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Preface

We are now well into the era of semiconductor electronics. No longer does
any doubt remain about whether this technology, started in 1946, will be able
to supplant vacuum tubes. The struggle has already been decided; and vacuum
tubes are now in the terminal stage of their existence, gradually disappearing as
the equipment in which they are employed reaches total obsolescence and is
discarded.

Semiconductor electronics is today a young and vital technology; new
developments are spilling out of the research laboratories almost on a daily
basis. Some of these developments represent entirely new concepts in fabri-
cation or usage; others are simply refinements in existing devices; and all have
a bearing on the forward thrust of this new technology, although obviously some
will be of far greater importance than others.

This fourth edition of Transistor and Integrated Electronics represents a
complete revision of the third edition which was entitled simply Transistors.
The revision is extensive—in many instances, chapters have been rewritten.
All material deemed no longer applicable to present devices has been deleted:
all characteristics and circuits have been updated; and a considerable amount
of new material, including three new chapters, has been added.

This book is designed for electronics technicians as well as all other techni-
cal workers who desire to gain a working knowledge of transistors and semicon-
ductor devices and their applications. The discussion starts with modern
electron theory and progresses to the operation of diodes and transistors.
Chapter 3 examines the characteristics exhibited by transistors under a variety
of normal operating conditions and illustrates what factors place limitations on
the range of transistor applications with respect to power, frequency, signal
level, and temperature. A typical manufacturer's data sheet is also presented
and analyzed for the information it presents.

Chapter 4 discusses the historical progression of a variety of transistor
types, from the early point-contact units to recent transistors capable of opera-
ting far into the megahertz region. As this story unfolds, the reader is able to
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perceive clearly the complete dependence of product development on fabricating
techniques and to see how laboriously obstacles have had to be surmounted
step by step. It is perhaps one of the most important chapters in the book,
because the processing techniques discussed therein are so vital to the manu-
facture of the integrated circuits that are now beginning to dominate the entire
field of electronics.

The rising importance of field-effect transistors made it desirable to ex-
amine these devices in a separate chapter (Chapter 5). Thus, a full discussion
of FETs in their most common forms is presented, including their fabrication
and operation.

With the first five chapters serving as a foundation, the reader is then
presented with a wide range of transistor applications in Chapters 6 (amplifiers),
7 (oscillators), 9 (radio, both AM and FM), 10 (computers), and 11 (television).
All circuit explanations employ the well-proven step-by-step approach, starting
with the simplest facts and proceeding gradually to the more complex. No
mathematics of any significant difficulty is used in the text.

Chapter 8, an entirely new chapter in this revision, explores the integrated
circuit, showing how it is basically related to the transistor not only in terms of
operation but also in terms of similarity in fabrication. The integrated circuit
is a natural development in the growth of semiconductor electronics; its form
and function can be readily mastered once a solid, basic understanding of tran-
sistors has been achieved. Chapter 8 was positioned where it is in the text
because radios, computers, and television receivers are each making increasing
use of integrated circuits—and in the case of computers, integrated circuits
are by far the overriding basic element employed.

Chapter 12 focuses attention on the growing number of other solid-state
devices that have been developed and the mechanisms that were put to work
to make them practical. These include the Gunn diode, light-emitting diodes
(LEDs), photo diodes and transistors, zener diodes, varactor diodes, and thyris-
tors and silicon controlled rectifiers, among others. It is interesting to note
that the majority of these devices are the result of research work done on elec-
tronic-behavior mechanisms associated with PN junctions and their reaction to
external stimuli.

In Chapter 13, the reader is introduced to transistor circuit design. The
presentation should make the behavior of transistors in various circuits and at
different frequencies better understood. For readers who wish to become gen-
erally familiar with circuit design, this chapter will provide all the information
required; for those who intend to engage in circuit design, it will serve as a
gateway to the more advanced texts available.

A discussion of the various precautions to observe when servicing transis-
tor circuits and transistor devices as well as a method of approach to the
servicing of all such units is given in Chapter 14. Finally, in Chapter 15, a
series of simple and easily worked transistor experiments are included for
readers who may wish to learn of transistor operation firsthand. To the prac-
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tical man, such experiments offer an avenue for acquiring valuable experiences.
It is strongly urged that this chapter not be slighted, since semiconductor elec-
tronics is an eminently practical subject and no full appreciation of its capabili-
ties can be achieved without exposure to the actual devices themselves.

The book can be used in technical institutes, electronics schools, vocational-
technical schools, armed-service schools, and industrial training programs in
electronics, as well as for home study. Questions are included for each chapter
so that an instructor may test the progress of a student or as a form of self-test
for those studying alone.

The author wishes to extend his thanks and appreciation to the many firms
in the field for the data, technical assistance, and photographs which they so
graciously provided. The author is also indebted to Peter Henry of Fair Haven,
N. J., for his technical assistance, particularly in the discussions relating to the
fabrication and processing of transistors and integrated circuits. Mr. Henry's
many years of experience in this segment of the electronics industry was parti-
cularly helpful in illuminating some of the reasons why certain techniques are
employed.

Milton S. Kiver
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Chapter One

Introduction to Modern Electron Theory

The story of the transistor is in large measure the story of matter and of
how the scientists at the Bell Telephone laboratories were able to make that
matter amplify electric currents. Even if the transistor were not responsible
for today's huge semiconductor industry, it would still be important for its
contribution to our understanding of solid-state matter. It demonstrated, for
the first time in history, amplification in solids. Prior to the transistor, ampli-
fication was achieved only with vacuum tubes.

The invention of the transistor is officially credited to John Bardeen, Wil-
liam Shockley, and W. H. Brattain, three scientists working for the Bell Tele-
phone laboratories. The first public announcement of the transistor was made
in June, 1948. Since then, advances in design and processing techniques
have been enormous. Consider that on a single silicon chip smalier than
a fingernail we can now have hundreds of transistors, resistors, and diodes—in
short, a complete circuit. In addition, the complexity and efficiency of these
circuits continues to grow at an unbelievable rate.

The invention of the transistor in 1948 thus led not only to the establish-
ment of an exciting new industry, one that is having a profound effect on
every facet of our daily life, but also to the realization of a centuries-old dream,
the landing of a man on the moon in 1969. When we stop to consider that
all this has been accomplished with an industry barely in its infancy, we can
well appreciate the even more remarkable developments that must lie hidden
in the undiscovered depths of this astounding technology.

In order that we may dzvelop an understanding of semiconductor circuitry,
let us review what we know concerning the structure of matter and the role
that the electron plays in that structure.

ATOMS AND MOLECULES

Every substance or material that we come in contact with can be divided into
particles known as molecules. These are the smallest segments into which
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a substance can be divided and still retain all its individual characteristics.
Molecular units are so minute that we have not been able to devise instruments
that will enable us to see them. In order to see something that is extremely
small in size, we must design an instrument, such as an optical microscope
or electron microscope, that will detect this ‘‘something’” and then enlarge
it so that we can see it. How, then, can we distinguish between the molecules
of the substance we are checking and the molecules of the instrument? Al-
though it does not seem likely that we shall ever see a direct picture of a
molecule, highly refined indirect methods have been developed for determining
molecular structure so that we know quite a bit about it.

We know, for example, that the molecule of a substance may consist
of a single element or a complex association of a number of elements. Chem-
ists and physicists have discovered over a period of hundreds of years that
there are more than 100 different elements that either singly or in combination
make up all the matter on this planet. This figure has not remained a static
one but has gradually risen as man’'s knowledge and scientific understanding
have deepened. It is possible that many more elements will be discovered.
Some of the more familiar elements are hydrogen, oxygen, gold, silver, copper,
and iron.

A molecule, then, is the smallest portion of a substance that retains
all the physical and chemical properties of that substance. But what about
the elements? If we were to consider the smallest portion of an element that
is still identifiable as that element, we would be dealing with the atom. Each
different element is represented by a different atom.

ATOMIC STRUCTURE

As we work our way down the size scale, we come first to molecules, then
to the elements that compose the molecules, and finally to the atoms that
represent the elements. When we investigate atoms, we find that they consist
of a centrally situated nucleus with a net positive charge surrounded by a
number of electrons that revolve about the nucleus. The central positive
charge is said to be due to protons. Each of the electrons has a negative
electrical charge. In a stable atom, the positive charge of the nucleus is
exactly counterbalanced by the total negative charge of the externally revolving
electrons. The net overall electrical charge is zero, which is the normal state
of most atoms.

The atom possessing the simplest structure is hydrogen. It consists of
a positive nucleus containing a single proton. Revolving around this proton
is a single electron. The illustration most commonly employed for the hydrogen
atom is shown in Fig. 1.1. Actually, we have learned enough about atomic
structure to know that Fig. 1.1 is a highly simplified picture of the hydrogen
atom. But we would not gain any greater understanding of transistor action
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FIGURE 1.1
The structure of a hydrogen atom.

by modifying this illustration to conform to a more modern theory; and its
simplicity does impart an understanding that might not otherwise be obtained.
Hence, we shall remain with this method of representation.

