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Preface

The preparation of the preface for the 11th edition resulted in a bit of reflection on the 40
years since the first edition was published in 1972 by two young educators eager to test their ability
to improve on the available literature on electronic devices. Although one may prefer the term
semiconductor devices rather than electronic devices, the first edition was almost exclusively a survey
of vacuum-tube devices—a subject without a single section in the new Table of Contents. The change
from tubes to predominantly semiconductor devices took almost five editions, but today it is simply
referenced in some sections. It is interesting, however, that when field-effect transistor (FET) devices
surfaced in earnest, a number of the analysis techniques used for tubes could be applied because of
the similarities in the ac equivalent models of each device.

We are often asked about the revision process and how the content of a new edition is defined.
In some cases, it is quite obvious that the computer software has been updated, and the changes in
application of the packages must be spelled out in detail. This text was the first to emphasize the
use of computer software packages and provided a level of detail unavailable in other texts. With
each new version of a software package, we have found that the supporting literature may still be
in production, or the manuals lack the detail for new users of these packages. Sufficient detail in
this text ensures that a student can apply each of the software packages covered without additional
instructional material. (Note: To meet the requirement of general Chinese teaching syllabus on
electronic circuits, the contents about some software have been deleted.)

The next requirement with any new edition is the need to update the content reflecting changes
in the available devices and in the characteristics of commercial devices. This can require extensive
research in each area, followed by decisions regarding depth of coverage and whether the listed
improvements in response are valid and deserve recognition. The classroom experience is probably
one of the most important resources for defining areas that need expansion, deletion, or revision. The
feedback from students results in marked-up copies of our texts with inserts creating a mushrooming
copy of the material. Next, there is the input from our peers, faculty at other institutions using the
text, and, of course, reviewers chosen by Pearson Education to review the text. One source of change
that is less obvious is a simple rereading of the material following the passing of the years since the
last edition. Rereading often reveals material that can be improved, deleted, or expanded.

For this revision, the number of changes far outweighs our original expectations. However,
for someone who has used previous editions of the text, the changes will probably be less obvious.
However, major sections have been moved and expanded, some 100-plus problems have been added,
new devices have been introduced, the number of applications has been increased, and new material
on recent developments has been added throughout the text. We believe that the current edition is a
significant improvement over the previous editions.

As instructors, we are all well aware of the importance of a high level of accuracy required for
a text of this kind. There is nothing more frustrating for a student than to work a problem over from
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many different angles and still find that the answer differs from the solution at the back of the text
or that the problem seems undoable. We were pleased to find that there were fewer than half a dozen
errors or misprints reported since the last edition. When you consider the number of examples and
problems in the text along with the length of the text material, this statistic clearly suggests that the
text is as error-free as possible. Any contributions from users to this list were quickly acknowledged,
and the sources were thanked for taking the time to send the changes to the publisher and to us.

Although the current edition now reflects all the changes we feel it should have, we expect that a
revised edition will be required somewhere down the line. We invite you to respond to this edition so
that we can start developing a package of ideas and thoughts that will help us improve the content for
the next edition. We promise a quick response to your comments, whether positive or negative.

input and output networks. Although the feedback resistor is usually many times that of the source

i P ing the app ion that the source resistance is essentially 0 &, it does present a
situation where the source resistance could possibly affect the output resistance or the load resistance
could affect the input impedance. In general, however, due to the high isolation provided between the

gate and the drain or source terminals, the general equations for the loaded gain are less complex than po Ci and C

those c"m“n_w Sx I tranubiie Rocall tigt @e baze current provided a direct link between input 1. A fixed-bias configuration has, as the label implies, a fixed dc voltage applied from gate to

and output circuits of any BJT transistor configuration, source to establish the opérating point,

To d:rnunutrntf: cach upproachl, let us examine the sclf-bias configuration QIFlg R.43 Wll‘h a 2. The lationship between the gate-t voltage and the drain cutrent of a JFET
bw souree g the ac eq modzl focio JFET regulunimshe configuration requires that a graphical or mathematical solution (involving the solution of two simultaneous

of Fig. 8.44. i be used 1o 6 ine the qui paintof. o

3. All voltages with a single subscript define a voltage from a specified point to ground.

4. The self-bias configuration is determined by an equation for V., that will always pass through the
origin. Any other point determined by the biasing equation will establish a straight line to repre-
sent the biasing network.

5. For the voltage-divider biasing configuration, one can always assume that the gate current is 0 A
to permit an isolation of the voltage-divider network from the output section. The resulting gate-
to-ground voltage will always be positive for an n-channel JFET and negative for a p-channel
JFET. Increasing values of R, result in lower quiescent values of /,, and more negative values
of Vi for an n-channel JFET.

