron is different.

Figure 2-21 shows what happens to the energy levels. All electrons in
first orbit have slightly different energy levels becanse no two elections see

- Chapter 2



GOOD TO KNOW

For both n- angd p-type

semiconductors, an increase in- . -

termperature produces an, identical

increase in the number of minarity

and majority curient carfiers.

Figure 2-21  Inwrinsic semiconductor and its energy bands.
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exactly the same charge environment, Since there are billions of first-orhit elec-
trons, the slightly different energy levels form a cluster or band of energy. Simi-
larly, the billions of second-orbit electrons, all with slightly different energy lev-
els, form the second energy band—and so on for remaining bands. '
Another point. As you know, thermal energy produces a few free elec-

- trons and holes. The holes remain in the valence band, but the free electrons go to

the next-higher energy band, which is called the conduction band, This is why
Fig. 2-21 shows a coriduction band with some free electrons and a valence band
with some holes. When the switch is closed,-a small current exists in the pure
semiconductor. The free electrons move thmugh the conduction band, and holes
move through the valence band. /

/

n-Type Energy Bands

Figure 2-22 shows the energy bands for an #-type semiconductor. As you would
expect, the majority carriers are the free electrons in the conduction band, and the
minority carriers are the holes in the valence band. Since the switch is closed in
Fig. 2-22, the majority carriers flow to the left, and the minority carriers flow to
the right. ’

p—Type Energy Bands

Flgure 2-23 shows the energy bands for a p-type semiconductor. Here you see a
reversal of the carrier roles. Now, the majority camcrs are the holes in the valence

Figure 2-22  n-type semiconductor and its energy bands,

Semiconductors

Figure 2-23  p-type semiconductor and its energy bands.
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- band, and the minority carriers are the free clectrons in the conduction band. Since

the switch is closed in Fig, 2-23, the majority carriers flow to.the rlght and the
minority carriers flow to the left. . :

2-13 The Encrgy Hill

. To understand more advanced types of semiconductor devices, you will need to

know how energy levels contrel the action of & pr junction.

Before Diffusion

. Assuming an abrupt junction (one that suddenly changes from p to n material),

what does the energy diagram look like? Figure 2-24a shows the energy bands
before electrons have diffused across the junction. The p side has many holes in
the valence band, and the » side has many electrons in the conduction band But
why are the p bands slightly higher than the # bands?

The p side has trivalent atoms with a core charge of -+3, shown in
Fig. 2-24b. On the other hand, the » side has pentavalent atoms with a core charge
of +5 (Fig. 2-24c). A +3 core attracts an electron less than a +3 core does. There-
fore, the orbits of a trivalent atom {p side} are slightly larger than those of apen-

. tavalent atom (n side). This is why the p bands of Fig. 2-24a are slightty higher
- than the r bands, '

An abrupt junction like that of Fig. 2-24q is an idealization because the
p side cannot suddenly end where the » side begins. A manufactured diode has a
gradual change from one material to the other. For this reason, Fig. 2-25a is a
more realistic energy diagram of a junction diode. -

At Equilibrium

When the diode is first formed, there is no depletion layer (Fig. 2-254). In this
case, free electrons will diffuse across the Junction. In terrs of energy levels, this
means that the electrons near the top of the # conduction band move across the
Jjunction, as previously described. Soon after crossing the junction, a free electron
will recombine with a hole. In other words, the electron will fall from the con-
duction band to the valence band. As it does, it emits heat, Hght, and other radia-
tion. This recombination not enly creates the depletion layer, it also changes the

Figure 2-24 () Energy bands of abrupt junction before diffusion; (b) p-type ator has larger orbxts. equivalent to higher eneray levet;
[c) n-type atom has smalter orbits, equivalent to lower energy level.
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Figure 2-25 (o) Energy bands before diffusion; (b) ene;gy bands after depietion layer is
formed; () p-type atom before diffusion has smaller orbit; (¢} p-type atom after diffusion
has larger orbit, equivalent to higher energy level.
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energy levels ar the junction by increasing the energy level difference between the
p and r bands. _ . _

Figure 2-25b shows the energy diagram after the depletion layer is cre-
ated, The p bands have moved up with respect to the » bands. As you can see,
the bottom of each p band is level with the top of the corresponding r band.
This means that electrons on the » side no longer have enough energy to get-
across the junction. What follows is a simplified explanation of why the p band
moves up.

Figure 2-25¢ shows a conduction-band orbit around cne of the trivalent
atoms before diffusion has occurred. When an electron diffuses across the junc-
tion, it falls into the hole of a trivalent atom (Fig. 2-254). This extra electron in the .

“valence orbit will push thg conduction-band orbit farther away from the trivalent
‘atom, as shown in Fig. 2-25d. Therefore, any new electrons coming into this area

will need more energy than before to trave] in a conduction-band orbit. Stated an-
other way, the larger conduction-band orbit means that the energy level has in-
creased. This is equivalent to saying that the p bands move up with respect to the
n bands after the depletion Iayer has built up, ’

At equilibrium, conduction-band electrons on the » side travel in orbits
not quite large enough to match the p side orbits (Pig. 2-256). In other words, elec-
trons on the » side do not have enough energy to get across the junction. To an . -
electron trying fo diffuse across the junction, the path it rust travel looks like a
hill, an energy hill {see Fig. 2-25b). The electron cannot climb this hill unless it
receives energy from an outside source. This energy source may be z voltage
source, but it can also be heat, light, or other radiation. Do not think of the energy
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Figure 2-26 Forward bias gives free electrons more energy, equivalent t higher energy
level.

ENERGY
3
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hill as a “physical” hill. Instead, think of it as the ﬁecessmy higher energy level for

tle valence electrons to “rise” to before they can cross the depletion layer.

Forward Bias

Forward bias lowers the energy hill (see Fig. 2-26). In other words, the battery
increases the energy level of the free clectrons; this is equivalent to- forcing
the n band upward. Because of this; free electrons have enoigh energy to enter the
p region. Soon after entering the p region, they fall into holes {(path A). As valence
electrons, ey continue moving toward the left end of the crystal; this is equiva-
lent to holes moving toward the junction. ’ ‘ '
‘Some holes penetrate the n region as shown in Fig. 2-26. In this case,
conduction-band electrons can follow recombination path B. Regardless of where
the recombination takes place, the result is the same. A steady stream of free elec-
trons moves toward the junction and falls into holes near the junction. The cap-
tured electrons (now valence electrons) move left in a steady stream through the
holes in the p region. In this way, we get a continuous flow of elecirons through
the diode. . .
. Incidentaily, when free electrons fall from the conduction band to the va-
lence band, they radiate their excess energy in the form of heat and light. With an
ordinary diode, the radiation is heat energy, which serves no useful purpose: But
with an LED, the radiation can be light such as red, green, blue, or orange. LEDs
are widely uséd as visual indicators on electronic instruments, computer key-
boards, and consumer equipment. :

2-14 Barrier Potential and
Temperature |

The junction temperatare is the temperature inside a diode, tight at the pn junc-
iion. The ambient temperature is different. 1t is the temperature of the air outside
the diode, the air that surrounds the diode. When the diode is conducting, the junc-

"tion temperature is higher than the ambient temperature because of the heat cre-

ated by recombination. ‘ : . : R :

The barrier potential depends on the junction ternperature. An increase in
junction temperature creates wore free electrons and holes in the doped regions.
As these charges diffuse into the depletion laye, it becomes narrower. This means
that there is less barrier potential at higher junclion temperatures.
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Before continuing, we need to define a symbol:
A= the change'in a : ‘ ' (2-2)

The Greek letter A (delta) stands for “the change in.” For instance, AV means the
change in voltage, and AT means the change in temperature. The ratio AV/AT

. stands for the change in voltage divided by the change in temperature.

"Now we can state a rule for estimating the change in barrier potential:
The barrier potential of a silicon diode decreases by 2 mV for each degree Celsius
rise. ’
As a derivation:
Ay = T2mV/ - (2-3)

By rearranging:

AV = (~2 mV/°C) AT ' 2-4)

With this, we can calculate the barrier potential at any junction temperature.

Example 2-5
Assurning a barrier potential of 0.7 V at an ambient temperature of 25°C, what is

the barrier potential of a silicon diode when the junction temperature is 100°C?
AL 0°C? . : '

SOLUTION When the junétion temperature is 100°C, the change in barrier
potential is: _ _
AV = (=2 mV/°C) AT = (=2 mV/°C)100°C — 25°C) = ~150 mV

This tells us tﬁat the barrier potential decreases 150 mV from its room tempera- '
ture value. So, it equals:

V=07V ~0i5V=05V
When the junction tegr':tperamre is G°C, the change in barrier potential is:
AV = (=2 mV/°C) AT = {2 mV/°O)G°C — 25°C) = 50 mV

This tells. us that the barrier potential increases 30 mV from its room
temperature value. So, it equals: .

V=07 V005V =075V

PRACTICE PROBLEM 2-5 What would be the barrier potential in
Example 2-5 when the junction temperature is' 50°C?
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2-15 Reverse-Biased Diode

Let’s discuss a few advanced ideas about a reverse-biased diode. To begin with,
the depletion layer changes in width when the reverse voltage changes. Let us see
what this implies.

Transient Current

- When the reverse voltage increases, holes and electrons move away from the

junction. As the free electrons and holes move away from the junction, they leave
positive and negative ions behind. Therefore, the depletion Iayer. gets wider.
The greater the reverse bias, the wider the depletion layer becomes. While the
depletion layer is adjusting to its new width, a current flows in the external ciréuit.
This transient current drops to zero after the depletion layer stops growing.

The amount of time the transient current flows depends on the RC time

- constant of the external circuit. It typically happens in a matter of naoseconds.

Because of this, you can ignore the effects of the transient current below approx-

imately 10 MHz.

_Reverse Saturation Current

As discussed earlier, forward-biasing a diode raises the n band and allows free
electrons to cross the junction. Reverse bias has the opposite effect: It widens the
depletion layer and lowers the n band; as shown in Fig. 2-27.

Here is the energy viewpoint on reverse saturation. Suppose that thermal
energy creates a hole and free electron inside the depletion layer, as shown in
Fig. 2-27. The free electron at A and the hole at B can now contribute to reverse
current. Because of the reverse bias, the free electron’ will move to the right,
effectively pushing an electron out of the right end of the diode. Similarly, the
hole will move to the left. This extra ho]e on the p side lets an electron enter the
left end of the crystal.

- Thehigher the junction temperature, the greatcr the saturation current, Ause-
ful appro)umat:lon to remember-is this: /s doubles for each 10°C rise. Asa denvat:on,

Percent Alg = 100% for a 16°C increase - 2-5)

in words, the ‘change in saturation current is 100 percent for each 10°C rise in
temperature. If the changes in temperature are less than 10°C you can use this
equlvalent rule:

Percent Aly = 7% per °C ' ' (2-6)
In words, the change in saturanpn current is 7 percent foreach Celsius degree rise. -

" This 7 percent solution is a close approximation of the 10° rule.

Figure 2-27  Thermal energy produces free electron and hole inside depletion iayer.
1 .
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SEC. 2-7 TWO TYPES OF
' EXTRINSIC
SEMICONDUCTORS

In an n-type semiconductor the free
electrons are the majortty carriers, and the
‘holes are the minority carriers. Ina p-type
semiconductor the holes are the majority
carriers, and the free electrons are the
minority carrters.