Helium follows next in order of complexity; its atomic structure is indicated
in Fig. 1.2. The central positive charge is offset by two electrons rotating
about the nucleus. Each element then follows in numerical turn, with the
central positive charge increasing in steps of one and being electrically counter-
balanced by additional electrons revolving in paths, or orbits, about the nucleus.
It should be noted that the nucleus and the associated electrons soon form
fairly complex structures.

The orbiting electrons do not follow random paths; they are instead con-
fined to definite energy levels. These levels can be visualized as shells, each
successive shell being spaced at a greater distance from the nucleus. The
closest energy level, or shell, to the nucleus carries one electron (as in the
hydrogen atom) or two electrons (as in helium and all other atoms). These
electrons may rotate at any angle about the nucleus, but they are more or
less bound to remain within the confines of the shell.

The nucleus of the third element, lithium, has a positive charge of 3,
which is electrically counterbalanced by three negative electrons revolving
around the nucleus (Fig. 1.3). Two of the electrons are confined to the first

(ELECTRON)
-1

+2

PROTONS

FIGURE 1.2 1
The atomic structure of helium. (ELECTRON
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FIGURE 1.3
ELECTRON The atomic structure of lithium.

energy level (shell), just mentioned for hydrogen and helium. The orbit of
the third electron, however, is much farther removed from the nucleus and
is in a new energy level. This new second energy level is capable of holding
eight electrons, a condition which is achieved by the element neon. Neon,
with a positive charge of 10, has two electrons in the first shell and eight
electrons in the second shell (Fig. 1.4). The third, or next, energy level (or
shell) can hold eighteen electrons; the fourth level can hold thirty-two electrons.
Beyond this, there are two additional shells, but these are never entirely filled,
since there are only 103 known elements. In fact, we are not certain just
how many they could hold.

To visualize the relative size of the nucleus and the distance to the first
energy level, let us enlarge a helium atom so that the nucleus gets as big as a
golf ball. If we could do this, the electrons in the first shell would be 20 mi
away and be as large as marbles. From this, it is not hard to understand how
two atoms could pass through each other’s system without coming into phy-
sical contact with each other.

COMPOSITION OF THE NUCLEUS

Only in the element hydrogen‘does the nucleus consist solely of protons. As
the element's atomic number increases, it is found that the positively charged

FIGURE 1.4

Neon, with a positive nuclear charge of 10, has two
electrons in the first shell and eight electrons in the
second shell.
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nucleus contains protons and neutrons. A neutron has no charge and a mass
slightly greater than that of a proton. Hence, the neutron does not alter the
electrical charge of the nucleus.

In recent years a numbzar of additional particles have been discovered
in the nucleus: the meson can have a positive or a negative charge, whereas
the neutrino has no charge. The mass of each particle is quite small, scarcely
large enough to be a significant factor in the overall atomic weight of the element.

The foregoing discussion has been given in some detail so that the reader
will better understand transistor opzration. The transistor is a solid-state de-
vice composed essentially of atoms of silicon arranged in a definite geometric
pattern, or lattice. The flow of current through this material depends upon
our ability to dislodge electrons from the outer shell of the various silicon
atoms. Hence, it was first necessary to understand how the electrons are
arranged around the nucleus of the atom. With this understanding, we can
now turn our attention to additional information concerning electron behavior
in atoms.

ELECTRON BEHAVIOR IN ATOMS

It was noted in the preceding discussion that the electrons filled the first
shell first, then the second shell, the third shell, etc. If an atom is to be
stable, no electrons will be found in an outer shell unless the inner shells
are completely filled. (This is true of the first three shells; in the fourth
and higher shells, there is less tendency to follow this rigorous pattern, probably
because with increasing distance, the influence of the nucleus on the outer
electrons decreases rapidly.) A shell is in its most stable state when it carries
a full complement of electrons. For the innermost leve), this means two elec-
trons; for the next shell, eight electrons; etcﬁ{ve/n";} whose outer ring
is not complete are more chemically active t € elements whose outer
ring is complete. For example, sodium is a very active element. Its atomic
number is 11, which means that the two inner energy levels (shells) are filled
to capacity (i.e., two and eight electrons, respectively). The third ring contains
one electron; and since sodium would be more stable without any electrons
in this third ring, we find that sodium is chemically active because it readily
loses or gives up this sole electron. As a matter of fact, sodium is so anxious
to give up its extra electron, that it is never found by itself in nature. A
suitable element that combines readily with sodium is fluorine. These elements
react well together because fluorine (atomic number 9) has seven electrons
in its second ring, and the addition of one electron completes this ring. One
way of looking at this combination is to consider the sodium atom as giving
up its lone third-ring electron to form a stable atom having two complete
rings, or shells, while fluorine takes this extra electron and forms two complete
shells.
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A better explanation is to say that sodium and fiuorine share these addi-
tional eight electrons, permitting each to have a completed outer ring. That
is, fluorine uses the one sodium electron to complete its second shell and
sodium uses the seven fluorine electrons to complete its third shell. Since
the sodium and fluorine atoms do not leave one another but coexist in the
crystal structure, this latter view is the more realistic. This view also provides
a better insight into transistor action, since electron-sharing is an integral
part of the silicon crystal.

Atoms in which the outer shell possesses a complete compliment of electrons
are stable and well satisfied and will not enter readily into chemical combination
with other elements. There are six such elements: helium, neon, argon, kryp-
ton, xenon, and radon. {n helium, the first ring is complete with two electrons.
In neon, the next heaviest of these atoms, there are two electrons in the first
shell and eight in the second shell. Argon, the third inert element, has
eighteen electrons divided into three shells. The first shell is complete with
two electrons, the next shell has its full quota of eight, and the third shell
has eight electrons. Since the maximum capacity of the third shell was previ-
ously indicated to be eighteen, it would appear that in argon this shell is
not complete. This is not true, however, because it was found that all shells
beyond the first one can be divided into subshelis (Fig. 1.5). For the second
main shell we have two subshells, one holding a maximum of two electrons
and one a total of six electrons. Note that the total previously given for
this second shell, eight, still holds, but the eight electrons are divided into
subshells of two and six.

FIGURE 1.5

All energy levels, or shells, beyond
the first, the K shell, are divided
into subshells. Each group of
shells is designated by a different
letter beginning with K and
followed by L to Q. The first
subshell of any group is given the
letter s; the second subshell, p;
the third subshell, d; and the fourth
subshell, f. It is thought that no
known element possesses more
than four subshells. The
arrangement shown is for the
element germanium.
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For the third main shell, the maximum number of electrons is eighteen,
divided into three subshells of two, six, and ten. In argon, the first two sub-
shells are complete, and this has the same stabilizing effect as though we
had completely filled all three subshells. This explains why sodium is ‘‘satis-
fied”” when it shares its electron with fluorine's seven electrons in its (sodium)
third shell. What happens is that the first and second sublevels of the sodium
third she!l are filled.

The atomic number of inert element krypton is 36, and here all sublevels
of the first three main shells are filled with electrons. In addition, two sub-
levels of the fourth main shell are filled with electrons.

The chemical behavior of any element, then, is directly related to the
number of electrons contained in its outermost shell and how close this shell
comes to being filled. If the shell (or one or more of its subshells) is filled,
the atom needs no additional electrons and therefore has no tendency to enter
into chemical combination with other elements. If the shell is not filled, the
atom requires electrons and is considered to be chemically active. These
important outermost electrons are called valence electrons, and their energy
levels, or shells, are called valence levels.

Electrical conductivity can be related to chemical activity because an atom
whose outer ring is filled shows no tendency to part with any of its electrons.
Since free electrons are needed to obtain an electron current, the inert (satisfied
outer-shell) elements are insulators. On the other hand, atoms that part easily
with an electron in order to end up with a complete shell are good conductors.
Copper, for example, has an atomic number 29; this means that all subshells
of the first three main shells are completely filled (i.e., 2, 8, 18), leaving
one electron for the first subshell of the fourth ring. Copper is an excellent
conductor of electricity because it will give up this one electron readily.

A considerable amount of energy would be required to remove a second
electron from this copper atom, because the second electron would have to
come from a complete ring and since this is a particularly stable condition,
the atom would strongly resist the removal. However, if we applied enough
energy, the electron could be removed.

ELECTRON REMOVAL

If one or more electrons are removed from an atom, the atom is no longer
electrically neutral in charge. If one electron is removed, the nucleus has
one more positive charge than the outer electrons, and the overall charge
is +1. The atom has now become what is known as an ion; in this case,
a positive ion.

It is also possible for an atom to gain an electron producing an overall
electric charge of —1. The atom now becomes a negative ion. This situation
occurs when an atom needs one or more electrons to complete a ring and
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attempts to obtain this additional electron from some other element, particularly
one having a lone electron in its outermost ring.