6. The method of analysis applied to depletion-type MOSFETS is the same as applied to JFETs,
with the only difference being a possible operating point with an /, level above the /,, value.

7. The characteristics and method of analysis applied to enhancement-type MOSFETS are entirely
different from those of JFETs and depletion-type MOSFETS, For values of V; less than the

710 Summary

* threshold value, the drain current is 0 A.
8. When analyzing networks with a variety of devices, first work with the region of the network that
v will provide a voltage or current level using the basic relationships associated with those devices,

Then use that level and the appropriate equations to find other voltage or current levels of the

o3 network in the surrounding region of the system.

9. The analysis of p-channel FETs is the same as that applied to n-channel FETs except for the fact
that all the voltages will have the opposite polarity and the currents the opposite direction.

Equations

Fig. 8.4 Network of Fig. 8.43 following the substitution of the sc equivalent circuit for the JFET.

Note that the load resistance appears in parallel with the drain resistance and the source resistance
R, appears in series with the gate resistance R,. For the overall voltage gain the result is a modified

form of Eq. (8.:21):
Vs
A= = —galrlRilR:) ®.61)

The output impedance is the same as obtained for the unloaded situation without a source resistance:

JFETs/depletion-type MOSFETs:
Fixed-bias configuration: Ve = =V = V,;
Self-bias configuration: Vs = —/yRy
RV
R\ R,
Vi = Vi — LRy

Volge-dividerbiasing:  V,, =

Enhancement-type MOSFETs:
Feedback bussing: Vg = Vs
Vis = Voo = IuRp
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1.1 Introduction

One of the noteworthy things about this field, as in many other areas of technology, is how little the
fundamental principles change over time. Systems are incredibly smaller, current speeds of operation
are truly remarkable, and new gadgets surface every day, leaving us to wonder where technology is
taking us. However, if we take a moment to consider that the majority of all the devices in use were
invented decades ago and that design techniques appearing in texts as far back as the 1930s are still in
use, we realize that most of what we see is primarily a steady improvement in construction techniques
and application of those devices rather than the development of new elements and fundamentally new
designs. The result is that most of the devices discussed in this text have been around for some time, and
that texts on the subject written a decade ago are still good references with content that has not changed
very much. The major changes have been in the understanding of how these devices work and their full
range of capabilities, and in improved methods of teaching the fundamentals associated with them. The
benefit of all this to the new student of the subject is that the material in this text will, we hope, have
reached a level where it is relatively easy to grasp and the information will have application for years to
come.

The miniaturization that has occurred in recent years leaves us to wonder about its limits. Complete
systems now appear on wafers thousands of times smaller than the single element of earlier networks.
The first integrated circuit (IC) was developed by Jack Kilby while working at Texas Instruments in
1958 (Fig. 1.1). Today, the Intel® Pentium® 4 processor shown in Fig. 1.2 has more than 42 million
transistors and a host of other components. Recent advances suggest that 1 billion transistors will soon
be placed on a sliver of silicon smaller than a fingernail. We have obviously reached a point where the
primary purpose of the container is simply to provide some means for handling the device or system and
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to provide a mechanism for attachment to the remainder of the network.
Further miniaturization appears to be limited by three factors: the qual-
ity of the semiconductor material, the network design technique, and
the limits of the manufacturing and processing equipment.

The first device to be introduced here is the simplest of all elec-
tronic devices, yet has a range of applications that seems endless. We
devote two chapters to the device to introduce the materials commonly
used in solid-state devices and review some fundamental laws of elec-
tric circuits.

1.2 Semiconductor Materials: Ge, Si, and GaAs

The construction of every discrete (individual) solid-state (hard crys-
tal structure) electronic device or integrated circuit begins with a semi-
conductor material of the highest quality.

Semiconductors are a special class of elements having a conductivity
between that of a good conductor and that of an insulator.

In general, semiconductor materials fall into one of two classes:
single-crystal and compound. Single-crystal semiconductors such as
germanium (Ge) and silicon (Si) have a repetitive crystal structure,
whereas compound semiconductors such as gallium arsenide (GaAs),
cadmium sulfide (CdS), gallium nitride (GaN), and gallium arsenide
phosphide (GaAsP) are constructed of two or more semiconductor
materials of different atomic structures.

The three semiconductors used most frequently in the construction of
electronic devices are Ge, Si, and GaAs.