SEC. 2-8 THE UNBIASED D!ODE

. the pn Junctuon The jons in this ggpietron

T

!

VaiEr FOlCE 3 barraer Qotenﬂal At room

temperatMls barrier potentlal s
approximately, 0.7 VToF 3 STieon diode
and 0.3 \f fora germamum diode.

et

SEC 2-9 F()RWARD BlAS

When an external voltage opposes the
barrier potentiat, the diode is forward-
biased. [f the gp_phed“ifolgage is. grcatt:r

L@fge. In otl
ina forward biased dmde

Definitions

(2-2) A = the change in

Laws

{2-11 Valence saturation: n =8

_ Derlvatlons
(2-3) %‘-’ = —2mvre.

(2-4} AV= (=2 m\V/"C] AT

Student Assignments

1. The nucleus of a copper atom
contams how many protons?’

a g T
b 4
¢ 18
d. 29

Semiconductors

SEC. 2-10 REVERSE BIAS

When an external voltage aids the barrier
potential, the diode is reverse-biased, The
width of the depletion layer increases
when the reverse voftage increases. The
current is approximately zero.

SEC. 2-11 BREAKDOWN

Too much reverse voltage will produce
either avalanche or zener effect. Then, the
large breakdown current destroys the
diode. In general, diodes are never operated
in the breakdown region. The only
exception is the zener diode, 3 special-
purpose diode discussed in a later chapter.

SEC. 2-12 ENERGY LEVELS

The farger the orbit, the higher the energy
level of an electron. if an outside force
raises an electron to a higher energy level,
the glectron will emit energy when it falls
back to its original orbit:

SEC. 2-13 THE EMERGY HILL

The basrier potential of a diode looks jike
an energy hill, Electrons attemptmg to

PN—

Vi
- (2-7) HSL=T;::‘

(2-9
(28 -

2. The net charge of a neutral copper
atom is
a0
b +1
c. —1
d. +4

cross the junction need to have encugh
energy to climb this hlll An external
voltage sol.ﬂ“ﬂe that rward blases the

SEC. 2-14 BARRIER POTENTIAL
AND TEMPERATURE

When 'th_t_*._“j;tﬂg_tjqn {emperaty,r,e increases,

5 approximate Y. 2.V 0
degree Ceisms increase.

SEC. 2-15 REVERSE-BIASED
DIODE

There are three components of reverse
current in a diode. First, there is the -
transient current that occurs when the
reverse voltage changes. Second, there is
the minority-carrier current, also called
the saturation current because it:is
independent of the reverse voltage.
Third, there is the sutface-leakage
current. |t increases when the reverse

“woltage increases.

Percent Als = 100% for & 10°C increase
Percent Als = 7% perC

3. Assume the valence electron is
removed from a copper atom. The
net charge of the atom becomes

a. 0
b +1
c —1
d +4

&3



. The valence electron of a copper

atom experiences what kind of
attraction toward the nucleus?

a. None
b. Weak
¢ Strong
d. Impossible to say

.. How many valence electrons does

a silicon. atom have?
a0
b. 1
[
i 4

. Which is the most widely used

semiconductor?

a. Copper ) .
b, Germanium

¢ 'Silicen

d. Nore of the above

. ;How many protons does the

nucleus of a silicon atom contain?
a4
b 14
c 29
d. 32

. Silicon atoms combine into an

orderly pattern called a
a. Covalent bond
b: Crystat

- ¢ Semiconductor

11.

54

d. Valence orbit

.- An intrinsic semiconductor has

sonme holes in it at foom tempera-
ture. What causes these holes?

a. Doping

- b. Free electrons

c. Thermal energy
d. Valence electrons

.
When an electron is moved to a

higher orbit level, its energy level
with respect to the nucleus

" a. Increases

b, Decreases
¢. Remains the same
d. Depends on the type of atom

The merging of a free electron and
a hole is called

a. Covalentbonding
b. lifetime

.¢. Recombination

d. Thermal energy

12,

13

- T

15.

16.

At room temperature an intrinsic
silicon crystal acts approximately
fike = ‘

a A bat{ery_ :

b. A conductor

<. Aninsulator

. d. A piece of copper wire

. The amount of time between the

creation of a hole and its
disappearance is called

a. Doping

b, Lifetime

e Recombination

d. Valence

The valence electron of a )
conductor can also be called a
a. Bound electron

b. Free electroln

¢, Nucleus

d. Proton

A conductor has how many fypes’
of flow?

a 1

b 2

c. 3

d. 4

A semiconductor has how many’
types of flow?

a1

b 2

o3

17.

18

1.

d. 4 )

When a voltage is applied to a
semiconductor, holes wiil flow

2. Away from the negative poteritial
b. Toward the positive potential

¢. In the external circuit

d. None of the above

For semiconductor material, its
valence orbit is saturated when it

- cantains

a. 1 electron

b. Equal (+) and (=) ions

c. 4 electrons

d. 8 electrons

I an intrinsic semiconductor, the:
number of holes i

a. Equals the number of free electrons

-b. Is greater than the number of free

electrons

¢. Is less than the number of free
electrons R :

d. None of the above

20.

21

Absolute zero temperature
equals

a. ~273°C

b 0°C

¢.'25°C

d. 50°C

At absclute zero temperature

an intrinsic semiconductor
has

a. A few free electrons

- b Many holes

22,

¢.. Many free electrons
d. No holes or free electrons

At room temperature an infrinsic
semiconducter has

" a. Afew free efectrons and holes

23,

b, Many holes
c. Many free electrons
d. No holes

The number of free electrons
and holes in an intrinsic

" semiconductor decreases when

24,

the temperature

a. Decreases

b, tncreases

¢, Stays the same

¢. None of the above

The flow of valence electrons to
the right means that holes are
flowing to the :

a. Left
b. Right
c. Either way

~ d. Nene of the abave

25.

26,

27.

Holes act like

a. Atoms

b, Crystais

c. Negative charges
d. Positive charges :

Trivalent atoms have how many .
valence electrons? )

a1
b. 3
¢4,
d. 5

An acceptor atom has how many
valence electrons?

a1
b 3
c 4
d 5
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28,

29,

30.

31,

32,

33.

34.

If you wanted to produce an
n-type semiconductor, which of
these would you use? -

a. Acceptor atoms

o. Donor atoms

¢. Pentavaient impurity

d. Silicon

Electrons are the minoﬁty

carriers in which type of
semiconductor?

a. Extrinsic

b. Intrinsic

c. n-type

d. p-type

How many free electrons does

a p-type semiconductor
contain?

a. Many
b. None

. Only those preduced by therma}
energy

d. Same number as holes

Silver is the best conductor. How
many valence electrons do you
think it has?

a
b4
c. 18
d. 29

Suppose an intrinsic
semiconductor has 1 billion free
electrons at room temperature. If
the temperature drops to 0°C, how
many holes are there?

a. Fewer than 1 bilfion
b. 1 biliion

¢. More than 1 billion
d. Impossible to say

An external voltage source is
applied to a p-type semiconductor,
If the left end of the crystal is
positive, which way do the
majority carriers flow?

a. Left

b. Right

c. Nefther

¢, ?mpo'ssible {0 say

Which of the following doesn't fit

© in the group?

a. Conductor

b. Semiconductor

¢. Four valence eléctrgns
d. Crystal structure

Semiconductors

35.

36.

37

38.

39.

40,

41,

42,

Which of the following is

. approximately equal to room

temperature?
a. 0°C

b. 25°C

¢ 50°C

d, 75°C

How many electrons are there in
the valence orbit of a silicon atom
within a crystal?

a1
b. 4
c 8
d 14

Negative ions are atoms that
have

a. Gained a proton

b. Lost a proton

¢. Gained an electron
d. Lost an electron

Which of the following describes
an n-type semiconductor?

4. Neutral _
o, Positively charged
c. Negatively charged
d. Has many holes

A p-type semiconductor contains
holes and

a. Positive jons
b, Negative ions
. Pentavalent atoms:
d. Doror atoms '

Which of the following describes
a p-type semiconductor?

a. Neutral

b. Positively charged

c. Negatively charged

d. Has many free electrons

As compared to a germanium
diode, a silicon diode's reverse
saturation current is -

a. Equal at high temperatures
b. Lower '

¢. Equal at lower temperatures
d. Higher

What causes the depletion
layer?

a. Doping

b. Recombination

c. Barrier potential

d. lons

43.

44,

45.

46,

47,

413,

49,

What is the barrier potential
of a siticon diode at room

. teinperature?

a. 0.3V

b 0.7V

e 1V

d. 2 mV per degree Celsius |
When comparing the energy

gap of germanium and silicon
atoms, a silicon atom's energy

gap is

-3, About the same

b. Lower

" ¢. Higher

d. Unpredictable

I a silicon diode the reverse
current is- usually

~a. Verysmall

. Very large

¢ Zero

d. In the breakdowr: region

While mainfaining a constant
temperature, a silicon diode

has its reverse-bias voltage
increased. The diode's saturation
current will

a. Increase
b, Decrease

"¢ Remain the same

d. Equal its surface-leakage
current

The vottage where avalanche
occurs is called the

a. Barrier potential
b, Depletion tayer

¢ Knee voltage

d. Breakdown voltage

The energy hill of diode’s pn
junction will decrease when the
diode Is :

a. Farward biased

b. First farmed

¢.- Reverse blased

d. Not conducting

When the reverse vbltage
decreases from 10 to 5V, the
depletion layer

a. Becomes smaller
. Becornes larger
¢ Is unaffected

d. Breaks down



§1.

a oV 2 1°C
h. 7V b, 2°C
c 10V ¢ 4°C
_d. None of the above d. 10°C
Problems
2-1 Whatis the net charge of a copper atom if it géins two 2-6 Classify each of the following as n-type or p-type
glectrons? i : semiconductors:
. el e . Doped b )
2-2  What is the net charge of z silicon atom if it gains three a. tope y.a(:ceptor atoms. .
valence etectrons? b. Crystal with pentavalent impurities
2.3 Class h he followi d : ¢ Majority carriers are holes
" sear:isc!?n?jicct;ﬁ €. ollowing as conductar or d. Donor atoms were added to crystal
s Germanium e. Minarity carriers are freeelectrons
b. Siiver 2-7  Adesigner will be using a silicon diode over a
¢. Silicon temperature range of 0° to 75°C. What are the minimum -
d. Gold and maximum values of barrier potenitial?
- o 3-8 Ifa silicon diode has a saturation current of 10 nA at 25°
2-4 ifa puj:e S‘I"I:ori crystgi ha§t5r180,0§)0 holes inside it, how to 75°C, 'what are the minimum and maximum values of
many re?e ectrons does it have? saturatmn current?
2-5 .?hdiod:dls fo;wirld brl‘ased. It t?:_hcurre;t 15 Shm]f\ Ehrough 2-9 A diode has a surface-leakage current of 10 nA when the
f ﬁ”‘.' €, wha is the current through each of the reverse voltage is 10 V. What is the surface-feakage
ollowirg? current if the reverse voltage is increased to 100V?
a. pside -
b. External connecting wires
c. Junction |
Critical Thinking
2-10 A silicon diode has a reverse current of 5 pA at 25°C 2-11 Devices with pr junctions are used to build computers. The

. When a diode is forward-biased,

“ke reeombination of free

52. The energy gap in a silicon atom is

the distance between the valence

54, The surface-leakage current

doubles when the reverse voltage

- vans and heoles may produce band and the * ~ increases
A a. Nucleus a. 7%
o, tight b. Conduction band b, 100%
o Ragiation ';. Atom's core c. 200%
4. All of the above d. Positive Tons d. 2mV

A reverse veltage of 10 V is across
a diode. What is the voltage
across the depletion layer?