Energy is required to remove an electron from an atom. Electrons have
to be forced loose from atoms, and one way to pry them loose is to provide
enough energy to allow them to escape the attractive force of the positive
nucleus. Common forms of energy, particularly in electronic devices, are elec-
tric fields, heat, light, and bombardment by some other particle. In wires,
for example, we force the copper atoms to give up an electron each by applying
an emf across the ends of the conductor (Fig. 1.6a¢). In a vacuum tube,
we heat a cathode until the outer-ring electrons have absorbed enough energy
to escape from their respective atoms and leap into the interelectrode space
(Fig. 1.6b). There they are attracted by an emf on the plate; and we thus
get a flow of current through the tube and the outer circuitry system. Light,
as an activating agent, is employed in photoelectric tubes; the energy that
light rays bring to the atoms of the photoelectric cell enables some of the

FIGURE 1.6
Several common methods of separating electrons from their
atoms.
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electrons to escape from their atoms and again reach a positively charged
anode (Fig. 1.6c). This removal, or addition of electrons from atoms by energy
transfer, is called ionization, and is extremely important to the electronics
industry.

THE QUANTUM THEORY

The mechanism by which bound electrons are freed has been the subject of
considerable investigation, and certain facts that are important to us in our
study of transistors have been discovered. For example, it has been revealed
that when energy is supplied to an electron held in an atom, a definite amount
of energy has to be supplied in order for it to have an effect on the electron.
The various shells in an atom represent definite energy levels, and in order
to move an electron from a lower shell (or subshell) to a higher shell, a definite
amount of energy is required. Failure to provide enough energy to the electron
will cause it to remain at its present level. This is true even if the energy
provided is just barely shy of the required amount.

If more than enough energy is provided for the electron to leave its orbit
and move to the next higher level, then the excess will be to no avail uniess
enough extra is provided to enable the electron to move to a still higher shell.
In other words, energy is required in definite discrete amounts, called quanta,
and the electrons can receive these quanta only in whole numbers, such as
1, 2, or 3 quanta.

Electrons can lose energy as well as receive it, and when an electron
in an atom loses energy, it moves to a level that is closer to the nucleus. This
lost energy may appear as heat, as in a conductor when current is passed
through it, or as visible light.

Different elements have different energy levels for their electrons, and
the amount of energy absorbed or released consequently varies as the electrons
move from level to level. This accounts for the different colors of light emitted
by various substances when they are excited.

Heating sodium over an open flame produces a characteristic yellowish
light; neon gas, when activated in electric signs, emits an orange-red glow. The
energy required to produce red light is less than the energy to produce blue
light. This is because the energy in a quanta bundle depends on frequency
and red has a lower frequency than blue.

In gases, electrons of one atom tend to act independently of electrons
of other atoms. In solids, however, the forces that bind atoms together greatly
modify the behavior of the associated electrons; and we are here dealing with
the aggregate action of many electrons rather than with individual electrons.
One direct consequence of the close proximity of atoms in a solid is to cause
the individual energy levels that exist for an isolated atom (depicted in Fig.
1.5) to break up to form bands of energy levels. Within the bands, discrete
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FIGURE 1.7
(a) Energy levels in an isolated atom. (b) Energy bands in
a solid.

permissible energy levels still exist, but the act of bringing many atoms close
together has produced many more permissible energy levels. It has also
caused some energy levels to disappear.

Thus, where before in an isolated atom we had an energy-level arrangement
such as that shown in Fig. 1.7a, in a solid material we find bands of energy
as shown in Fig. 1.7b. As a matter of fact, only the three upper bands are
shown in Fig. 1.7b. Additional energy bands exist below the valence band,
but these are not important to an understanding of semiconductor behavior
and will hence not be discussed.

The uppermost band of Fig. 1.7b is the conduction band. When elec-
trons are found there, they can be easily removed by the application of external
electric fields. When a material has many electrons in the conduction band,
it acts as a good conductor of electricity.

Below the conduction band is a series of energy levels that collectively
form the forbidden band. Electrons are never found in this band. Electrons
may jump back and forth from the bottom valence band to the top conduction
band, but they never come to rest in the forbidden band.

The valence band is formed by a series of energy levels containing the
valence electrons. These electrons are more or less bound to the individual
atoms, restricting their range of movement far more so than the range of move-
ment of electrons in the conduction band. Electrons can be moved from the
valence band to the conduction band by application of energy, generally ther-
mal energy. This movement happens to a certain extent in semiconductors.
(We shall cover this point more extensively in subsequent discussions.) of
more immediate interest is the fact that the extent of the forbidden band, or
the separation between the conduction and valence bands, will determine
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whether a substance is an insulator, semiconductor, or conductor. Figure 1.8
shows the difference between insulators, semiconductors, and conductors in
terms of their three bands. Figure 1.8a is called an insulator because of the
wide extent of the forbidden band. The wider this band, the greater the
amount of energy that must be fed to any electron in the valence band in order
to raise it to the conduction band where it can become a carrier of electricity.
Obviously, in an insulator, a large amount of energy is required to get a minute
amount of current flow.

In a semiconductor, the forbidden band is smaller (Fig. 1.8b), which means
that less energy is needed to bring an electron from the valence band through
the forbidden gap to the conduction band. Hence, in semiconductors, more
current will flow for a certain applied voltage, but this current will not be as
large as we would obtain in a conductor.

The third illustration, Fig. 1.8¢, is for a conductor. Here, the valence
and conduction bands overlap. Now, we need only a very small amount of
energy to move electrons into the conduction band; consequently, electricity
is readily passed by conductors. All this, of course, is common knowledge;
what is not so well known is how the various energy levels within a molecule
cause the molecule to act as an insulator, semiconductor, or conductor. That
is where the quantum theory so admirably fills in the gaps.

The side axis of each of the three illustrations in Fig. 1.8 is labeled
simply as “energy.” It is the generally accepted practice for physicists to
use electronvolts as a convenient measure of energy.

An electronvolt is the energy acquired by an electron in falling through
a potential difference of one volt. If we use this method of measuring energy,

FIGURE 1.8

The difference between insulators, semiconductors, and
conductors in terms of their valence bands, forbidden bands,
and conduction bands. (a) Insulator; (b) semiconductor;

(c) conductor.
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then the width of the forbidden band in an insulator is 1 eV (electronvolt)
or more.

For the semiconductor silicon, the width of this band is 1.1 eV; for ger-
manium, another semiconductor, the band width is 0.7 eV. Where the for-
bidden band is absent, i.e., with conductors, we need only 0.01 eV to bring
an electron into the conduction band.

It should be understood, of course, that each of the three illustrations
in Fig. 1.8 is representative of a class of materials and that there exist many
substances whose characteristics fall somawhere in between those of insulators
and semiconductors on the one hand and semiconductors and conductors on
the other. Silicon in the highly purified state, for example, is a very poor
conductor of electricity. If certain controlled impurities are added to silicon,
we find that its conduction increases significantly, indicating that while a sub-
stance may be basically an insulator, its properties can be altered. This altera-
tion is actually what happens in silicon and germanium transistors and is
responsible for the ability of these units to function usefully. In Chap. 2
we shall see what happens to silicon and germanium when selected impurities
are added.

RADIATION AND SEMICONDUCTORS

Space exploration and nuclear radiation have led to the creation of a large
new market for radiation-hardened (resistant) semiconductor devices. These
environments where semiconductors encounter radiation are those of nuclear
weapon radiation, radiation from nuclear reactors, and the radiation in the
Van Allen space belts.

Semiconductor material is subject to two fundamental radiation effects:
displacement and ionization. Displacement occurs when an atom is knocked
from its original crystal-lattice position to a new position. lonization forms
ionized atoms and free electrons when the energy levels of orbital electrons
are increased enough to break their attraction for the parent atom.

Transistor operation is dependent on the introduction of a few parts per
million of impurities into the semiconductor material. If even a small per-
centage of these added impurities are knocked out of position, the transistor
will not function—which happens in certain radiation environments.

There are four types of radiation: neutron, proton, gamma-ray, and elec-
tron. Neutron radiation causes displacement-type damage and is generated
by nuclear explosions that also produce gamma rays that cause ionization
damage to semiconductors. lonization damage is transient; and with time,
a device will recover its useful electrical characteristics. Displacement damage
is permanent. Proton, gamma-ray, and electron radiations cause ionization-
type damage and are found in nuclear reactor and space environments.



INTRODUCTION TO MODERN ELECTRON THEORY 13

We will discuss in Chap. 4 some processing techniques that harden semi-
conductor devices for radiation environments.

QUESTIONS
1.1 What advantages that transistors possess make them especially attractive
for communications applications?

1.2. Differentiate atoms, molecules, and elements. Name 15 elements that
you have personally come in contact with, either singly or in combination.

1.3. Describe the structure of an atom in general terms. Compare this struc-
ture with that of the solar system.

1.4. How are the electrons arranged within an atom? Consider first a simple
element, then a fairly compliex element.

1.5. What differences exist between the nucleus of a simple atom, such as
hydrogen, and the nucleus of a complex atom?

1.6. What causes an element to be chemically active? Stable?

1.7. |s there any apparent relationship between the chemical activity of an
atom and its electrical conductivity? Explain.