In the first few decades following the discovery of the diode in
1939 and the transistor in 1947 germanium was used almost exclu-
sively because it was relatively easy to find and was available in fairly
large quantities. It was also relatively easy to refine to obtain very
high levels of purity, an important aspect in the fabrication process.
However, it was discovered in the early years that diodes and transis-
tors constructed using germanium as the base material suffered from
low levels of reliability due primarily to its sensitivity to changes in
temperature. At the time, scientists were aware that another material,
silicon, had improved temperature sensitivities, but the refining pro-
cess for manufacturing silicon of very high levels of purity was still in
the development stages. Finally, however, in 1954 the first silicon tran-
sistor was introduced, and silicon quickly became the semiconductor
material of choice. Not only is silicon less temperature sensitive, but it

Jack St. Clair Kilby, inventor of the
integrated circuit and co-inventor of
the electronic handheld calculator.
(Courtesy of Texas Instruments.)
Born: Jefferson City, Missouri,1923.
MS, University of Wisconsin. Director
of Engineering and Technology, Com-
ponents Group, Texas Instruments.
Fellow of the IEEE. Holds more than
60 U.S. patents.

The first integrated circuit, a phaseshift
oscillator, invented by Jack St. Kilby
in 1958. (Courtesy of Texas
Instruments.) '

Fig. 1.1 Jack St. Clair Kilby.

e

Fig. 1.2 Computer chip. (©
Stock Photo/CORBIS.)
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is one of the most abundant materials on earth, removing any concerns about availability. The flood
gates now opened to this new material, and the manufacturing and design technology improved steadily
through the following years to the current high level of sophistication.

As time moved on, however, the field of electronics became increasingly sensitive to issues of
speed. Computers were operating at higher and higher speeds, and communication systems were oper-
ating at higher levels of performance. A semiconductor material capable of meeting these new needs
had to be found. The result was the development of the first GaAs transistor in the early 1970s. This new
transistor had speeds of operation up to five times that of Si. The problem, however, was that because of
the years of intense design efforts and manufacturing improvements using Si, Si transistor networks for
most applications were cheaper to manufacture and had the advantage of highly efficient design strategies.
GaAs was more difficult to manufacture at high levels of purity, was more expensive, and had little
design support in the early years of development. However, in time the demand for increased speed
resulted in more funding for GaAs research, to the point that today it is consistently used as the base
material for new high-speed, very large scale integrated (VLSI) circuit designs.

This brief review of the history of semiconductor materials is not meant to imply that GaAs will
soon be the only material appropriate for solid-state construction. Germanium devices are still being
manufactured, although for a limited range of applications. Even though it is a temperature-sensitive
semiconductor, it does have characteristics that find application in a limited number of areas. Given its
availability and low manufacturing costs, it will continue to find its place in product catalogs. As noted
earlier, Si has the benefit of years of development, and is the leading semiconductor material for elec-
tronic components and ICs. GaAs is more expensive, but as manufacturing processes improve and
demands for higher speeds increase, it will begin to challenge Si as the dominant semiconductor material.

1.3 Covalent Bonding and Intrinsic Materials

To fully appreciate why Si, Ge, and GaAs are the semiconductors of choice for the electronics industry
requires some understanding of the atomic structure of each and how the atoms are bound together to
form a crystalline structure. Every atom is composed of three basic particles: the electron, the proton,
and the neutron. In the lattice structure, neutrons and protons form the nucleus and electrons appear in
fixed orbits around the nucleus. The Bohr model for the three materials is provided in Fig. 1.3.

As indicated in Fig. 1.3, silicon has 14 orbiting electrons, germanium has 32 electrons, gallium has
31 electrons, and arsenic has 33 orbiting electrons (the same arsenic that is a very poisonous chemical
agent). For germanium and silicon there are four electrons in the outermost shell, which are referred to
as valence electrons. Gallium has three valence electrons and arsenic has five valence electrons. Atoms
that have four valence electrons are called tetravalent, those with three are called trivalent, and those
with five are called pentavalent. The term valence is used to indicate that the potential (ionization
potential) required to remove any one of these electrons from the atomic structure is significantly lower
than that required for any other electron in the structure.

In a pure silicon or germanium crystal the four valence electrons of one atom form a bonding
arrangement with four adjoining atoms, as shown in Fig. 1.4.

This bonding of atoms, strengthened by the sharing of electrons, is called covalent bonding.
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Because GaAs is a compound semiconductor, there is sharing between the two different atoms, as
shown in Fig. 1.5. Each atom is surrounded by atoms of the complementary type. There is still a sharing
of electrons similar in structure to that of Ge and Si, but now five electrons are provided by the As atom
and three by the Ga atom.

Valence shell (Four valence electrons) Valence electron ~
(i\ Orbiting
7 electrons
\
\ / Nucleus
-
Silicon Germanium

(a) (b)

Three valence Five valence

/‘/ﬁns <\electmns

Gallium

(c)

Fig. 1.3 Atomic structure of (a) silicon; (b) germanium; and (c) gallium and arsenic.

Fig. 1.4 Covalent bonding of the silicon atom. Fig. 1.5 Covalent bonding of the GaAs crystal.