53.

The reverse saturation current
doubles when the junction
temperature increases

and 100 pA at 100°C. What are values of the .
saturation current and the surface-leakage current
at 25°C7

speed of computers depends on how fast a diode can be
turned off and on. Based on what you have learmned about
reverse bias, what can we do to speed up a computer?’

Job Interview Questions

this text. In this case, you may wish to do some Ilbrary
research

A team of experts in electronics created these questions, in
most cases, the text provides enough information to-answer
all questions. Occasionally, you may come across a ierm thatls
not familiar. If this happens, lock up the tet in a technical
dictionary. Adso, a questlon may appear that is not COVEEEd in

1. Tell me why copper is a good conductor of electricity.
2. How does a semiconductor differ from a conductor?
Include sketches in your explanation.
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-3. Tell me all you know about hoies and how they differ from 9. Do holes flow in & conductor? Why or why not? What

free electrons. Include some drawings. happens to holes when they reach the end of a
4. Give me the basic idea of doping semiconductors, | want to semiconductor?’
see some sketches that support your explanation. 10. What is surface leakage current?
5, Show me, by drawing and explaining the action, why 1. Why is recombination important in a diode?
current exists in a forward-biased diode. 12, How does extrinsic silicon differ from intrinsic silican, and
6. Tell me why a very smalf current exists in a reverse-biased why is the difference important?
diode. 13. In your own words, describe the action that takes place
7. Areverse-biased semiconductor diode will break down when the pn junction is initialiy created. Your discussion
under certain conditions. | want you to describe avalanche should include the formation of the depietion layer.
in enough detail so that | can understand .. 14. Ina pn junction diode, which of the charge carriers move?
8. | want to know why a fight-emitting diode produces light. - Holes or free electrons?

" Tell me about it

. Self-Test Answers
1. d 19. a 37. ¢
2. a - 20. a ‘ ' 38. a-
3 b 2. d . s b
4 b o228 : 40, a
5. d ' 23, a ' C oAb
6 ¢ . 24, a ! ' 42. b
7. b 25 d 43. b
8. b 6. b as. o -
9. ¢ 27. b 48, a
10. a ) . 28. b 46. : ¢
1. ¢ 29, d 47. d
12 e 0. ¢ . a8, a
13, b .. a 49, a
14 32. a 50. d
5 a 33 b ' . Bl ¢
6. b 34. a 52, b
17. d 35 b ' . 53, d
18, d . ¢ - ‘ 54. b
. Practice Problem Answers

2-4  Appraximately 5 miflion holes 26 o= 224nA ' 27 ig=8nA
2-5 Vp= 065V '

Semiconductors . 57



This chapter continues our study of diodes. After discussing the diode

curve, we fook at approximations of a diode. We need approximations
because exact analysis is very tedious and time-consuming in most
situations. For instance, an ideal éppmximation IS usually adequate for
troﬁblesho‘oting. and a second approximation gives quick and easy
solutions in many cases. Beyon'd this, we can use a third -
approximation for better accuracy or a computer solution for almost

exact answers.



Objectives

After studying this chapter, you should be able to:
® Draw 3 diode 'symbol and label the
anode and cathode.

m  Draw a dicde curve and label all
significant points and areas.
‘Describe the ideal diode.
- Describe the second approximation.
. Cha_pte_r Ouﬂ,’he Describe the third approximation.
3-1 Basic ideas List four basic characteristics of
‘ diodes shown on a data sheet.

3-2 The tdeal Diode . . . .
‘ B Describe how to test a diode using a
3-3  The Second Approximation DMM and VOM. ‘

3-4  The Third Approximation -
3-5  Troubleshooting

3-8 Up-Down Circuit Analysis
3-7'  Reading a Data Sheet -

3-8  How to Calculate Bulk
Resistance

3-9 DC Resistance of a Diode
3-10 ioad lines .
3-11  Surface-Mount Diodes

Vocabulary .

anode knee voltage . nonfinear device
btk resistance linear device ohmic resistance
cathode lead line power rating
ideal diode _ : maximum forward current _up-down analysis
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3-1 Basic ldeas

An ordinary resistor is a linear device because the graph of its current versus volt-
age is a straight line. A diode is différent. It is a nonlinear device because the
graph of its current versus voleage is not a straight line. The reason is the barrier
potential. When the diode voltage is less than the barrier potential, the diode cur-
rent is small. When the diode voltage exceeds the barrier potential, the diode cur-
rent mcreases rapidly.

The Schematic Symbol and Case Styles

’ Figure 3-1a shows the schematic symbel of a diede. The p side is called the

anode, apd the n side the cathode. The diode symbol looks like an arrow that
points from the p side to the  side, from the anode to the cathode. Figure 3-1b
shows some of the many typical diode case styles. Many, but not all, diodes have
the cathode lead (K) identified by a colored band.

Basic Diode Circuit

Figure 3-1¢ shows a diode circuit. In this circuit, the diode is forward biased. How -

do we know? Because the positive battery terminal drives the p side through a re- '

sistor, and the pegative battery terminal is connected fo the n side. With this con-

nection, the circuit is trying to push holes and free electrons toward the junction.
In more complicated circuits, it may be difficult to decide whether the

diode is forward biased. Here.is a gunideline. Ask yourself this question: Is the

- external eircuit pushing current in the easy direction of flow? If the answer is yes,

the diode is forward biased.

‘What is the easy direction of Aow? If you use conventional current, the
easy direction is the same direction as the diode arrow. If you prefer electron flow,
the easy direction is the other way.

_ Figure 3-1  Diode. (g} Schematic symbo!; (b) diode case styles; {) forward bias.
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Figure 3-2  Diode curve,

In
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When the diode is part of a complicated circuit, we also can use
Thevenin’s theorem to determine whether it is forward biased. For instance, as-

- sume that we have reduced a complicated circuit with Thevenin’s theorem to get

Fig. 3-1c. We would know that the diode is forward biased.

The Forward Regian

Figuare 3-1c is a circuit that you can set up in the laboratoty. After you connect this
circuit, you can measure the diode current and voltage. You can also reverse the
polarity of the dc source and measure diode current and voltage for reverse bias.
If you plot the diode cutrent versus the diode voltage, you will get a graph that
looks like Fig. 3-2.

-This is a visual summary of the ideas discussed in the preceding chapter.
For instance, when the diode is forward biased, there is no significant current until
the diode voitage is greater than the barrier potential, On the other hand, when the
diode is reverse biased, there is almost no reverse current until the diode voltage
reaches the breakdown voltage. Then, avalanche produces a large reverse current,
destroying the diode.

Knee Veﬁtage

In the forward region, the voltage at which the current starts to increase rapidly is
called the knee voltage of the diode, The knee voltage equals the barrier potential.
Analysis of diode circnits usaalty comes down to determining whether the diode
voltage is more or less than the knee voltage. If it’s more, the diode conducts
easily. If it’s less, the diode conducts poorly. We define the knee voltage of a sﬂx-
con diode as:

Ve =07V : S5 )

(Note: The symbol == means “approximately equal to.”)
Even though germanium diodes are rarely used in new designs, you may

still encounter germanium diodes in special circoits or in older equipment. For

this reason, remember that the knee voltage of a germanium diode is approxi-
mately 0.3 V. This lower knee voltage is an advantage and accounts for the use of
a germamum diode in certain applications.

Bulk Resistance

Above the knee voltage, the diode current increases rapidly. This means that small
increases in the diode voltage cause large increases in diode current. After the
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baitier potential is overcome, all that impedes the current is the ohmic resistance -
of the p and » regions. In other words, if the p and n regions were two separate
pieces of semiconductor, each would have a resistance that you could measure
with an ohmmeter, the same as an ordinary resistor.

The sum of the ohmic resistances is called the bulk resistance of the
dlode It is defined as:

Ry = Rp + RNl : (3D

The bulk resistance depends on the size of the p and » regions, and how heavily
doped they are. Often, the bulk resistance is less than 1 £).

Maximum DC Forward Current

If the current in a diode is too large, the excessive heat can destroy the diode. For
this reason, a manufacturer’s data sheet specifies the maximum current a diode
can safely handle without shortening its life or degrading its characteristics.

The maximum forward current is one of the maximum ratings given on
adata sheet. This current may be listed as Jya Jrymax) Tos etc., depending on the man-
ufacturer. For instance, a 1N436 has a maximum forward current rating of 135 mA.
This means that it can safely handle a continuous forward current of 135 mA.

Power Dissipation

~ You can ) caleulate the power dissipation of a ledE’i the same way as you do fora

resistor. It equals the product of diode voltage and current. As a formula:
" Pp=Vpip T ’ . (3-3}

The power rating is the maximum power the diode can safely dissipate
without shortening its life or degrading its properties. In symbols, the definition is;

Pn'rax = vmuxImax . ) (3'4)

where Vg is the voltage comesponding to 1., For instance, if a diode has a
maximum voltage and current of 1 V and 2 A, its power rating is 2 W.

Example 3-1 ’ {18 KSdtiS T

Is the diode of Fig. 3-3a4 forward biased or reverse biased?

SOLUTION  The voltage across R is positive; therefore, the circuit is trying
to push current in the easy direction of flow. If this is not clear, visualize the

- Thevenin circuit facing the diode as shown in Fig. 3-3b. In this series circuit;

you can see that the de seurce is trying 10 push current in the easy direction of
flow. Therefore, the diode is forward biased. :

Whenever in doubt, reduce the circnit to a series circuit. Then, it witl
be clear whether the dc source is trying 1o push current in the easy direction
Or not.
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Figure 3-11
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Repeat the precedmg example for a load resistance of 10 {).

SOLUTION F1 gure 3-124 shows the eqmva]ent circuit. The total resxstance is: o
' Rr=0230+100=10250 - .. .
The total voltage across Ryis: '
Vr=10V-07Vv=93V

Thereforé, the load current is:

93V
==Y _y
i3 030 0909 A

The load voltage is:
V= (0909A)10 ) = 9.00 v

-Figure 3-12 , L '
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To calculate the diode power, we need to know the diode voltage. We can get this in either of two ways. We can
subtract the ioad voltage from the source voltage: S

Vp=10V—-909V=091V
or we can use Eq. (3-5):- R -
Vp = 07V + {0.909 A)(0.23 () = 0.90% V . o l :
The slight difference in the jast two answets is caused by ronndmg The diode power is: o
. Pp = (0.909 V)(0.909 A) = 0.826 w

Two more points. First, the 1N4001 has a maximum forward current of 1 A and'a power rating of 1 W, so the diode
is being pushed to its limits with a load tesistance of 10 {2. Second, the load voltage calculated with the third appmmmauon
is 9.09 V, which is in very close agreément with the MuldSim load voltage of 9.08 V (see Fig. 3- -12b).

Summary Table 3-1 illustrates the differences between the three diode approximations.