What happens when an atom gains an additional electron? Loses an
electron? What is the altered atom called?

1.9. What methods may be used to remove electrons from an atom? De-
scribe one or two methods in detail.

1.10. What is the quantum theory with respect to electron removal?
1.11. Define the valence band, conduction band, and forbidden band.

1.12. Explain the difference between conductors, insulators, and semiconduc-
tors in terms of energy bands.

1.13. Name two radiation effects in semiconductors.



Chapter Two

PN Junctions, Diodes, and Transistors

it was noted in the preceding chapter that the chemical activity of an atom
is determined primarily by the number of electrons contained in the outermost
ring of the atom. When this ring is filled, the atom is stable and shows
little inclination to combine with an atom of any other element. The activity
increases, however, when the number of electrons is less than the full number
to complete a ring. Because of the importance of these electrons, they are
given the special name of valence electrons. Furthermore, it is common prac-
tice in illustrations of atoms to show only the valence electrons (Fig. 2.1). The
carbon atom, with an atomic number 6, is shown here. The 46 at the center
represents the nuclear charge. Since there are four valence electrons, we
know that these electrons are in the second ring; the two electrons not shown
would be in the first ring.

Of immediate interest in transistors is silicon; this element also contains
four electrons in its outermost ring. The atomic number of silicon is 14,
giving us two completed shells of two and eight electrons each and four elec-
trons in the fourth shell. The latter electrons are the valence electrons, repre-
sented in Fig. 2.2.

LATTICE STRUCTURE AND CRYSTALS

Silicon in the solid state possesses a crystalline structure in which a group
of silicon atoms combine, through their valence electrons, to form a repeated
structure having a number of basic cubical lattices, such as shown in Fig.
2.3. FEach of the “balls’ in the illustration represents a silicon atom; the
rods between the balls represent the electronic forces binding each atom to
its neighbors.

The cubical configuration, known as a diamond structure, is characteristic
of the solid state of a number of elements, among them carbon, silicon, and
germanium. A large, visible silicon crystal would be composed of millions
upon millions of these basic cubical lattices.
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FIGURE 2.1
A simplified illustration of the carbon atom. Only the
valence electrons are shown.

A two-dimensional illustration of the manner in which the silicon atoms
are bound to one another is given in Fig. 2.4. Focusing our attention on
any one of the central atoms, we see that each of its four electrons is shared
by four other silicon atoms. This gives the central atom a total of eight
electrons in its outermost ring; four of these electrons are its own, and the
other four it ‘“borrows” from the surrounding atoms. The eight electrons
in this subring make the silicon crystal a stable element.

What is true of a central atom is true of all its neighbors: each shares
its four outer electrons with four other silicon atoms. This, too, is shown
in Fig. 2.4 for a limited number of atoms. All the valence electrons are tightly
held together. Consequently, pure silicon is not a very good conductor of
electricity.

The sharing of the valence electrons betwezn two or more atoms produces
a shared, or covalent, bond between the atoms. It is this bond which is
largely responsible for the cohesion which the crystal structure possesses and
which actually keeps the crystal structure intact.

Note that by this sharing to form complete valence rings, silicon in its
pure form is a fairly good insulator. The reason silicon is not a complete
insulator but rather a semiconductor stems from the fact that thermal agitation,
arising from the energy imparted to the electrons by the heat of its surround-

FIGURE 2.2

The silicon atom, using the simplified method of
presentation.
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FIGURE 2.3

A typical crystal structure. Each sphere represents a
nucleus surrounded by its inner shells. The spokes that join
the atoms and support the structure represent the covalent
bonds. (After W. Shockley, “Electrons and Holes in Semi-
conductors,” D. Van Nostrand Company, Inc., Princeton,
N.J., 1950.)

FIGURE 2.4
Representation of electron-paired bonds in silicon.
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ings, causes an electron here and there to break away from its bond, move
up into its conduction band, and wander through the crystal-lattice structure
in a more or less aimless manner.

ELECTRONS AND HOLES

The bond from which an electron escapes is left with a deficiency, and this
deficiency has been given the rather descriptive name of ‘“‘hole,”” as though
a physical hole had actually been left by the removal of the electron.

From our previous training we accept thz fact that electrons are quite
mobile and may be moved from point to point. Many experiments have been
run to prove this fact. In our own experience with electric circuits we have
never observed any action that wouid cause us to think otherwise.

However, in this case, it is also valid to state that the hole left by the
electron will wander about within the crystal. This point is not so easy to
accept, and yet it has been conclusively demonstrated that holes do travel
through silicon crystals. This fact warrants a more detailed description, since
understanding transistor action requires the acceptance of the hole-travel
concept.

When a bound electron departs, the charge deficiency, or hole, that it
leaves behind is confined to the valence ring of the atom. If, now, a nearby
electron held in a covalent bond acquires enough energy to leave its bond
and jump into the waiting hole, then in essence what we have had is a shift
in position of the positively charged hole from its first position to this new
position (Fig. 2.5). This same action can occur a number of times, with
successive changes in hole position, so that we can say that a hole drifts about
in a random manner the same as the electron that originally left the hole.

The foregoing discussion has dealt with a single electron and a single
hole, but in actual crystals there would be many such pairs. And with many
negative electrons and positive holes present, a considerable number of recombi-
nations will be taking place all the time. Actually, in pure silicon at room
temperature, one bond in ten is broken at any given time. Generation is
the term used to describe the phenomenon of bond-breaking, by light or by
heat. The reverse process, when an electron drops into a hole, is called recom-
bination. A dynamic balance between generation and recombination exists
in a crystal at equilibrium.

if the energy supplied to the crystal is an electric field developed by
the application of an emf across the silicon crystal, then the motion of the
electrons and the holes will be less random and more directed, in a direction
determined by the voltage. Electrons will move toward the positive terminal
of the battery, while the holes will drift toward the negative terminal of the
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battery. The opposite movements of these two charges do not cancel each
other, as one might suppose. Rather they aid each other. This was demon-
strated in an experiment performed in 1889 by the physicist H. A. Rowland.
He placed negative charges of static electricity on an ebonite disk separated
by raised portions of the disk. When the disk was rotated at high speed,
a magnetic field was produced, and the field was identical with what would
have been expected if a flow of electrons had taken place in a loop of wire
in the same direction of rotation.

Rowland then removed the negative charges and replaced them by an
equivalent number of positive charges. The disk was now rotated in the oppo-
site direction, and the resulting magnetic field had exactly the same direction
as its predecessor. Thus, we obtain the same electrical effect whether we
have negative charges (i.e., electrons) moving in one direction or equivalent
positive charges (i.e., holes) traveling in the opposite direction. Ohm'’s law,
or any other electrical law we know, would yield identical results in either
case. This is a significant fact to remember because we have become used
to thinking only of electron flow and the idea of mobile positive charges comes
somewhat as a surprise. Both types of current flow have to be appreciated,
since both occur in transistors.

It is interesting to note the rates at which electrons and holes drift (carrier
drift mobilities) through silicon and germanium. For electrons: silicon 1,600
centimeters per volt-seconds (cm/V-s) and germanium 3,600 cm/V-s; for holes:
silicon 400 cm/V-s and germanium 1,800 cm/V:s. These rates are at room
temperature with no applied emf. When a voltage is applied, the rates increase
considerably.
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N-TYPE SILICON

Externally applied heat and light may be used to produce electrons and holes
in a silicon crystal, but a much more efficient method of achieving the same
results is to add very small amounts of selected impurities, generally to an
extent no greater than a few parts per million. This means that each impurity
atom can be regarded as isolated in the crystal and unaffected by neighboring
impurity atoms, since the impurity spacing is relatively large. The impurity
enters the crystalline structure of the silicon and takes the place of single
silicon atoms at various points throughout the crystal-lattice structure. This
situation is represented in Fig. 2.6. Phosphorus has five valence electrons,
four of which enter into covalent bonds with four surrounding silicon atoms.
This is in accordance with the structural arrangement in a silicon atom. The
fifth electron has a farge orbit and is bound rather loosely to the phosphorus
atom. Thus, the bond between this electron and the phosphorus atom is
easily broken. What we have actually done by the addition of minute quantities
of phosphorus to the silicon structure is to provide the silicon with a source
of free electrons. Elements such as phosphorus or antimony which serve
as sources of electrons are called donor impurities. Furthermore, the silicon
crystal containing these impurities is known as N-type silicon. The N, of
course, refers to the fact that the electrical conduction through the crystal
is done by electrons, which possess a negative charge.

P-TYPE SILICON

It is also possible to add impurities that possess three rather than five electrons
in their outer orbit. Boron, gallium, and indium are examples of such sub-
stances. As with phosphorus, the new trivalent atom will replace a silicon
atom in the structure (Fig. 2.7). However, in this case, instead of having

FIGURE 2.6

The effect of an impurity atom replacing a silicon
atom. In this illustration, the impurity is
phosphorus.
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INDIUM

FIGURE 2.7
A hole is produced when an atom of a trivalent
impurity such as indium replaces a silicon atom.

an excess of one electron, we now find ourselves with a deficiency of one
electron. In order to complete the four electron-pair bonds, the trivalent atom
““accepts’ an electron from a nearby silicon bond. Actually, the extra electron
accepted by the boron atom is excited out of the valence band or, frankly,
stolen from a nearby valence bond. The net result of this ‘‘robbery” is to
leave a hole in the neighboring electron-pair bond. With all this, trivalent
atoms such as boron are known as acceptors, not robbers.

