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Preface

The organization of this second edition is substantially the same as that of the
first, and the changes reflect the results of a questionnaire completed by users of
the first edition. There are two main differences between the two editions. The
first is that many new topics have been introduced. For example, in response to
the increasing use of digital technology in all areas of electronics, Chapter 5
now includes sections on microprocessors, CMOS, 1L, three-state logic, RAM/
ROM memories, error detection and correction, encoders and code converters,
multiplexers and demultiplexers, and additional LSI examples such as calcula-
tors and digital watches. Other chapters have been updated or expanded so
that there are new sections on phase-locked loops, IC transducers, displays,
‘and opto-isolators. The second difference is that many more worked examples
have been added within the text. )

The book covers virtually all semiconductor devices and ICs and is in-
tended to serve two groups. The first group consists of electronics students at a
number of different levels, including community and junior college, engineering
technology, industrial training, and extension courses. The second group con-
sists of practicing engineers, engineering technicians, physicists, and those in
related fields who need to update their knowledge of electronic techniques in-
volving semiconductor devices. For both groups, the book is a review of the
basic theory and application of integrated circuits and semiconductor devices.

The material is Based on an extremely popular course of a similar nature and
purpose taught in the San Francisco Bay area by the authors. The text is fre-
quently used in one of the last courses in a two- or four-year electronics-tech-
nology curriculum to complete the student’s background in integrated circuits
and semiconductor devices other than bipolar transistors. It is the authors’
hope that the text will help close the gap between academic instruction and
industrial practice, thereby better preparing students for their role in industry.
The prerequisites for a course using this book include basic semiconductor

"physics, basic circuit analysis, and an introduction to transistors. A brief review
of the hybrid-n approach to bipolar-transistor analysis is given in the appendix.

The book has five parts. First, junction and metal oxide semiconductor

xi



xii PREFACE

field effect transistors are covered. The second part introduces integrated cir-
cuits, including operational amplifiers, other linear integrated circuits, digital
integrated circuits, and integrated-circuit fabrication. Optoelectronic devices
are dealt with in the third part, with subsections on light sources, displays,
photodetectors, and source-detector combinations. The fourth part contains a
chapter on thyristors such as silicon-controlled rectifiers and triacs. The last
section covers miscellaneous semiconductors such as diodes and unijunction
transistors.

A feature of the text is that the level of mathematics required is generally
not above elementary algebra. Useful and valid approximations are used wher-
ever possible to avoid obscuring principles with unwieldy mathematics. Exam-
ples are practical and often use data from actual data sheets. The book is up to
date and comprehensive, yet written for the Community College level. A paper-
back instructor’s guide is available to supplement the text. It contains problem
solutions, instruction hints, and suggested experiments which can be performed
with listed inexpensive versions of semiconductor devices, ICs, and conventional
test equipment.

Many thanks are due Mr. Don Billings of NASA/Ames and Mr. Hans
Sorenson of Hewlett-Packard, for their constructive criticism and suggestions
regarding the second edition, and to the very helpful reviewers of the first
edition.

Gordon J. Deboo
Clifford N. Burrous
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chapter 1

Junction Field Effect Transistors

1-1 INTRODUCTION

The field effect transistor (FET) is a semiconductor device that combines the
small size and low power requirements of the bipolar transistor with the high
input impedance of the vacuum tube.

There are two kinds of FET, although within each classification there are
many variations. In this chapter the abbreviation JFET will be used to denote
the junction field effect tranststor. The abbreviation MOSFET will be used to de-
note the metal oxide semiconductor (MOS) FET, which is discussed in Chap. 2.
The differences between these two field effect devices will become apparent as
the discussion proceeds. ‘

In contrast to bipolar transistors, in which the controlling effect is a current
(the base current), both JFETs and MOS devices have very small input currents,
which are due to leakage effects. The controlling effect is a field produced by an |
input voltage, which is why JFETs and MOS devices are called field effect
transistors. ' )