When used Troubieshootingor - Analysis at ' : IHigH—Ievei or

quick anatysis technician level . engineering-level analysis
Diode curve o o ,fo' o . _IDV.‘.' . I . o
Vp v : / —,
? T feTv B “Jov v
. ‘a&_‘:{ '
Equivalent circuft e o 07V, L aav
‘ Roverse bias . . -—o/o—||l}——- : -——o/o——-lll;——»\,w—w

Reverse bias .- Hevarse bias

Forward bias . -
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'3-5 Troubleshooting

You can quickly check the condition of a diode with an ohmmeter or 2 medium-
to-high resistance range. Measure the dc resistance of the dlode n elther direction,
and then reverse the leads and meastre the ‘de resistance 3g . 'The forward
current will depénd ‘on which ohmmeter range is used which means that you get
different readings on differént ranges, - :

The main thing to Took for, however, isa h1gh rauo of reverse to forward
resistance. For typical silicon diodes used in electronics work, the ratio should be
higher than' 1000:1. Remember to use a high enough resistance range o avoid the
possibility of diode damage. Normally, the R X 100 or R X 1K ranges will
provide proper safe measurements.

Using an ohmmeter to check diodes is an example of go/no-go testing.
You're really not.interested in the exact dc resistance of the diode; all you want to
know is whether the diode has a low resistance in the forward direction and a high
resistance in the reverse direction. Diode troublés are indicated for any of the fol-
lowing: extremely low resistance in both directions (diode shorted); high resis-,
tance in both directions (diode open); somewhat low resistance in the reverse
direction (called a leaky diode).

When set to the obms or resistance function, most digital multimeters
{DMMs) do not have the required voltage and current output capability to prop-
erly test pn-junction diodes. Most DMMs do, however, have a special diode test
range. When the meter is set to this rarge, it supplies a constant current of
approxunatcly 1 mA to whatever device is connected to its leads. When forward

" biased, the DMM will display the pn-junction’s forward voltage Vp shown in

Fig. 3-13a. This forward voltage will generally be between 0.5 V and 07 V for
normal silicon pr-junction diodes. When the diode is reverse biased by the test
Ieads, the meter wilt give an overrange indication such as “OL” or “1” on the dis- ‘
play as shown in Fig. 3-13b. A shorted diode would display a voltage of less than
0.5 V in both directions. An open dicde would be indicated by an overrange dis-
play in both directions. A leaky diode would display a voltage less than 2.0 V in
both directions. '

Figure 3-13

{a) MM diade forward test.
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Figure' 3-13

(5) DMM diode reverse test,
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Figure 3~14 Troubleshooting a circuit.
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1N4001

Figure 3-14 shows the diode. circuit analyzed earlier. Suppose something causes
the diode to burn out. What kind of symptoms will you get? :

SOLUTION © When a diode burns out, it becomes an open ¢ircuit. In this case,
the current drops to zero, Therefors, if you measure the load voitagc, the volt-
meter will indicate zero. :

Example 3-10
Suppose the circuit of Fig. 3-14 is not workmg If the'load is not shorted, what is
the trouble?

SOLUfION _'Many troubles al;e possible. First, the diode could be open.
Second, the supply voltage could be zero. Third, one of the connecting wires |

could be open,

How do you find the trouble? Measure the voltages to isolate the defec-
tive coniponent. Then disconnect any suspected component and test its resis- '
tance. For instance, you could measure the source voltage first and the load
voliage second, If there is source voltage but no load voltage, the diode may.be
open. An ohmmeter or DMM test will tell, If the diode passes the ohmmeter or

- DMM test, check the connections because there’ s nothing else to account for

having source voltage but no load voltage.

If there is no source voltage, the power supply is defective or a connec-
tion Between the supply and the diode is open. Power-supply troubles are com-
mon. Often, when électronics equipment is not working, the trouble is in the
power supply, This is why most troubleshooters start by measunng the voltages

out of the power supply.
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Figure 3-15  Up-down analysis of a
mrcu:t .

‘2D APPROXIMATION

Diode Theory

3-6 Up-Down Cimuit‘ Analysis

" There is nothing quite like up-down analysis to help you understand circuits. The

idea is this: Any circuit has independent variables (like source voltages and
branch resistances) and dependent variables (like voltages across resistors, cur-
rents, and powers). When an’ independent variable increases, each of the depen-
dent variables will usually respond by increasing or decreasing. If you understand
how the circuit works, you will be able o predict whether a dependent variable
will increase or decrease,

Here is how it works for Fig. 3-15. A voltage Vs of 10 Vis applied to a
diode in series with a load resistance R; of 1 k(). In the second approximation of
a diode, there are three independent variables for this circuit: Ve, Ry, and Vi, We
are including the knee voltage as an independent variable because it may be
slightly different from the ideal vatue of 0.7 V. There are five dependent variables
as follows: Vi, Ir, Pp, Pr, and Pr. These are the load voltage, load current, diode
power, load power, and total power.

. Suppose the source voltage Vs increases slightly, say 10 percent. How
will each of the dependent variables respond? Will each go up (U), go down (D),
or show no change (N)? Here are some of the thoughts that might pass through
your mind as you solve this problem:

In the second approximation, the diode has a voltage drop of 0.7 V. If the
source voltage increases slightly, the.diode drop is still 0.7 V, which
means that the load voltage has to increase. If the load voltage increases,
the load current incregses. An increase.in load current means that the

" diede power and load power increase. The total power is the sum of
diode power and 'load power, 5o total power miust increase.

“The first row of Table 3-1 summarizes the affect of a small i increase k1 source volt-

age. As you can see, each dependent variable increases.
What do you think happens when the load resistance of Fm 3-15 in-

' creascs slightly? Since the diode voltage is constant in the second approximation,

the load voltage shows no ¢change, but the load current will go down. This implies
less diode power, load power, and total power. The second row of Table 3-1 sum-

" marizes this case.

Finally, consider the effect of knee voltage. If the knee vollage increases
slightly in Fig. 3-15, the dependent varlables decrease, except for the diode
power, as shown in the third row of Table 3-1,

Look at Fig: 3-25 (at the end of the chapter) How do you use t}us to ﬁnd
dependent changes?

The way you-can practice up=down analysis for the circuit is by selecting
one mdependent variable (Vs, Ry, Rz, Ra. or Vi). Nex, select any dependent vagi-
able (V4, Vg, Ve, Is etc.). Then try to figure out whether the dependent variable
‘ goes up, goes down or shows no change .

Veinerease ... U, U U .. U u
Riincrease N D D D ' D
* Viinereage 0 C0 L Dt VRS BTN e DT T D
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GOOD TO KNOW

Internet search engines, such as . -

Google, can quickly help locate

semiconductor specifications, 7
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For instance, how does an increase in knee voltage affect the current in
R37In Fig. 3-25, a stiff voltage divider drives the diode in series with the 100 k().

. Therefore, a slight increase in knee voltage will decrease the voltage across the

100 k). Then, Ohm’s law tells us that /5 should decrease.

A final point: Do not use a calculator for up-down circuit analysis, Thxs
would defeat the whole purpose of this type of thinking. Up-down circuit analysis
is similar to trovbleshooting because the emphasis is on logic rather than equa-
tions. The purpose of up-down analysis is to train your mind to get in touch with
the circuit action. It does this by forcmg you to think about how the different parts
of the circuit interact.

Ii‘

3-7 Reading a Data Sheet

A data sheet, or specification sheet, lists important parameters and operating char-
acteristics for semiconductor devices. Alsg, essential information such as case
styles, pinouts, testing procedures, and typical applications can be obtained from
a component’s data sheet. Semiconductor manufacturers generally provide this
information in data books or from the manufacturer’s website. This information
can also be found on the Internet by companies that specialize in cross- referencing
or component substimtion.

{- Much of the information on a manufacmrer s data sheet is obscure and of
use only to circuit desiguers. For this reason, we will discuss only those entries on

. the data sheet that describe quantities in this book.

Reverse Breakdown Voltage

Let us start with thg)data sheet for a 1IN4001, a rectifier diode used in power sup-
plies (circuits that Convert ac voltage to dc voltage). Figure 3-16 shows a data sheet
for the IN4001 to 1N4007 series of diodes: seven diodes that have the same for-
ward characteristics but differ in their reverse-characteristics. We are interested in
the IN4001 member of this family. The first entry under “Absolute Maximum Rat-
ings” is this:

Symbol

Peak Repefitive Réverse \Voltage : Vagm

The breakdown voltage for this diode is 50 V. This breakdown cccurs because the
diode goes into avalanche when a huge number of carriers suddenly appears in
the depletion Jayer, Wir.h a rectlﬁer diode like the 1N4001 breakdown is usually
destructive, '

With the 1N4001 areverse voltage of 30 V represents a destructive level
that a designer avoids under all operating conditions. This is why a designer in-
cludes a safety fuctor There is no-absohate mle on how large to make the safety

factar hecause it depends on too many-design factors. A conservative design
‘would use a safety factor of 2, which means never allowing a reverse voltage of

more than 25 V across the IN4001. A less-eonservauve design might allow as’
much as 40 V across the 1N4001,

On ofer data sheets, reverse breakdown voltage may be designated PV,
PRV, or BV.
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Figure 3-16  Data sheet for 1N4001-1N40G7 diodes.

EAIRCHILD
SEMICONDLUCTOR®

1N4001 - 1N4007

Features

.* Low forward voltage drop.
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Figure 3-16 ({continued}
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" Average Rectified Forward Currgﬁnt

\

Maximum Forward Current

Anather entry of interest is av'erage rectified forward current, which looks like this
on the data sheet:

@ Ty =75°C

This en@ tells us that the 1N400? can handle up to 1 A in the forward direction
when used as a rectifier, You will learn more about average rectified forward cur-
rent in the next chapter. For now, all you need to know is that 1'A is the level of

P
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forward current when the dicde burns eut because of excessive power dissipation.
On other data sheets, the average current may be designated as 1,
Again, a designer looks upon 1 A as the absolute maximum rating of the

IN4001, a level of forward current that should not even be approached. This is
why a safety factor would be inciuded—possibly a factor of 2. In other words, a
reliable design would ensure that the forward current is less than 0.5 A under al
operating conditions. Failure studies of devices show that the lifetime of a device
decreases the closer you get to the maxiroum rating. This is why some designers
use a safety factor of as much as 10:1. A really conservative design would keep
the maxinmuni forward current of the 1N4001 at 0.1 A or less.”

Forward Voltage Drop

Under “Eiectrical Characteristics” in Fig, 3-16, the first entry shown gives you
these data:

o ‘Maximum
Characteristic and Conditions Symbol - Value
Forward Voltage Drop ‘ ]

{id = 1.0A Ty = 25°C - ' VF 1.1V

As shown in Fig. 3-16 on the chart titled “Forward Charaéteristics,” the typical

© 1N4001 has a forward voltage dmp of 0.93 V when the current is I A and the junc-

tion tt:mperatare i8 25°C, If you test thousands of IN4001s, you will find that a
few will have as much as 1.1 V across them when the current is 1 A.