Thus, when certain impurities that have only three valence electrons are
added to the silicon-crystal structure, a series of holes are produced. Under
the stress of an applied emf, electrons from other nearby bonds will be attracted
to these holes, thereby filling the gaps but creating a similar number of holes
in their former bonds. Thus, we have the equivalent of a movement of holes
through crystalline structure, and conduction is said to take place by holes.

The silicon crystals that contain these acceptor atoms are known as P-type
silicon. By the careful selection of the impurity to be added, we can make
a silicon crystal either N type or P type. Both are employed in transistors,
and it is important that the reader understand the differences between them
and how electrical conduction occurs through each.

It should be noted that a number of holes are present in N-type silicon
because of the normal breaking of bonds arising from the absorption of heat
or light in pure silicon. However, the electrons released becausa of the addi-
tion of phosphorus or other pentavalent impurity atoms are by far the principal
conductors of electricity in N-type silicon. By the same token, free electrons
exist in P-type silicon; but again, it is the holes created by the addition of
trivalent impurity atoms that account for the major portion of the electrical
conduction that takes place here. The holes in N-type silicon and the electrons
in P-type silicon are called minority carriers.

The impurities must be added in carefully controlled amounts; otherwise
the silicon-crystal structure is modified to such an extent that transistor action
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is not obtained. Impurities are added to the silicon crystal at precisely con-
trolled temperatures in furnaces that can hold temperatures to =14°C. This
process is known as diffusion and will be dascribed in Chap. 4.

The reader may wonder what would happen if both acceptor and donor
impurities were added to a wafer of silicon. The holes created by the acceptor
atoms would be promptly filled by electrons of the donor atoms. If both
impurities were present in equal amounts, the excess electrons would merely
fill the excess holes and the silicon would act as pure silicon containing no
impurities. When a donor state has been canceled by an acceptor, that is,
with respect to its ability to conduct, this cancelation process is known as
compensation. However, it is important to remember that if one impurity
were present in greater amounts, the electrons or holes it provided would
become the principal carriers of electricity.

We might pause here for a moment and note what effect the addition
of impurities has on the energy-band distribution in the atomic structure of
crystal lattice. Before the impurity addition, the energy bands were depicted
as shown in Fig. 2.8q¢. These were the valence band, the forbidden band,
and the top conduction band. If we now diffuse a minute amount of donor
impurity into a silicon wafer, we find that extra energy levels exist that were
not present in the pure semiconductor. The extra electron added now estab-
lishes an energy level in the forbidden band just below the conduction band
(Fig. 2.8b). The position would appear to be logical, since this extra electron
is held only loosely by its parent atom and should be relatively easy to remove
from that atom. This would bring the position of the extra electron close
to the conduction band. It would not be completely within the conduction
band, since that would assume that the electron were completely free of any
influence exerted by its parent atom.

The amount of energy required to raise the electrons provided by the
impurity atom to the conduction band is on the order of 0.05 electronvolts
(eV). This is far less than the 1.1 eV needed to bring an electron from the
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(a) Energy levels in a pure
semiconductor. (b) Energy levels in
a semiconductor with a donor impurity. a (8]
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(a)

LOOSELY BOUND
ELECTRON

(b)

FIGURE 2.9

A pictorial representation of silicon lattice showing shared
electron bonds and the manner in which holes and electrons
travel from point to point within the crystal structure. (a)
Pure-silicon crystal. (b) Donor atom substituted in silicon
lattice. Note loosely bound extra electron.

22
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(c) N-type conduction; electron free of donor atom. This
may occur because of heat or electric energy. (d)
Acceptor atom substituted in silicon lattice. Note
unfilled band in lower right-hand corner of illustration.
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valence band of a silicon atom to the conduction band. The difference is
a little less in pure germanium, where the required amount of energy is 0.7 eV.

Note that the forbidden band of Fig. 2.8« exists only in a pure semiconduc-
tor. When an impurity is added, the extent of this band is modified as indi-
cated in Fig. 2.8b.

Through a similar process, addition of a P-type impurity will also modify
the energy-level distribution of a semiconductor, again making it easier to
bring about conduction. Thus, with impurities, the conduction provided by
a semiconductor is overwhelmingly taken care of by the extra electrons or
holes provided by the impurities. Very little current is contributed by the
breaking of covalent bonds. When a semiconductor does not contain any im-
purities, it is said to be in the intrinsic state, as shown in Fig. 2.9a.

PN JUNCTIONS

If we take a section of N-type silicon and a similar section of P-type silicon
and join the two together, as in Fig. 2.10a, we obtain a device that is known
as a silicon diode. The N-type silicon is at the right, and the P-type is at
the left. The circles at the right with a positive sign represent the donor
atoms. They have positive signs because their fifth electrons have been re-
moved, leaving each donor atom with a +1 charge. The free electron is
indicated by the negative sign just below each circle.

By the same reasoning, an acceptor atom in the P-type silicon is repre-
sented by a circle with a negative sign, the latter being due to the presence
of the additional electron that was robbed from a neighboring electron-pair
bond. The hole left by this electron is represented by a small plus sign.

When these two silicon sections are joined together, one might suppose
that all the excess electrons on the right would immediately cross the junction
and combine with the excess holes on the left. This action actually starts
to occur; but before it can progress very far, it is brought to a halt. The
reason is that when the sections are first brought together, some of the elec-
trons in the N-type silicon cross the junction and combine with a corresponding
number of holes in the P section. Since the N section was initially electrically
neutral, loss of some of its electrons leaves it with a net positive charge. This
charge increases, and a point at which no additional electrons are capable
of overcoming this positive force is quickly reached.

By the same token, the P section itself was also electrically neutral at
the start. When it loses some of its positive holes through combination with
electrons from the N section, it develops a net negative charge. As additional
electrons from the N section attempt to approach the junction, not only are
they held back by the net positive charge existing in their own section but
they are also repelled by the net negative charge of the P section. Thus,
the migratory action is halted.
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(a) A PN junction forming a familiar silicon diode. (b) The
battery drawn across the PN junction represents the
restraining forces present at the junction.

The region in the immediate vicinity of the junction is called the depietion
region because of the absence of any mobile charges there. In the N section,
the free electrons initially present were lost, as described above, by combination
with the free holes just on the other side of the junction in the P section.
Beyond the depletion region, free electrons are present in the N section. These
free carriers, however, are restrained from approaching the junction, as ex-
plained above.

Several pictorial methods have been employed to indicate the restraining
forces present at a junction. In one illustration, a small battery is placed
across the junction in the manner shown in Fig. 2.10b. The negative terminal
of the battery connects to the P-type silicon, while the positive terminal of
the battery attaches to the N-type silicon side. Electrons attempting to travel
from the N silicon side to the P side encounter the negative field of the battery
and are repelled. By the same token, holes attempting to move from the
P side to the N side see the positive battery terminal and they too are repelled.

A second method of representation utilizes what are called potential
“hills.”” The electrons on the N side have to climb a negative potential hill
in order to reach the P side (Fig. 2.115). The hill is of course the repelling
force of the acceptor atoms. On the other side of the junction, the holes
have to climb a positive potential hill in order to move to the right (Fig. 2.11q).

In order to produce a flow of current across the junction, we must reduce
the potential hill that exists there. This can be done by applying a negative
voltage to the N-type material (Fig. 2.12) and a positive voltage to the P-type
material. The free electrons in the N section are repelled by the negative
battery field and move toward the PN junction. At the same time, the positive
holes in the P section are forced toward the junction by the repelling force
of the positive battery field. If the battery potential is strong enough, it will
lower the potential hill at the junction and enable the carriers to move across
to the opposite side.
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A second method of indicating the forces present at the PN
junction that prevent the combination of the holes at the
left with the electrons at the right.

Once the junction is crossed, a number of electrons and holes will com-
bine. For each hole that combines with an electron from the N-type silicon,
an electron from an electron-pair bond in the crystal near the positive terminal
of the battery leaves the crystal and enters the positive terminal of the battery.
This creates a new hole that moves to the junction under the force of the
applied emf. For each electron that combines with a hole, an electron enters
the crystal from the negative terminal of the battery. In this way we maintain
the continuity of current flow. Stoppage at any point immediately breaks the
entire circuit, just as it does in an ordinary electric circuit. If this were not
s0, electrons would pile up at some point and result in a gradually increasing
charge or potential at that point. Since this does not happen, we must treat
the circuit operation in the manner just indicated.

Note that current flow in the N region is by electrons; in the P region,
the current is carried by holes (Fig. 2.13). As we approach the junction,
we find both types of carriers. The overall value of current, however, remains
constant and is a function of the applied voltage.