Figure 1-1 is a comparison of the symbols for a JFET, a bipolar transistor,
and a vacuum tube. Also included is the symbol for a diode. Whereas there is
only one polarity for vacuum tubes, there are two polarities of JFET available,
just as there are in the case of bipolar transistors. Figure 1-1a shows an n-channel
JFET, a term that will be explained later. Consider the biasing of the input diode
of each of the three devices. For the n-channel JFET shown, the gate (or input)
is marked with an arrow, which indicates the polarity of the input diode. (For
a p-channel device, the arréw would have been drawn in the opposite direction.)
The symbol for a diode is given in Fig. 1-14. If the anode is sufficiently positive
with respect to the cathode, the diode will conduct. If the anode is not sufficiently
positive or is negative with respect to the cathode, virtually no current will flow.

The arrows on JFETs and bipolar transistors follow the same convention. For a
silicon diode, about 0.6 V of positive bias is required for conduction.

From the typical voltages shown in Fig. 1-1a, it can be seen that the JFET
input diode is reversed-biased, which produces a high input impedance. The
situation is similar for the vacuum tube for which the grid is the anode of the
input diode. In the case of the bipolar transistor, however, the arrow shows that
the base-emitter diode is forward-biased, thereby giving rise to a relatively low
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Fig. 1-1 JFET symbol compared with those for a bipolar transistor, a vacuum tube and a
diode: (a) JFET (n-channel); (b) bipolar transistor; (c) vacuum tube; (d) diode.

input impedance. The input resistance of a JFET ranges from 10%to 10'? Q, and
for the bipolar transistor from about 10% to 10° Q.

In a broad sense the drain, gate, and source of a JFET correspond to the
collector, base, and emitter of a bipolar transistor and to the plate, grid, and
cathode of a vacuum tube, When biased as a voltage amplifier, there is current

- flow in a JFET from source to drain, and this current flow is controlled by the
gate voltage. In a bipolar-transistor, which is a current-controlled device, the
flow of current from emitter to collector is controlled by the base current. While
it is true that a base voltage exists, the relationship between base current and
collector current is more linear than that between base voltage and collector
current. The JFET, like the vacuum tube, can be thought of as a voltage-con-
trolled device because, when it is used as an amplifier, the gate or grid currents
are for all practical purposes zero.

Although first described as early as 1954, the JFET was slow to come into
general use, partly because of manufacturing difficulties and partly because of
the rapid development of the bipolar transistor. The JFET has more than fulfilled
its early promise and now finds application in virtually every phase of circuit
design. , '

In addition to being a high-input-impedance, low-bias current amplifier, the
JFET may be used as an analog switch, as a voltage-variable resistor, as a very
high frequency amplifier with low cross-modulation distortion, and as a device
with an adjustable temperature coefficient, which can be set to be positive,
negative, or nearly zero.
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1-2 THEORY OF OPERATION

JFETs operate by means of the creation and control of the dépletion layer that
exists in all reverse-biased pn junctions. Figure 1-2a represents an unbiased pn
junction. The left-hand or p region has excess holes, which are available for con-
duction. The right-hand or 7 region has excess electrons, which are also available
for conduction.

Depletion region Depletion region
—~
+ = excess holes 1 - = excess electrons Barrier potential
P s I n /

+ + + I . -~ -

+ + + - - -

PRI = | S

+ + + l E - -
- 4+

‘4l

Lz
(o) (b)

glg 1-2 Formation of a depletion region: (a) pn junction with no bias; (b) pn junction with
ias.

There is a tendency for current carriers to diffuse from a region of high con-
centration to one of low concentration. Since there is a high concentration of
electrons in the » region and a low concentration of electrons in the p region,
electrons tend to diffuse from the n region to the p region. Similarly, holes tend
to diffuse from the p region (high concentration of holes) to the # region (low
concentration of holes). However, the n and p regions are both electrically
neutral; so when electrons leave the » region, they * uncover ” immobile positive
ions, thereby leaving a net positive charge on the n side of the pn junction.
Similarly, a net negative charge is created on the p side of the pm junction.
Thus an internal * battery* or barrier potential is set up, and its polarity is such
as to preclude further crossing of the junction by charge carriers. Therefore,
diffusion of charge carriers is not complete, and instead there is a rearrangement
of the holes and electrons within the crystal structure, which produces a narrow
region depleted of charge carriers. This region is called a depletion region.