Maximum Reverse Current

Another entry on the data sheet that is worth discussing is this one:

‘ _ : Typical Maximum
Characteristic and Conditions Symboi Value Value
Reverse Current o s

1= 25C o _ a0 gA0RA

Ta = 100°C T ¢ 1.0 A 50 pA

This is the reverse current at the maximum reverse de rated voltage (50 V f(_)r a
IN4001). At 25°C, the typical IN4001 has a maximum reverse current of 5.0 pA.
But notice how it increases to 300 A at 100°C, Remember that this reverse current

-includes thermaily produced saturation currerit and surface-leakage current. You -

can see from these numbers that temperature is important.. A design that requires a
reverse cwrent of less than 5.0 pA will work fine at 25°C with a typical IN4Q01,
but will fail in mass production if the junction femperature reaches 100°C.

3-8 it*i@w to Calculate Bulk Resistance

When you are irying to analyze a diode circuit acéiiifitely, you will need to know
the bulk resistance of the diode. Manufacturers’ data sheets de not usually list the

. bulk resistance separatety, but they do give enough information to allow you to
calculate it. Here is the derivation for bulk resistance:

ViV o '
R . : : 3.7
Be= T Th : 37
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where V) and 1) are the voltage and curTent at some point-at or above the knee
voltage; V, and I ave the voltage and current at some higher point on the diode

curve.

For instance, the data sheet of a 1IN4001 gives a forward voltage of
0.93 V for a current of 1 A. Since this is a silicon diode, it has a knee voltage of
approximately 0.7 V and a current of approximately zero. Therefore, the values to
use are' V3 = 0.93 V, [ == 1 A,;'V; = 0.7 V, and 1, = 0. Substituting these values

into equation, we get a bulk res1stance of:
V-%_ 093V 07V _ 0.23V =023 0

Rp — = :
L=1 1A-0A 1A
Incidentally, the diede curve is a graph of current versus voitage. The
bulk resistance equals the inverse of the slope above the knee. The greater the slope
of the diode curve, the smaller the bulk resistance. In other words, the more verti-
cal the diode curve is above the knee, the lower the bulk resistance.

3 g DC Resistance of a Diode

If you take the ratio of total dicde voltage to total dlode current, you get the de
resistance of the diode. Tn the forward direction, this de resistance is symbolized

by Rp; in the reverse directton, it is designated Rg.

Forward Resistance

Because the diode is a nonlinear device, its dc resistance varies with the current
through it. For example, here are some pairs of forward current and voltage for a
IN914: 10 mA at 0.65 V, 30 mA at 0.75 V, and 50 mA at 0.85 V. At the first point,

the dc resistance is:

065V '
Ty
" At the second point:
075V
=———=1250}
R = 30 ma
And at the third point:.
_ 08SmV
Rp=——mm=
7= soma 8

Notice how the dc resistance decreases as the current increases. In any case, the
forward resistance is low compared to the reveérse resistance.

Reverse Resistance
Similarly, here are two sets of reverse current and voltage for a 1IN914: 25 nA at

20 V; 5 A at 75V, At the first point, the de resistance is:

200V - .
Rg= S A = 800 MQ

At the second point:

75V
=——"15MQ
K SpA

Notice how the dc remstance decreases as we approach the breakdown voltage
(75 V). S
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Figure 3-17 .

Diode Theory

Load-line analysis.

{6

DC Resustance versus Bulk Resastance

%
§ The de resistance of a diode is different from the buik resistance. The de resistance
g of a diode equals the bulk resistance plus the effect of the barrier potential. In
other words, the de resistance of a diode 1s its total resistance, whereas the bufk
{ " resistance is the resistance of only the p and n regions. For this reason, the dc -
"--resistance of a diode is always greater than bulk resistance. ‘

3-10 Load Lines

This section is about the load line, a tool used to find the exact value of dicde cur-
rent and voltage Load lines are useful with transistors, s a detaited explanatxon

will be gwen later in nsmtor discnssmus

Equatlon for the Load Line

How,_ can we ﬁnd the exact dmde current and voltage in Fig. 3-17a? The current

(3-8)

Bccause of the series circuit, this current is the same through the dxode

~An Example

It ;he source voltage is 2 Y and the resistance is 100 {} as shown in Fig. 3-175,
then Eq. (3-8) becomes:

: 2—Vp : )
e — 3-9
In 100 ] 3G9
pation (3; 9) ] isa linear relationship between current gp_gl vaoltage. ] If we
plot this’ equatlon we will get a stralght line. For instance, let VD equal ZC{% Then:
R Pty
S, 2V =0V

Ip=———=20mA
T T C T
“Plotting this peint {Ip = 20 mA, Vp = 0) gives the point on the vertical axis of
Fig. 3- 18 This point iz called saturaim_ﬂygcausc it reprcsents maximurmn cugrent

with 2 V acfoss 1004,

Here's how to get another point. Let Vb equal 2 V. Then Eq. (3-9) gives:

2V -—-1¥
IOOQ

When we plot thls point (fp = 0, Vp = 2 V), we get the point shown on the hori-
zontal axis (Fig. 3-18), This point is called cutoff because it represents minimum
current. ' .

By selecting other voltages, we can calculate and plot additional points.
Because Eq. (3-9) is linear, all points will lie on the- straight line shown in
Fig. 3-18. The straight line is called the load line.

The Q Point

Figure 3-18 shows the load line and a diode curve. The point of ititersection,
known as the () point, represents a simultancous solution'between the diode curve
and the load line. In other words, the @ point is the or only point on { on the graph that
works for both the diode and the cirovit, By reading the coordinates of the Q point,
we get & current of 12.5 mA and a diode voltage of 0.75 V.

—y

ID. =0

7%
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Figure 3-18 O point s the intersection of the diode curve and the load line, ‘
1 ‘

30 mA

20 mA +

125 ma EEEELEEEEEEESS, © (OPERATING POINT)
10 mA i
T
:  CUTOFF
T 1
Y T 1 I.I | V.D
0 - RT75V 1V 7V

Inicidentally, the Q point has nio relationship to the ﬁg'ure‘ of merit of a
coil. In the present discussion, Q is an abbreviation for qm’escent which means “at
rest.” The qu;f:scent or Q pomt of semiconductor cucu]ts 1is discussed in later

chapters.

3-11 Surface-Mount Diodés

'Surface—fnount' (SM) diodes can be found anywher‘é there is a need for diode

applications. SM diodes are small, efficient, and reiatwely gasy to test, remove, -
and replace. on the circuit board. Although there are a number of SM package

. styles, two basic styles dominate the industry: SM (surface mount} and soT

(small outline trazsistor). )
The SM package has two L-bénd leads and a colored band on one end of

the body to indicate the cathode lead, Figure 3-19 shows a typical set of dimen- .

sions. The length and width of the SM package are related to the current rating of

Figure 3-19  The two-terminal SM-style package, used for SM diodes,

SIDE ) .
END

MOUNTING LEADS - .

0.11n
PR
SCALE

CATHODE COLOR BAND
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Summary

SEC. 3-1 BASIC IDEAS

A diode is a nonlinear device. The knee
voltage, approximately 0.7 V for a sificon
diode, is where the forward curve turns
upward. Tnhe bulk resistance is the ofirnic
resistance of the pand n regions. Diodes
have a maximum forward current and a
power rating. ‘

Diode Theory

-sthch that closes whén foaward

Figure 3-20  The SOT-23 is a three-terminal tran5|star package commonty used for
SMdiodes.

© SIDE

END

MOUNTING LEADS

0.1in
SCALE

the device. The larger the surface area, the higher the current rating. So an SM

.diode rated at I A mighthave a surface arca given by (.181 by 0.115in. The 3 A

version, on the other hand, might measure {0,260 by 0.236 in, The thlckness tends -
to remain at about (.103 in for all curreat ratings.

Increasing the surface arca of an SM-style diode increases its ability to
dissipate heat. Also, the corresponding increase in the width of the mounting ter-

- minals increases the thermal conductance to a virtual heat sink made up of the sol-

der joints, mounting lands, and the circuit' board itseif.

SOT-23 packages have three gull-wing terminals’ (see Fig. 3-20). The
terminals are numbered counterclockwise from the top, pin 3 being alone on
one side. However, there are no standard markings indicating which two terminals
are used for the cathode and the ancde. To determine the internal connections of
the diode, you can look for clues printed on the circuit board, check the schematic
diagram, or consult the diode manufacturer’s data book. Some SOT-style pack-
ages include two diodes, which have a commeon-anode or cothmon-cathode con-

mection at one of the terminals.

Diodes in SOT-23 packages are small, no dimension being greater than’
0.1 in. Their small size makes it difficult to dissipate larger amounts of heat, so the

- diodes are generally rated at less than I A, The small size also makes it impracti-

cal to label them with 1tient:ﬁcatlon ¢odes. As with many of the tiny SM devices,

* you have to determine the PIN from other clues on the cm.mtboard and schematic

chagram

SEC.3-2 THE IDEAL DIODE
This is the first approximation of a
diode. The equwa!ent circuit is a

SEC. 3-3 THE SECOND
APPROXIMATI()N

Blased and opens witen reverse
biased.

81



© 8EC. 3-4 THE THIRD
APPROXIMATION

We seldom use this approximation

because bulk resistance is usually smalf

" enough to ignore. In this approximation,

we visualize the diode as a swiich in seriés

with a knee voltags and a bulk sexistanre,

SEC. 3-5 TROUBLESHOOTING
When you suspect that a dicde is the
trouble, remove it from the circuit and use
an chmmeter to measure its resistance in
each direction. You should get a high
resistance one way and a low resistance
the other way, at least 1000:1 ratio.
Remember to use a high enough )
resistance range when testing a diode, to
avoid passible diode darmage. A DMM will
display ©.5-0.7 V when a dicde is forward
biased and an overrange indication when
it is reverse biased.

SEC. 3-8 UP-DOWN CIRCTUIT
ANALYSIS

No calculation is required in this type of
circuit analysis. All you are after is up,
down, ar no change. When you know.
beforehand how a dependent variable

Definitions
o (3—_1) Silicon knee voltage:
0.7V

. -

' A —]

V=07V

(3-2)  Bulk resistance:

o= Aot i

Derivations

i (3-3) Diode power dissipation: -
: o |
e

Pp= .‘nga

(3-8) Third approximation:
A S
o—{I[F—wA—o
L - 1
1]

+V,

82 -

“ should respond to an increase in an
" independent variable, you will be mare

sucecessful at troublesheoting, analysis,
and design.

SEC. 3-7 - READING A DATA
SHEET

Data sheets are useful to a circuit
designer and may be useful to a repair
technician for selecting a substitute
device, which is sometimes required.
Diode data sheets from different
manufacturers contain similar
information, but different symbols are
used to indicate different operating

. conditions. Diode data sheets may list the

following: breskdown voltage (Vz, Vaw
Vewas PIV, PRV, BV}, maximum forward

curtent {Irmo, Jaa, %), forward voltage
drop {Viimes Vg, and maximum reverse
current faiman, fnaml-

SEC. 3-8 HOW TO CALCULATE
BULK RESISTANCE

You need two paints in the forward region
of the third approximation. One point can
be 0.7 V with zero current. The second
point comes.from the data sheet at a large

forward current where both a vdltage and
3 Current are given. ' :

SEC. 3-9 DC RESISTANCE OF
A DIODE

The de resistance equals the diode voltage
divided by the diode current at some
operating point. This resistance is what an
ohmmeter will measure. DC resistance has
limited application, aside from telling you

“that it is small in the forward direction and

farge in the reverse direction. -

SEC. 3-10. LOAD LINES

The cisrrent and voltage in a diade circuit
have 10 satisfy both the diode curve and
Ohm’s faw for the load reésistor. These are
two separate requirements that
graphically translate to the intersection of
the diode curve and the load line,

SURFACE-MOUNT
DIODES .