FIGURE 2.12
The effect on the PN junction of application of forward bias.
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The current flow in the N region is by electrons; in the P
region, the current is carried by holes. In the vicinity of

the junction, both types of carriers are present.

CURRENT {mA)

As the external voltage is increased, it gradually overcomes the restraining
forces present at the junction, and the current rises. Once the restraining
forces are completely overcome, the current rises sharply, as shown in Fig.
2.14. If the current flow is permitted to reach too high a value, heat is
generated that could permanently damage the junction, and the unit would
no longer function in the manner described above.

In the preceding discussion, the diode was biased in its forward, or low-
resistance, direction. If we now reverse the polarity of the applied voltage,
we find that the battery acts in conjunction with the potential barrier at the
junction and practically no current passes at all. The diode is biased in the
reverse direction.

The reason for the current decrease is readily understood. With the
negative battery terminal connected to the P-silicon section, the excess holes,

FIGURE 2.14
______ The behavior of the current flow through a silicon
APPLIED VOLTAGE —» diode as the forward voltage is increased.
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FIGURE 2.15

When the battery connections are
reversed, the electrons and holes
are drawn away from the PN
junction.

with their positive charge, are attracted away from the junction (Fig. 2.15).
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the same time, the positive terminal of the battery at the N side attracts
the excess electrons away from the junction.

The overall characteristic curve of a silicon diode is shown in Fig. 2.16.
The portion of the curve to the right of the zero line represents the forward
current. The reason for the upward swing of the curve has already been
discussed. The upward swing occurs at relatively low voltage, between 0.6
to 0.8 V for silicon and 0.2 to 0.3 V for germanium. To the left of the
zero line we have the diode characteristic under reverse bias. We see that
a very small amount of current flows until the reverse voltage is brought to
relatively high value, usually well above 20 to 30 V for most diodes.

The source of this reverse current are the minority electrons and holes
that receive enough energy from heat and light reaching the crystal to break
their covalent bonds. The reverse bias attracts these electrons and holes,
and minute current flows through the circuit. The electrons of the P-type
material travel to the positive-battery terminal; and as they enter this terminal
(or the lead extending from the terminal), an equivalent number of electrons
enter the silicon from the negative side of the battery. Similarly, holes of
the N-type material move toward the negative terminal, and when they reach

mA ——»

FIGURE 2.16

The overall static characteristic
curve of a silicon diode. The
portion of the curve to the left of
the vertical line is shown dropping
faster than it should (by comparison
with the curve at the right).
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this point, they receive electrons with which they combine. For each such
combination, one electron leaves a covalent bond in the crystal near the positive
terminal of the battery and enters the battery. This creates a new hole that
moves across the crystal under the force of the applied emf. This situation
is similar to what it was when the battery voltage was reversed (forward bias)
and the majority carriers were involved. Now we are dealing with minority
carriers, those electrons and holes that exist on the "‘wrong’’ side of PN junction.

The reverse current is small because the number of minority carriers in each
section is small. Actually, together with this reverse current is a minute leakage
current that flows along the surface of the diode. This is basically an Ohm’s
law phenomenon governed by £ = [R. The R is the resistance offered by the
diode surface to the applied voltage. Much of the *‘art’ in the manufacturing
of semiconductors is involved with controlling this surface resistance. This
will be discussed in Chap. 4.

As the value of the applied voltage increases, a point at which there
is a sharp increase in current is reached. This steep rise in current is owing
to a phenomenon known as avalanche breakdown, in which minority electrons
passing across the PN junction gain sufficient energy to knock off valence
electrons bound to the crystal lattice and raise them to the conduction band.
One minority electron may thus free several valence electrons through collision.
In turn, these freed valence electrons may gain enough energy to free two
or more additional electrons until a considerable flow of current follows. Again,
we must not let too much current flow, because the junction can become
permanently damaged from the heat generated. To sum up, then, diodes
offer a relatively low resistance when biased in the forward direction and a
very high resistance when biased in the reverse direction.

For quite some time avalanche breakdown was called the zener effect
after the American physicist Clarence Zener. About 30 years ago, Zener made
theoretical investigations of the electrical breakdown of insulators. He came
to the conclusion that when the voltage across an insulator rose high enough,
electrons could be torn from the valence band and raised to the conduction
band fast enough to account for the large breakdown currents. When break-
down was observed in PN junctions, it was thought to occur by the same
mechanism. However, as we shall see in Chap. 12, the two breakdown phe-
nomena occur through different actions. Generally speaking, the zener break-
down occurs at voltages below 6 V, whereas avalanche breakdown occurs about
6 V.

JUNCTION TRANSISTORS
An NPN junction transistor is formed by having a narrow strip of P-type silicon

between two relatively wide strips of N-type silicon. This is shown in Fig.
2.17. Low-resistance contact is then made to each strip for external circuit




PN JUNCTIONS, DIODES, AND TRANSISTORS 31

BASE

L L

EMITTER — - COLLECTOR

FIGURE 2.17
An NPN transistor and the names of its three sections.

attachment. The N-type crystal at the left is called the cmitter: the central
P-type strip is known as the basc: and the end N-type silicon is called the
collector.  Although these names have no particular significance as yet, they
will tie in with the operation of the transistor. Most modern transistors do
not actually take this form, but the sequence of emitter, base, and collector
remains unaltered. The form shown in Fig. 2.17 lends itself quite well to
the present discussion, which is why it is being used. We will discuss some
modern transistor forms in Chap. 4.

As with the PN junction diode, the two end sections of the NPN transistor
contain a number of free electrons, while the central P section possesses an
excess of holes. At each junction, the action that takes place is the same
as that previously described for a diode; i.e., depletion regions develop and
potential hills appear. These are then modified by tha external voltage that
is subsequently applied.

Transistor-Biasing. To employ the NPN transistor as an amplifier, we would
bias the emitter and base sections in the forward, or in the low-resistance,
direction. This is shown in Fig. 2.184. At the same time, we would bias
the base and collector sections in the reverse, or high-resistance, direction
(Fig. 2.18b). Both bias voltages are shown in Fig. 2.18¢. Let us now see
what happens under these conditions.

Since the emitter and base sections are biased in the forward direction,
current will flow across the junction. Every time an electron from the emitter
section crosses the junction and combines with a hole of the base section,
an electron leaves the negative terminal of the battery and enters the emitter.
The battery cannot continue to supply electrons from the negative terminal
without receiving an equivalent number at the positive terminal; hence, for
each electron leaving the negative terminal, the positive side receives an electron
from thes base region. This loss of electrons in the basz creates holes that
then travel to the junction for eventual combination with electrons from the
emitter.

Thus far we are on familiar ground—ground that has been previously
explored. The main carriers of electricity in P-type silicon are holes. And
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FIGURE 2.18
The proper method of biasing an NPN transistor for use as
an amplifier.

this is precisely the situation described above. If the center base region were
made quite thick, practically the entire current flow would then occur in the
manner described and would be confined entirely between emitter and base.
There would be little current between base and collector because of the reverse
biasing existing there.

When the base strip is made extremely thin, however, transistor amplifying
action is achieved. For with the base thin, electrons leaving the emitter pass
right through the base section and into the collector region where they run
into a positive force that draws them on. They thus travel through the collector
section and around the external circuit back to the emitter again, completing
their path of travel.

At this point the reader may wonder why the emitter current flows through
the collector when it was specifically stated that the collector was biased in
the reverse, or high-resistance, direction. If we disregard the base for a mo-
ment and simply consider the path from the coliector to the emitter externally,
we see that the two bias batteries are connected series aiding. Thus, any
emitter electrons that pass through the base region without combining with
the holes present there will find the attracting force of the collector battery
urging them on through the collector section.

With the base width made very thin, the number of combinations between
emitter electrons and base holes will be small, probably no more than 2 percent
of the total number of electrons leaving the emitter. The remaining 98 percent
of the electrons will reach the collector and travel through it. Thus, while
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the number of electrons leaving the emitter is a function solely of the emitter-
base voltage, the section that receives most of this current is the collector.
This emitter-collector current can be varied by changing the emitter-base voltage.

Since the base current is very small, a change in emitter bias will have
a far greater effect on the magnitude of the emitter-collector current than
it will on base current. This is also desirable, since it is the current flowing
through the collector that reaches the output circuit.

Transistor Gain. We achieve a voltage gain in the transistor because the input,
or emitter-to-base, resistance is low (as a result of the forward bias), whereas
a high-load resistance can be used because the collector-to-base resistance
is high (as a result of the reverse bias). A typical value for the emitter-to-base
resistance is about 100 ohms (Q), and a typical value for the load resistor is
10,000 0.