With no external bias applied as in Fig. 1-2a, the depletion region is very
thin, and for purposes of explanation of JFET operation we -can consider it
negligibly thin. However, an externally applied reverse-biased potential (Fig.
'1-2b) has the effect of widening the depletion region. This is because the + side
of the external battery attracts electrons and “ pulls ” them away from the » side
of the junction. Similarly, the — side of the battery * pulls” holes away from
the p side of the junction. Thus the barrier potential or “height” is increased.

The significance of depletion regions as far as JFETs are concerned is that
it is possible to electrically change the resistance of a piece of semiconductor
material by changing the concentration of charge carriers with an externally
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applied electric field. This is true even though there is no pn junction in the nor-
mal conduction path of a JFET, which is along the depletion region, not across
the junction as in a bipolar transistor:

Conduction in JFETs is always by majority charge carriers only, which is
why they are called anipolar transistors. This is in contrast to bipolar transistors,
in'which both majority and minority charge carriers are involved in current flow.
Since there are two kinds of current carrier in semiconductors, electrons and
holes, it is natural that there should be two polarities of JFET. Those employirnig
electron conduction are called n types, and those employing hole conduction are
called p types; n and p types are s1mllar in their modes of operation except for
reversal of all polarities.

A JEFT may be visualized (Fig. 1-3) as a conductive bar or channel, usually
of silicon, at each end of which are ohmic contacts called the source and drain.
(An ohmic contact is one not involving a pn junction.) A third ohmic contact is
made to the material on either side of the channel, as shown in Fig. 1-3. When
appropriately biased, the gate voltage influences the resistance between the
source and the drain and hence the flow of current between these two terminals.

Figure 1-3 represents an n-channel device. The starting material is a piece -
of p-type silicon (4) into which is diffused an n-type region (B). A p region (C)
is then diffused into the » region, leaving a thin channel of » material. Ohmic
contacts for the source and drain are made by metallizations at each end of the
n channel. This » channel is the conductive part of the device. With no voltages
applied, the impedance between the source and drain will be an ohmic resis-
tance, the resistance depending on the dimensions of the n channel. In fact, the
resistance can be calculated as for any other resistor from the well-known
formnla :

L
R=22 | (-

where p = resistivity of the material
= length of the channel
W = channel width
T = channel thickness
L, W, and T are indicated on Fig. 1-3.

The third ohmic contact, the gate, is connected to both p regions. Notice
that the gate and the channel form two pn junctions, and that the channel thick-
ness ¢ is the distance between the two transistion regions from p to n material.
Figure 1-4a is a two-dimensional representation of a cross section of the device
shown in Fig. 1-3. .

Application of a reverse gate-to-channel bias will produce a depletion layer
at each transition region, as described earlier with the help of Fig. 1-2. The shape
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Gate-contact
metallization
Drain-contact Source-contact
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A (5
P v
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Channel W XLXT

Fig. 1-3 JFET n-channel device showing connections to p and n regions.

and extent of the depletion regions and their effect depend on how much bias is
applied and where. In Fig. 1-4 we shall assume that the drain-to-source voltage
Vps is positive, while the gate-to-source voltage V5 is negative. These are appro-
priate bias polarities for an n-channel JFET. The same principles apply to a
p-channel JFET, but with all polarities reversed.

Gate Typically 5 microns

Source l Drain
1

P=~pn junctions

4 .| Channel of » material is
' conductive path of device
from drain to source

J — Typicdlly 1 micron

(a) 1 micron= 40 x107% in.

Vos
= s
ls

AR
S
/ N
S

N

Wedge-shaped
depletion regions

(6)

Fig. 1-4 Cross section of an n-channel JFET showing effect of bias on depletion regions:
(a) no bias; (b) with bias.