Surface-moeunt diodes are often found on

SEC. 3-11

.modern electronics circuits boards. These

diodes are small, efficient, and typically
found either as an SM (surface mount) or
an SOT fsmall outiine transistor) case style.

(3-4) Maximum power dissipation

P .

0..__.«;?(_——0 Frnax = Vinax fmax
[;3-6] lgnore bulk:

LINEAR e A P .

CIRCUIT TH B Rg << 0.0 Ry
{3-7)  Bulk resistance:

o W-W
Rp="——

V== 07V + Ipfz

fz—fx
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_Student Assignments

1.

When the graph of current versus

voltage is a straight line, the

device is referred to as

a. Active
b. Linear
¢. Nonliriear
d. Passive

. What kind of device is a resistor?

a. Unilateral
b. Linear
c. Nonfinear
d. Bipolar

. What kind of 2 device is a djode?

a. Bilateral
b. Linear
c. Nonlinear
d. Unipolar

. How'is a nonconducting diode

biased?
a. Forward
b Inverse
¢ Poorly
d. Reverse

- When the diode current is large,

the bias is
a. Forward
b. Inverse

- ¢. Poor

d. Reverse

X T‘ﬁe knee voltage of a diode is

approximately equal to the
2. Applied voltage

b. Barrier potential

c. Breakdown voltage

d. Forward voltage

. The reverse current consists of

minority-cartier current and
a. Avalanche current

0. Forward current

c. Surfaée—]eakage current

d. Zener current

. How much voltage is there across

the second approximation of a
silicon diode when it is forward
biased?

a. 0

b. 03V

. 07V

d 1V

Diode Theory

9.

to.

"

12,

13.

How much current is there
through the second approximation
of a silicon diode when it is

reverse biased?

2.0

b1 mA
e 300 mA

d. None of the above

How much farward diode \;'oltagél
is there with the ideal-diode
approximation?

a. 0
b. 7V
¢, More than 0.7 V

R RY

.. The bulk resistance of a TN4001 is

2 0

b. 0230
¢ 106
4 1k}

If the bulk resistance is zero, the
graph ahove the knee becomes

2. Horizontat

b. Vertical

c. Tilted at 45°

d. None of the above

The ideal diode is usually
adequate when

a. Troubleshooting

- b Daing precise calculations

15.

16.

c. The source voltage is low
d. The load résistance is low

. The second approximation works

well when

a. Troubleshooting

b. Load resistance is high
¢ Source voitage is high
d. All of the above

The only time you have to use the
third approximation is when

a. Load resistance is low
b. Source voltage is high
¢. Troubleshooting

d. None of the above

31 BRuidiShan How much load
current is there in Fig. 3-21 with
the ideal diode?

a. 0 c 12mA
b 11.3 mA d. 25 mA

7.

8.

20.

21.

22,

12v.— "

Figure 3-21 &

T kL2

il

118 WeitiSim How much load
current is theie in Fig. 3-21 with
the second approximation?

a. 0.

5 M3ImA

C. 12 mA
d. 25 mA

11 EBwdtiSEee How much load
current is there in Fig. 3-21 with
the third approximation?

a. 0

b. 1.3 mA
c. 12 mA

d. 25 mA

. i Bealti%ien I the diode is open

in Fig. 3-21, the load voltage is
a0 '
b 113V

co 20V

d =15V

HHE ShwlgiSEme IF the resistor is
tingrounded in Fig. 3-21, the
voitage measured with a DMM
between the top of the resistor
and grourid is closest to

a0 e 20V

b 12V 4 1BV

Il MuktiSies The load voltage
measures 12 V in Fig. 3-21. The
trouble may be :

2. Ashorted diode

b. An open diade

c. Arn open load resistor

¢. Too much supply voltage

Using the third approximation in
Fig. 3-21, how low must R, be
before the diade's bulk resistance
must be considered?

a i ¢ 230

SR TVE O N S [o'v R ¢ R

$3



Problems

SEC. 3~1 BASIC IDEAS

3-1 ‘A diode is in series with 220 {3 if the voltage across
" the resistor is 6 V, what is the turrent through the
digde?

3.2 A diode has 2 voitage of 0.7 V and a current of 160 mA, '

What is the diode power?

2.3 Two diodes are in series. The first diode has a voltage of

' ‘1,75 V ard the sécond has a voltage of 0.8 V.1f the
current through the first dicde is 400 mA,-what is the
current through the second diode?

SEC. 3-2 THE IDEAL DIDDE -

3-4  In Fig. 3-220, celeulate the load current, load voltage, !oad
power, didde power, and total power.

3-5 | the resisioris doubled in Fig. 3-22a, what is the load
cgrrent?

3-6 In Fig. 3-22b, calculate the load current, Ioad voltage, load
power, dinde power, and total power.

3.7 I the resistor is doubled in Fig. 3-220, what is the load
current?

3-8 i the diode polarity is reversed int Fig, 3-22b, what is the
dicde cufrent? The diode voltage?

Figure 3-22

12V_i_ "

f.]

SEC. 3-3 THE SECOND APPROXIMATION

3.9 InFig. 3-22a, calculaie the load current, load voltage, load
- power, diate power, and total power. )

3210° If the resistor is doubled in Fig. 3-22a, what is the load
current? ’ :

3-11 In fig. 3-225, calculate the lead current, load voltage, toad
power, diode power, and total power.

84

“3-1 2 if the resistor is doubled in Fig. 3-220, what is the load current?

3-13 If the diode polarity is reversed in Fig. 3-226, what is the
~~diode current? The diode voltage?

SEC. 3~-4 THE THIRD APPROXIMATION

314 In Fig. 3-220, caleulate the load current, load voltage, load
power, diode power, and total power. {Re=102314) .

3-15 Ifthe resistor is doubled in Flg. 3-22¢, what.is the load

_current? (Re=10238) .

3-16 InFig. 3-22b, calculate the load current, load veltage, foad -
. power, diode powet, and total power. (Rg=10.23 0}

3-17 If the resistdr is doubled in Fig. 3-220, what is the load
current? (Rg = 023 £1) :

3-18 |f the siode polarity is reversed in Fig. 3-22b, what is the
diode current? The diode voltage? .

SEC. 3-5 TROUBLESHOOTING

3-19 Suppose the voltage across the diode of Fig. 3-23ais 6 V.15 -
the diode open ar shorted? :

Figure 3-23-

+12V

“(a)

3-20 Something causes R to short in Fig. 3-23c. What will the  ;
dinde voltage be? What will happen to j;he.diode?

3-21 You measure @Y across the diode of Fig. 3-23¢. Nextyou' . . -
check the spusce voltage and it reads. +5V with respaetto -
* ground. What is wrong with the cireuit? :

3-22 in Fig. 3-23b, you measure a botent‘lal of +3V at the junction

of Ryand Rs. (Remember, potentials are always
with respect to ground:) Next you measure 0 V at the junction
of the diode and the 5-k(2 resistor. Name some possible
troubles.

3-23 The forward and reverse DMM diode test reading is 0.7 V and
- 1.8 V. Is this diode good? ’

Chapter 3



SEC. 3-7 READING A DATA SHEET

3-24 Which diode would you select in the TNAGOO series if it has ta
withstand & peak repetitive reverse voltage of 300 V7?7

3-25 The data sheet shows 2 band on one end of the diode,
What is the name of this band? Does the diode arrow

Critical Thinking

3-27 Here are some diodes and their worst-case specifications:

e
1neta 0mAat1V 25 1A 5t 20V
1N400T PAat 1Y zo.,m at50V
| 4BmMAat 100V

IN1785 10Aat 095V,

Calculate the forward and the reverse resistance for each of
these diodes.

3-28 In Fig. 3-23¢, what value should R be to get a diode current
of approximately 20 mA? ‘ :

3-29 What value should R, be in Fig, 3-23b o set up & diode
current of 0.25 mA? -

3-30 A silican diode has a forward current of 500 mA at 1, Use
the third approximation to caleulate its bulk resistance.

Up-Down Circuit Analysis

Use Fig. 3-25 for the remaining problems. Assume increzses of
" approximatety 10 percent in the independent variable and use
the second approximation of a diode.

For each independent variable increase, determine
what the respective dependent variabie will do. Wilt it Go up {4},

3-26

3-33

of the schematic symbol point toward of away from this
bang? : :

Boiiing water has a temperature of 100°C. ¥ you drop a
1N4001 into a pet of beiling water, will it be destroyed or
net? Expiain your answer,

Given a silicon dicde with a reverse current of 5 ua at 25°C
and 100 pA at 100°C, calouiate the surface leakage current.

The power is turmed off and the upper end of By is grounded
in Fig. 3-23b. Now you use an chimmeter to read the forward
and reverse resistance of the diode. Both readings are
identical. What does the ohmmeter read?

Some systems; like burglar alarms and computers, use b‘attery
backup just in case the main source of power shouid fail.
Describe how the circult of Fig. 3-24 works,

Figure 3-24

&n.

15-V
SOURCE

LOAD

'_ [ﬁhhj

RFATES

down (D); or'show no change (M)? Refer to Sec. 3-6, Up-Down
Circuit Analysis, to review this procedure,

©3-34

Predict the response of each dependent variable in the
row labeled Vs Check your answers. Then, answer the

Figure 3-25  Up-down circuit analysis

+¥5l12.%.
PGl

Diode Theory

Independent Variables

13

4l

fa

Rz

Vk

DEPENDENT VARIABLE s

L BB B Py
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following questions assimply and directly 2s posgtbla
What effect does.an increase in source voltage have on
the dependent variables of the clrcuit?

3-35 Predict the response of each dependent variable in the
- row labeled Ry Check your answers. Then summarize your
findirgs in one or two sentences.

3-36 Predict the response of each dependent variable in
the jow labeled R, Check your answers. List the
dependent var:ables that decrease. Explain why these

Job Interview Qu'estion‘s

For the following questions, whenever possible draw circuits,
graphs, or any figures that will help illustrate your answers. If
you can combine words and pictures in your explanations, you
are more iikely to Understand what you are talking about. Also,
if you have privacy, pretend that you are at an interview and
speak out loud. This practice will make it easier later, when the
interview actually takes place.

. Have yoﬁ ever heard of an ideal diode? If so, tell me what it

~ is and when you would use it.

2. One of the approximations for a diode is the second
approximation, Tell me what the equivalent circuitis ant
when a silicon diode conducts. :

3. Draw the diode curve and explain the different parts
of It

4. A circuit on my lab bench keeps destroying a diode

. every time | connect 2 new one. If | have a data sheet
101 the diode, what are some of the quantitles I need
to check?

Self-Test Answers

1. b 9. &
2 b . 10. a
-3 ¢ 1. b
4. d ) 12 b
5. a l 13. a
6 b S 14, ¢
7. ¢ 15, a
8 c 16, ¢
86

variables decrease, using Ohm's Jaw or similar basic
ideas. '

3-37 Predict the response of each dependent variable in

the row labeled Ra. List the dependent variabies that
show no change. Explain why these variables show. ”
. no change.