As we have noted, the current is 98 percent of the current leaving the
emitter. If we now multiply the current gain (0.98) by the resistance gain
10,000/100, we will obtain the voltage gain of the collector circuit over the
emitter circuit numerically, that is;

Voltage gain = current gain X resistance gain = 0.98 X 10,000/100 = 98

Thus, we see that while the current gain here is actually a loss, this
is more than made up for by the extent to which the collector resistance
exceeds the emitter resistance. Furthermore, this overwhelming differential
in resistance will also provide a power gain. This means that with a small
amount of power in the input, or emitter-to-base circuit, we can control a
much larger amount of power in the output, or collector-to-base, circuit. Both
these characteristics are important; without them the transistor would have
only limited application in electronics.

The voltage gain indicated is what would be obtained if the transistor
operated into a very high impedance circuit. Actually, one of the problems
encountered in cascaded transistor amplifiers is that of matching the relatively
high output impedance of a prior stage with the low input impedance of the
following stage. This point will bz discussed in greater detail in Chap. 6.

Potential Hills. Because a complete understanding of what happens inside
a transistor is critical to future circuit applications, another approach, based
on potential hills, will be discussed. This method (Fig. 2.19) reveals the effects
of emitter, base, and collector voltages and presents a simplified visual picture
of junction-transistor operation.

When the emitter is biased in the forward direction and the collector
in the reverse direction, electrons leaving the N-type emitter will see only a
small potential hill in front of them (at the NP junction), one that many of
them can surmount. Once atop the hill, the *'ground’’ levels off and the elec-



TRANSISTOR AND INTEGRATED ELECTRONICS 34

=l : —ilz

I N I N

FREE
ELECTRONS

FIGURE 2.19

The potential-hill diagram for an
NPN junction transistor. (After
H. K. Milward, Introduction to
Transistor Electronics, Wireless
World, March, 1955.)

trons move through the P layer of the base quite readily. When they reach
the junction between the base and the N-type coliector, the electrons come
under the influence of the positive-battery potential and surge forward. In
the voltage diagram, this attraction is represented as a downward slope, which
electrons (like human beings) find simple to traverse.

If the forward bias on the emitter is reduced, we are, in effect, raising
the height of the base potential hill. Electrons leaving the emitter will find
the higher hill more difficult to climb, and only those electrons possessing
the greatest amount of energy will be able to reach its summit and move
from there to the collector. Consequently, collector current will be reduced.

By the same token, increasing the forward bias on the emitter will reduce
the height of the hill, enabling more emitter electrons to enter the base region.
Thus, the biasing voltages used in a transistor have a very important effect
on its operation. Another significant controlling factor is the width of the
base. This is demonstrated by the next two illustrations.

Two three-dimensional representations of this potential diagram are given
in Figs. 2.20 and 2.21. The difference between the two drawings lies in the
width of the base sections. If the base section is wide, the tendency for
emitter electrons (represented here by balls) to end up at the base electrode
(because of combination with holes) is much greater than it is when the base
section is narrow. In a physical model of these illustrations, the potential
surfaces through the transistor are formed by a rubber membrane supported
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FIGURE 2.20

A three-dimensional representation of the potential levels in
an NPN transistor. Suitable bias voltages are assumed to
be applied to the various electrodes. In this illustration, the
base is made wider than normal to demonstrate its effect.
(Wireless World.)

FIGURE 2.21
The same illustration as Fig. 2.20 except that the base layer
is narrow. (Wireless World.)
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at several points. The holes in the base section are represented by a slight
dip, or “‘valley,”" at the center of the base section. The wider the base section,
the more difficult it is for the balls to roll through the base valley and over
the edge of the precipice into the collector region without being trapped by
the base dip.

On the other hand, if the base region is made quite narrow, any balls
having enough energy to surmount the initial rise of the base hill possess
enough energy to reach the far edge of the base and fall down into the collector.

Thus, the base width has a very direct bearing on transistor gain, both
voltage and power. For if the percentage of current reaching the collector
decreases to very small values, it will reduce the voltage gain in the same
proportion. Power, being proportional to the square of the current, will be
adversely affected to an even greater extent. Also, as we shall see in the
next chapter, base width is extremely important in the frequency response
of a transistor.

From the foregoing discussion, we can formulate two rules concerning
the normal use of transistors.

1. The emitter is biased in the forward, or low-resistance, direction.
2. The collector is biased in the reverse, or high-resistance, direction.

We can understand why these rules are true if we consider their alternatives.
If the emitter is biased in the reverse direction, it will not permit any electrons
to reach the base region. And a reverse-biased emitter, with a reverse-biased
collector, will produce a transistor in which current never passes. There are
occasions when it is desirable to bias the transistor to cutoff. This is achieved
by bringing the emitter-to-base bias to zero or even inserting a small amount
of reverse-biasing voltage. In the majority of applications, however, statement
1 above is true.

If the emitter and collector are both forward-biased, the general tendency
will be for the emitter electrons to flow between emitter and base and for
collector electrons to flow between collector and base. In essence, we have
two junction diodes possessing a common base. If the collector forward volt-
age is larger than the emitter voltage, some of the collector electrons will flow
back to the collector via the emitter. But in any event, the desired amplifica-
tion will not be obtained, and the purpose of the transistor will be defeated.

At this point a note of caution regarding the application of reverse voltage
to transistors is advisable. As we shall see later, the emitter bias voltage
is quite small, on the order of 1 V or less. The collector reverse voltage
is generally much higher. If we should mistakenly connect the collector battery
in the forward direction, the excessive current flowing through this section
could develop enough heat to destroy the junctions, making the transistor
useless. Hence, always be certain that the collector voltage polarity is correct
before making connections.
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FIGURE 2.22
The NPN transistor connected as an amplifier.

It is interesting to note that a transistor possesses a bidirectional facility.
That is, we can forward-bias the collector with a low voltage, reverse-bias
the emitter, and then feed the signal in at the collector. The current gain
under these conditions will be less than under normal conditions. As a matter
of fact, in Chap. 11 there is described a television phase detector in which
the emitter and collector sections are structurally identical and each takes
turns sending current through the transistor.

Transistor Amplifier. We are now ready to connect the NPN transistor into
an actual amplifier circuit with the signal input at one end and the load resistor
at the other (Fig. 2.22). The incoming signal is applied in series with the
emitter-to-base bias, and the load resistor is inserted in series with the collector
battery. When the signal voltage is zero, the number of electrons leaving
the emitter and entering base region is determined solely by the forward
bias on the emitter. This situation can be represented by the potential-distribu-
tion diagram shown in Fig. 2.234. When the signal goes negative, it adds
to the forward bias, further reducing the height of the base hill and causing
more electrons to flow through the transistor. This is shown in Fig. 2.23b.
During the next half-cycle, the signal goes positive, reducing the forward bias
of the emitter and thereby reducing the number of electrons leaving the emitter
and entering the base and, subsequently, the collector regions. This is shown
in Fig. 2.23c, where the height of the base hill has been increased.

At the other end of the transistor, these current fluctuations produce corre-
sponding voltage variations across R,, the load resistor. When the input signal
is negative and the current increases, the collector end of R, becomes more
negative. By the same reasoning, when the signal goes positive, current de-
creases and the collector end of R, becomes relatively more positive.

Thus, amplification is achieved through this transistor without the 180°
phase shift that occurs in vacuum tubes. This is not always true of transis-
tors. We shall see as we go on instances when signal phase reversal does
oceur.

Another point to note regarding this transistor is that an increase in
signal polarity (i.e., positive) causes the transistor current to decrease. On
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FIGURE 2.23
Transistor amplifier operation demonstrated by potential hills.
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the other hand, with the PNP transistor to be studied next, a positive increase
in signal polarity causes the transistor current to increase.

PNP TRANSISTORS

In the formation of the initial transistor from a PN junction, we added a second
N section to evolve an NPN transistor. We can approach the same problem by
adding another P section to produce a PNP transistor (Fig. 2.24). The emitter
and collector sections are formed now of P-type silicon. Since this is actually
the reverse—as far as material structure is concerned—of the NPN transistor,
we should expect differences in the mode of operation and in the polarity of
the voltages applied to the emitter and collector.

A typical bias setup with PNP transistors is shown in Fig. 2.25. The
positive side of the battery connects to tha emitter, while the negative terminal
of the battery is connected to the base. The collector battery is attached
in the reverse manner, with the negative terminal connecting to the collector
and the positive terminal to the base. Holes are the current carriers in the
emitter and the collector sections; in the N-type base section, electrons are
the principal carriers. With the emitter-bias battery connected as shown in
Fig. 2.25, the positive field of the battery repels the positive holes toward
the base section. At the same time, the negative-battery terminal at the base
drives the base electrons toward the emitter. When an emitter hole and a
base electron combine, another electron from the emitter section enters the
positive-battery terminal. This creates a hole, which then starts traveling to-
ward the base. At the same instant that the first hole and electron combine,
another electron leaves the negative-battery terminal and enters the base. In
this way, current flows through the base-emitter circuit.

FIGURE 2.25 +] | +hl=
Method of biasing a PNP transistor. ﬁ'll |l|'|
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In the PNP transistor, the holes are carriers in the emitter section; and
when they cross the junction into the base region, a number of them combine
with the base electrons. However, well over 90 percent of the holes do not
combine with the electrons but rather pass through the base region and continue
on to the collector terminal. When this terminal is reached, an electron from
the battery combines with a hole and effectively neutralizes it. At the same
instant, an electron leaves the emitter region and starts on its way around
the outer circuit to the collector battery.