" 3-38 Predict the response of each dependent variable in the

row labeled Vi List the dependent variables that decrease.
Explain why these variables decrease.

. In the most basic terms, describe what a diode acts like

when it is forward biased and when it is réverse biased.

. What is the difference between the typical knee voltage of

2 germanium diode and a silicon diode?

. What would be a good technique for & technician to use to

determine the current through a diode without brezking
the circuit?

. Ifyou suspecf that there is a defectwe dicde on 2 circuit

board, what steps would you take to determme wnether it

"is actually defective?
. For a diode to be useful, how much larger should thﬁ

reverse resistancebe than the forward resistance?

. How might you connect a diode 1o prevent a second

battery from discharging in 2 recreational vehicle, and yet
still allow it to charge from the alternatot?

. What instruments can you use 1o test a diode in or out of
- circuit?
. Describe the operation of diode in detail. Inciude majority

and minority carriers in your discussion.

17. b~
8. b
1. a
200 b
21. a
22. ¢

Chapter 3
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Practice Problem Answers

3-1 Dy is reversé biased; Dy is forward 3-5
biased

'

3-2 Pp=22W
3-6
3-3 fi=5mA

34 V=2V
h=2mA

Diode Theory

C V=43V,

fi =43 mA;
Py=301mW

=177 mA;
Vi= 177V,
Py= 124 mW

3-8 ARr=10230);
=420 mA;
V;_ =42 V,'

Pp=335mW .
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Most electronic systems, like HDTVs, DVD/CD players, and computers,

need a de vol'tage to work properly. Since the pbwér-line voltage is’
alternating, the first rthin'g we need to do is to convert the ac fine
voltage to dc voltage. The section .of_'the electronic system that
produces this dc V(.Jitag;e is called the power supp_ly. Within the powe’r‘
supply aréﬁcircqit's thaf allow .curren_t to flow in only one direction.
These circui’ts are called rectifiers. This chapter discusses t;ectiﬂ'er

circuits, filters, clippers, clampers, and voltage multipliers.



Chapter Outline

bridge rectifier
capacitor-input filter
choke-input filter
clamper

clipper

dc value of a signal

filter

full-wave rectifier

The Half-Wave Rectifier

4-1

4-2 The Transformer

4-3 The Full-Wave Rectifier

4-4  The Bridge Rectifier

4-5  The Choke-Input Filter

4-6  The Capacitor-Input Filter
4-7  Peak Inverse Voitage and Surge’
_ Current ‘

‘4-8  Other Power-Supply Topics
49 Troubléshootiﬂ'g ‘ .
4-10 Clipﬁers' and Limiters

4-11  Clampers

4-12° Voltage Multipliers
Vocabulary _

half-wave rectifier
IC voltage regulator
integrated circuit
passive filter

peak detector

polarized capacitor
power supply

peak inverse voitage’

Objectives

After srud-ying this chapter, you should be abfe to:

@ Draw a diagram of a half-wave
rectifier-and explain how it works.

m Describe the role of the input
transformer in power supplies.

B Draw a diagram of a full-wave
rectifier and explain how it works.

m Draw adiagram of a bridge rectifier
and exXpain how it works.

m Analyze a capacitor input filter and

" its surge current.

m  List three important specifications

found on a rectifier data sheet.

g Explain how a clipper works and
Graw waveforms. _

@ Expiain how a clamper works and
draw waveforms. '

w. Describe the action of Qoltage

multipliers. ) :

D P N e

rectifiers

ripple '

surge current

surge resistor

switching regulator
unidirectional load current
voltage multiplier

89



Figure 4=1 (o) ideal half-wave 4-1 The Half-Wave Rectifier

rectifier; (b) on positive half cycle;

{<) on negative half cycle. Figure 4-1a shows a half-wave rectifier circuit. The ac source produces a sinu-
IDEAL : soidal voltage. Assuming an ideal diede, the positive half cycle of souice voltage
i will forward bias the diode. Since the switch is closed, as shown in Fig. 4-1b, the
positive half cycle of source voltage will appear across the load resistor. On the
negative half cycie, the diode is reverse biased. In this case, the ideal diode will
appear as an open switch, as shown in Fig. 4-1¢, and no voltage appears across the

. load resistor.

ia) ' " {deal Waveforms

Figure 4-2a shows a graphical representation of the input voltage waveform. It is
4 sine wave with an instantaneous vaiue of vy, and a peak value of V. A pure
sinusoid like this has an average value of zero over one cycle because each in-
stantaneous voltage has an equal and opposite voltage haif a cycle later. If you
measure this voltage with a dc veltmeter, you witl get a reading of zero because a
de voltmeter indicates the average value. .

In the half-wave rectifier of Fig. 4-2b, the diode is conducting during the
positive half cycles butis nonconducting during the negative half cycles. Because
of this, the circuit clips off the negative half cycles, as shown in Fig. 4-2¢. We call
a waveform like this a Aalf-wave signal. This half-wave voltage” produces a
unidirectional load current. This means that it flows in only one direction. If the
diode were reversed, the output puises would be negative. .

) A half-wave signal like the one in Fig. 4-2c isa pulsating dc voltage that
av jncreases fo s maximum, decreases to zero, and then remains at zero during the -

negative half cycle. This is not the kind of dc voltage we need for electronics

equipment. Whai we need is a constant voltage, the. same as you get from a

CLCSED

el

Figuré 4-2  (g) Inputto half-wave_rect\'ﬁer; (8] circuit; (o) output of half-wave rectifier.
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GOOD TO KNOW

The rms vaéué of a half-wave signal

~can be determined with the
fotlowing formula:

Vims = 1.57 Vaug
where Vi = Ve = 0318V,
Ancther formula that works is:

) Y,

Vims = #;
For any waveform, the rms value
corresponds to the equivalent de
value that will produce the same
heating effect. -

Driode Circuits

. battery. To get this kind of voltage, we need to filier the half-wave signal {dis-
cussed later in this chapter). : .

When you are troublestioeting, yos ~xn use the ideal diode to analyze a
half-wave rectifier, It's useful 1o remember that the peak output voltage equals the
pefﬂ( input voitage:

Tdea) half wave: Vipouy = ‘Vp(m) ' ' : (4-1}

DC Value of Haif;-Wave Signal

The dc value of a signal is the same as the average value. If you measure 2 signai
with a de voltmeter, the reading, will equal the average valve. In basm courses the
de value of a half-wave signal is derived. The formula is:

Half wave: Vg = (4-2)

gk

The proof of this derivation requires calculus because we have o work out the
average valug-over one cycle.
Since 1/m = D.318, you may sec Ea. (4-2) written as:

de =~ O.BISVP

When the eguation is written in this form, you can see thatthe dc or average value
equals 31.8 percent of the peak value. For instance, if the peak voltage of the half-
wave signal is 100 V, the de voltage or average value i§ 31.8 V.

Output Freqigency

The output frequency is the same as the input frequency. This makes sense when
you compare Fig. 4-2c with Fig. 4-2a. Bach cycle of input voltage produces one
cycle of output voltage. Therefore, we can write: '

Half wave: fout = fin : : (4-3)

We will use this derivation later with filtars.

Second Agipmximation

We don't get a perfect half-wave voltage across the load resistor. Because of the
barrier potential, the diode does not turn on until the ac source voltage reaches ap-
proximately .7 V. When the peak source voltage is much greater than 0.7 V, the
load voltage will resemble a haif-wave signal. For instance, if the peak source
voltage is 100V, the load voltage will be very close to a perfect half-wave volt-
age. If the peak source voltage is only 5 V, the load voltage will have a peak of
only 4.3 V. When you need to get a better answer, use this derivation:

* 24 half wave: Vp_(om) = V;U(i,,) “ 07V _ . (4-4)

Higher Approximations

Most designers will make sure that the bulk resistance is much smealler than the
Thevenin resistance facing the diode. Because of this, we can ignore bulk resis-
tance in almost every case. If you must have better accuracy than you can get with
the second apprommanen you should use.a com puter and a circuit simulator like
MultiSim,

o1



Example 4-1 -

Figure 4-3 shows a half-wave rectifier that you can b
oscilloscope is across the 1 k(1. This will show us the haif-

1968 BAmARESun

vild on the lab bench or on a computer screen with MultiSim. An
wave load voltage. Also, a multimeter is across the 1 kO to

read the de load voltage. Calculate the theoretical values of peak load voltage and the dc joad voltage. Then, compare
these values to the readings on the oscilloscope and the multimeter.

- SOLUTION  Figure 4-3 shows an ac soutce of 10V and 60 Hz. Schematic diagrams usually show ac source voltages as
effective rv s values. Recall that the effective value is the valae of a de voltage that produces the same heating effect as

the ac voltage.

Figure 4-3  1ab exampie of half-wave rectifier
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Since the source voltage is 10V tms, the first thing to do is calculate the peak value of the ac source. You know
from earlier courses that the rms value of a sine wave equals:

Vims = 0,707V,

Therefore, the peak source voltage in Fig. 4-3 is:

With an ideal diode, the peak load voltage is:

Vatouyy = Vipgany = 141V
The dc load voltage is:
v, 141V

P
._Vdc"_ R

kis

=449V

Witk the secoﬁd approximation, we get a peak load voltage of:
Vp(om} = Vp(in} —07V=141V — 0.7V=134V

and a dc load voltagé of; ‘
V, 134V

Vee=s " = =427V

w T

Figure 4-3 shows you the values that an oscilloscope and a multimeter will read, Channel 1 of the oscilloscope is
set at 5 V per major division (5 V/Div). The half-wave signal has a peak value between 13 and 14 V, which agrees with the
result from our second approximation. The multimeter also gives good agreement with theoretical values, because it reads

approximately 4.22 V.

PRACTICE PROBLEM 4-1 Using Fig, 4-3, change the ac source voltage to 15 V. Calculate the second approximation

dc load voliage V.

Diode Circuits

4-2 The Transformer

- Power companies in the United States supply a nominal line voltage of 120 V rms
" and a frequency of 60 Hz. The actual voltage coming out of a power outlet may .

vary from §05 to 125V rms, depending on the time of day, the locality, and other
factors. Line voltage is too high for most of the circuits used in electronics equip-
ment. This is why a transformer is commanly used in the power-supply section of
almost all electronics equipment. The transformer steps the line voltage down to
safer and lower levels that are more suitable for use with diodes, transistors, and
other semiconductor devices. -

Basic ldeé

Earlicr courses discussed the transformer in detail. All we need in this chapter is a
brief review. Figure 4-4 shows 2 transformer. Here you see line voltage applied to
the primary winding of a transformer. Usually, the power plug has a third prong to
ground the equipment. Because of the turns ratio Ni/N,, the secondary voltage is
stepped down when N is greater than M.

Phasing Dots

Recall the meaning of _the phasing dots shown at the upper ends of the windings.
Dotted ends have the same instantanecus phase. In other words, when a positive
haif cycle appears across the primary, a positive half cycle appears across the
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. Figure 4~-4  Half-wave rectifier with transformer.

NN,

i
120V #
60 Hz

secondary. If the secondary dot were on the ground end, the secondary voltage
would be 180° out of phase with the primary voltage. '

On the positive half cycle of primary voltage, the secondary winding has
a positive half sine wave across it and the diode is forward biased. On the nega-
tive half cycle of primary voltage, the secondary winding has a negative half cycle
and the diode is reverse-biased. Assuming an ideal diode, we will get a half-wave
load voltage. :

Turns Ratio

Recall from your eartier course work the following derivation:
Ty ‘
Vo= A S
: Ny/N2 )
“This says that the secondary voitage equals the primary voltage divided by the
turns ratio. Sometimes you will see this eguivalent form: . '

N,
Vg“-N] Vi

@5

This says that the secondary voltage equals the inverse turns ratio times the pri-
mary voltage.

You can use either formula for.rms, peak values, and instantaneous volt-
ages, Most of the time, we will use Eq. {(4-3) with rms values because ac source
voltages are almost always specified as rms values.

The terms step up and step down are also encountered when dealing with
transformers. These terms always relate the secondary voltage to the primary volt-
age. This means that a step-up transformer will produce a secondary voltage that
is larger than the primary, and a step-down transformer will produce a secondary

voltage that is smaller than the primary.

Example 4-2

What aré the peak load voltage and dc load voltage in Fig. 4-5?

Figuré 4-5

120 v
60 Hz

Chopter 4



Diode Circuits

. SOLUTION  The transformer has a tums ratio of 5: 1. This means that the rms

secondary voltage is one-fifth of the primary voltage:

120V
'5

=24V

Va

and the peak secondary voliage is:

-“With an ideal diode, the peak load voltage is:
Vp(out) =34V

The dc load voltage is:

=108V

|

With the second approximation, the peak load voltage is: -

V,

poay = 34V — 07V =333V

and the dc load voltage is:

PRACTICE PROBLEM 4~2 Using Fig. 4-5, change the transformer’s torns
ratio to 2:1 and solve for the ideal de load voltage. '

4-3 The Full-Wave Rectifier

Figure 4-6a shows 2 full-wave réctifier circuit. Notice the grounded center tap,
on the secondary winding. The full-wave rectifier is equwaleni to two half-wave

back-to-back half- wave recnﬁers
" Figure 4-6b shows the equivalent circuit for the positive half cycle. As
you see, D is forward biased. This produces a positive load voltage as indicated

by theplus-mir  larity across the load resistoraFigure 4-6¢ shows the equiva-
lentcirvie torthe ative half cycle. This time, D is forward biased. As you can
see, this . - prodi. <a a positive Joad d voltage.

1

‘1 half cycles, the load voltage has the same polarity and the
load current 1s i the same direction. The circuit is called a full-wave recnﬁe:ggbe-
cause it has changed the ac input voltage to the pulsating dc output voltage shown
in Fig. 4-6d4. This waveform has some mterestmg properties that we will now
discuss.
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“Figure 4-6 (9 Full-wave rectifier; (6] equivalent circuit for positive haif eycle;

(d) equivalent circuit for negative half cycle: 2] fufl-wave output.
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GOOD TO KNOW

The rms value of a full-wave signal

i5 Vims = 0,707V}, which is the same

as Vigs for 3 full sine wave,

DC or Average Value

. Since the full-wave signal has twice as many positive cycles s the half-wave

signal, the dc or average value is twice as much given by:
2V,

Full wave: Vo = | | (4-6)

Since 2/ = 0.636, you raay see Bq. (4-6) written as:
Ve = 0.636V, ’
In this form, you can see that the dc or average value equals 63.6 percent of the

peak value. For instance, if the peak voltage of the full-wave signal is 100 V, the -
de voltage or average value is 63.6 V.

Output Frequency

‘With a haif-wave rectifier, the output frequency equals the input frequency. But with
a full-wave rectifier, something unusual happens to the output frequency. The ac line
voltage has a frequency of 60 Hz. Therefore, the input period equals:

Because of the full-wave rectification, the period of the full-wave signal -
is half the input period:

eul_05(167m5)*‘833ms

(If there is any doubt in your mind, compare Fig. 4-6d to Fig. 4-2c.} When we
calculate the output frequency, we get:

Tout 8.33 ms
The frequency of the full-wave signal is double the input frequency. This
makes sense. A full-wave output has twice as many cycles as the sine-wave input
has. The full-wave rectifier inverts each negative half cycle, so that we get double
the pumber of positive half cycles. The effect is te double the frequency As a
derivation:

Fail wave: fou = 2fin : (4-7)

Second Approximation

Since the fu]l—wavt: rec_tiﬁer is like two back-to-back half-wave rectifiers, we can
use the second approximation given earfier. The idea is to subtract 0.7 V from the -
ideal peak output voltage. The following example will illustrate the idea.

Example 4-3

118 Mwl i Stm

Figure 4-7 shows a full-wave rectifier that you' can build on lab bench or on a coinputer screen with MultiSim. Channel |
of the oscilloscope displays the primary voltage (the sine wave), and channel 2 displays the load voltage {the full-wave
signal). Calculate the paak input and output voltages. Then compare the theoretical vaiues to the measured values.’

SOLUTION
The peak primary voltage is:
' Vins 120V

Ve = 07 = 0707

Diode Circuits

=170V
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Figuve 4-7  lab coample of full-wave rectifier

Channel 1 : .
D1 Jd
B ‘ = |
' INODIP Channel 2
a0 : R1 ‘
120 Vims - 1ka
B0 Hz 3____, 1_
D2
v—l— ) B N N H’ =
= . . TNAGOIGE

Taktrunis s

FOVER

[N
|_Jower

Becanse of the 1011 step—'down sransformer, the peak secondary voltage is:

.VPUL_ 170V

/ = = =
Ve =g = 10 7Y

The full-wave rectifier acts like two back-to-back half-wave rectifiers. Because of the center t'ap, the“input voltage
to each half-wave rectifier is only haf the secondary voltage: ’ ‘
Vo = 05(17 V) = 85V
ideally, the output voltage is:
Vit = 8.3V
Using the second approximation:
Vyouy =835V — 07V =78V

. Now, let’s compare the theoreticai,\.'aiues with the measared values. The sensitivity of channel 1 is 100 V/Div.
Since the sine-wave inpul reads approximately 1.7 divisions, its peak value is approximately 170 V. Channei Zhasa
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sensitivity of 5 V/Div, Since the full-wave outpﬁfxéaas approximately 1.4 Div, its peak value is appfoximéie}y 7V.Both

input and output readings are in reasonable agreement with theoretical values. . _
Once again, notice that the second approximation improves the answer only slightly, If you were troubleshooting,
the improvernent would not be of much value. If something was wrong with the circuit, the chances are that the full-wave

output would be drastically different from the ideal value of BSV. . L
?RACT ICE PROBLEM 4-3 Using Fig.k4-7, 'chahgc thé Vr.r.ansformer’s .ttirné ratio to 551_and calculate the Vo (i) and
V,, (out) second approximation values,

Example 4-4 S e i MaltiSim
I one of the diodes in Fig, 4-7 were open; what would happ'en.to the differént vc;ltages?- . I

SOLUTION I one of the diodes is apen, the circuit reverts to a half-wave rectifier. In this case, half the secondary
voltage is still 8.5 V, but the load voltage will ‘be a half-wave signal rather than a full-wave signal. This half-wave voltage -
will still have a peak of 8.5V (ic_leally) or 7.8 V (second approximation), SR

4-4 The Bridge Rectifier o
Figure 4-8a shows a bridge rectifier circuit. The bridge rectifier is similar to a
full-wave rectifier because it produces a full-wave output voltage. Diodes D, and
D; conduct on positive half cycle, and D and D, conduct on the negative half .
cycle. As a result, the rectified Joad custent flows during both half cycles.~  ~
Figure 4-85 shows the equivalent circuit for the positive half cycle. As
you can see, Dy and D; are forward biased. This produces a positive load voltage
as indicated by the plus-minus polarity across the load resistor. As a memory aid,
visualize D, shorted. Then, the circuit that remains is a half-wave rectifier, which
. we are already familiar with, L
_ - Figure 4-8¢ shows the équivalent circuit for the negative half cycle. This
< time, D and D, are forward biased. This also produces a positive load voltage. If
' You visualize Dy shorted, the circuit looks like a half-wave rectifier. So the bridge
rectifier acts like two back-to-back half-wave réctifiers.

During both half cycles, the load voltage has the same polarity and the
load current js in the same direction. The circuit has changed the ac input voltage
to the pulsating dc output voltage shown in Fig, 4-8d,/Note the advantage of this
type of full-wave rectification over the center-tapped version in the previous
section: The entifé secondary voltage can be used, , '

Fig. 4-8e shows bridge rectifier packages that contain all four diodes.

Average Value and Ouiput Freguency

Because a bridge rectifier produces a full-wave output, the equations for average

o valee and output frequency are the same as given for 2 full-wave rectifier;
- © 2V,
de =

w

 Diode Circults: : 99



GOOCD TC KNOW

When a bridge rectifier, as opposed

to a two-dicde full'-w‘ave 'recti'fier,

is used, the same d¢ output voltage -

. can be obtained with a transformer
having a higher turns ratio Ny Nz _' -
This means that with a bridge
rectifier, fewer turns of wire are
needed in the transformer.
Therefore, the transformer used '
with a bridge rectifier versus a - :
two-diode full-wave rectifier will °
be smali and lighter and wilt cnst‘:'
less. This benefit alone outwe]g'h' 1

~ using four diodes instead of two
a conventicnal two-diode full-way
rectifier,

166

Figure 4-8 (g Bridge rectifier; (b) equivafent circuit for positive half cycle; (d equivalent .
cireuit for negative half eycle; (o) fuli-wave outpus; (¢} bridge rectifier packages.

Ny,

(a)

Ty

(e)

Vout

td}

and

.ﬁ)ut - 2f n

The average value is 63.6 percent of the peak value, and the output frcquency is

120 Hz, given a hne frequency of 60 Hz.

One advantage of a bridge rectifier is that all the secondary voltage is
used as the input to the rectifier. Given the same transformer, we get twice as
much peak voltage and twice as much dc voltage with a bridge rectifier as with a
full-wave rectifier. Doubling the dc output voltage compensates for having to use
two extra diodes. As a rule, you will see the bridge mcuﬁer used a lot more than

. the full-wave rectyier
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Figure 12-21 - Dioge bias of class B
push-pull amplifier. -

400

+ Voo

With diode bias, the bias current through the compensating diodes of

Fig. 12-21 is:
e Voo = 2Vas o
Tyins = —_Clﬁ—ﬂ : , 238

When the compensating diodes match the Vag curves of the transistors, Icp has the
. same value as Jyg. (For details, see Sec. 17-7.) As mentioned earlier, I should
_ be between 1 and 5 percent of Igsay t0 avoid crossover distortion.

Example 12-10 AN B ST
What is the quiescent coilector current in Fig. 12-227 The maximum efficiency
of the amplifier?

Figure 12-22 Example,

—0 420V

00

SOLUTION  The bias current through the compensating diodes is:

_20V-LAV _oagma

Iia -
- T T3 9 kY)

-This is the value of the quiescent collector current, assuming that the comi:ensat»
ing diodes match the emitter diodes. :
The collector saturation current is:

Veeg WV _

Torn = 2 1A
0" TR 106

The average value of the half-wave collector current is:

Ic(sat) = _1__A_ = 0318 A
T ™ '

Im =

The total current drain is:
. I =238mA + 0318A=032A

Chapter 12



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