Note, then, that although holes are the carriers in P-type silicon, current
conduction through the connecting wires of the external circuit is carried on
entirely by electrons. This fits in with the current conduction with which we
are familiar.

The incoming signal and the load resistor occupy the same positions
in a PNP transistor amplifier that they do in an NPN transistor amplifier (Fig.
2.26). Only the polarity of the biasing voltage is reversed.

QUESTIONS

2.1. Draw a simple diagram showing how the silicon atoms are bound to
one another in a crystal.

2.2. Since all the electrons in a silicon crystal are hald fairly tightly, explain
why silicon is considered a semiconductor rather than an insulator.

2.3. What is a hole in a semiconductor and how is it formed?
2.4. How do holes travel through a semiconductor?

2.5. When an electric field is applied to a semiconductor, what is the effect
on holes and free electrons?

2.6. How is N-type silicon formed? List several substances that could be
employed in this process.

2.7. How is P-type silicon formed? List several substances that could be
employed in this process.
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2.8.

2.9.

2.10.

2.11.
2,12,

2.13.

2.14.

2.15.
2.16.

2.17.
2.18.

2.19.
2.20.
2.21.

2,22,
2.23.

Are holes ever found in N-type silicon or electrons in P-type silicon?
Explain.

Draw a PN junction showing the donor and acceptor atoms and the
free holes and electrons on their respective sides.

What prevents the wholesale recombination of excess holes and electrons
at a PN junction?

What do we mean by a potential hill?

How is a battery connected to a PN diode in order to initiate a flow
of current? In order to prevent current flow?

Explain the mechanism of current flow through a crystal diode when
the diode is biased in the forward direction.

Draw the characteristic curve of a silicon diode. Explain the reason
for the reverse current.

What is the avalanche voltage in a crystal diode?

How is an NPN junction transistor formed? Sketch such a transistor
and label each section.

Describe the rules that must be followed in biasing a transistor.

Why must the base section be made as thin as possible in a transis-
tor?  What happens when it is made too wide?

Explain how a transistor operates.
How is gain achieved in a junction transistor?

Why is there no signal reversal between input and output of the amplifier
shown in Fig. 2.22?

Draw the diagram of an amplifier using a PNP transistor.

Describe the flow of current through a PNP transistor.



Chapter Three

Transistor Characteristics

Advances in transistor design and manufacturing techniques in the last decade
have removed many operating limitations of semiconductor devices. These ad-
vances have been responsible for numerous new semiconductor applications
and markets.

When transistors were first developed, they could handle only milliwatts
of power at fairly low frequencies. Modern microwave power transistors are
capable of handling 20 watts (W) of power at 2 gigahertz (GHz), and owing
to a highly competitive market, these limits are being extended almost every
month.

There is little doubt that the problems limiting present microwave-power-
transistor applications will be solved and that the ultimate limitation will be
the material from which the device is fabricated. Today this material is epi-
taxial silicon (see Chap. 4). Tomorrow it could be a new compound semicon-
ductor, pushing the useful frequency and power capabilities of transistors to
new horizons.

In this chapter we will examine the more important characteristics, physical
as well as electrical, of transistors.

POWER

The power capability of a transistor is limited by three major factors. First,
there is a maximum reverse voltage that the collector can stand. When the
reverse voltage is raised beyond a certain point, an electrical breakdown is
created between the collector and base. This is generally the avalanche effect
noted in Chap. 2.

There is also another mechanism of voltage breakdown called punch-
through. This results from an expansion of the depletion region that exists
on either side of the PN junction between the base and collector. When a
negative voltage is applied to the collector of a PNP transistor (positive-voltage
terminal to the base), the holes in the P-type collector will be attracted to
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FIGURE 3.1
Mechanism of punch-through voltage.

the negative potential. Similarly, the electrons in the N-type base will be
attracted by the positive potential applied to the base terminal. This attraction
of the carriers away from the junction creates a depletion region in which
there are no free carriers (Fig. 3.1¢). As the voltage across the junction
is increased, the depletion region expands and at some particular voltage will
expand through the entire base region and actually come in contact with the
emitter junction. This is shown in Fig. 3.15. The voltage at which this effect
takes place is called the punch-through voltage. When punch-through occurs,
and at higher voltages, the normal transistor action ceases and the base can
no longer control the current flow. As a practical matter, the resultant dynamic
short circuit between collector and emitter permits a flow of current that is
limited only by the resistance in the external circuit.

With either of the two conditions above, the transistor may be damaged
if too much current flows. If the current flow is not excessive, however, the
transistor may not be damaged.

A second factor that limits the maximum power capability of a transistor
is the decrease in current gain with increased current. This will be examined
more fully later because it involves a current factor (beta) that has not yet
been discussed. With a decrease in current gain, the power gain similarly
decreases and thus the effectiveness of the unit to function as an amplifier
is reduced. (Power gain is proportional to the square of the current gain.)

The third factor that establishes a limit to the maximum power output
of a transistor is the safe amount of heat that the material or junction can
withstand. Another way of stating this is to indicate the maximum power
dissipation of the transistor internally, although it is generally the collector
dissipation, since the greatest amount of heat is developed in the collector.
Since the collector and emitter currents are nearly equal, differing only by
the reliatively small amount of current divertad by the base, the reader may
wonder why more heat is generated at the collector. The answer lies in the
fact that power is equal to /2R, and inasmuch as the collector is reverse-biased,
it has a far higher internal resistance than the emitter.

To assist transistors in achieving higher collector-dissipation ratings, spe-
cial heat sinks (Fig. 3.2) in which these transistors are mounted have been
developed. These heat sinks, or heat dissipators, help conduct the heat away



TRANSISTOR AND INTEGRATED ELECTRONICS a4

FIGURE 3.2
Typical transistor heat sinks. (Courtesy Wakefield
Engineering.)
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FIGURE 3.3

A power transistor housed in a metallic container. The unit
shown will provide a maximum power output of 6 W when
operated class A.

from the collector. Also useful for this purpose are metallic housings (cans)
for transistors (Fig. 3.3).

It is customary, when the power dissipation of a transistor is given, to
specify the temperature (usually 25°C) at which this dissipation can be obtained
safely. Low-power transistors are rated in reference to the surrounding, or
ambient, air temperature; medium- and high-power units are rated in reference
to case or housing temperature. If it is desired to operate the transistor
at a temperature higher than 25°C, the power-output rating must be lowered
or derated. Either a specific derating factor, such as 1 W/°C, is given or
a derating curve is included with the specification sheet.

If a derating factor is given, then for each degree Centigrade rise in
temperature, the maximum power dissipation must be lowered by the amount

FIGURE 3.4
A power-transistor derating curve.
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FIGURE 3.5
Typical power transistors.

indicated—here 1 W. If a derating curve is given, this information can be
obtained directly. A typical curve is shown in Fig. 3.4. Up to 25°C, the
power dissipation is 150 W. Beyond this temperature, the dissipation de-
creases linearly. Hence, at 60°C case temperature, the power dissipation
can be only 80 W, while at 100°C it has been reduced essentially to zero.
Failure to heed these derating factors will not only shorten the life of the
transistor but will also frequantly cause the transistor to burn out in short
order. Several types of power transistors are shown in Fig. 3.5.

NOISE

Transistors, like vacuum tubes, develop a certain amount of internal noise. In
the early days of transistor development, it was not unusual to find a transistor
with a noise figure of 30 decibels (dB) at 1 kHz. Since then, transistor noise
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figures have been steadily lowered, until at the present the common values are
below 5 dB.

Noise figure is a relative term designed to permit comparison between
similar electronic devices or circuits. For example, if the noise figure of a
transistor is O dB, the transistor will not be generating any internal noise.
When a transistor has a noise figure other then 0 dB, however, it contributes
noise to the circuit. The higher the noise figure, the greater the noise being
added.

The noise behavior of a typical transistor is shown in Fig. 3.6. The
characteristic turns up at either end, but it remains quite flat and generally
unchanged in between. At the low-frequency end, the noise figure is inversely
proportional to frequancy, dropping to the flat base in middle-frequency ranges.
The source of the low-frequency noise has been traced to surface conditions.
Surface conditions, or surface activity, is related to the number of atoms per
centimeter squared (silicon) at the surface, the number of dangling® bonds
per atom, and the angle the dangling bonds make with the surface. It has
recently been discovered that the low-frequency noise figure can be lowered
significantly by controlling the growth axis of the silicon.

The central section of the curve is developed by the diffusion of carriers
within the transistor and from the thermal agitation of current carriers. The
first of these effects is directly related to the shot noise in vacuum tubes,
which arises from the physical flow of electrons from cathode to plate. The
second, or thermal, noise is analogous to the noise voltages generated in any
resistor or other conductor of current. Both noise voltages are completely
random in their nature because their effect (i.e., polarity) cannot be predicted
at any specific instant of time.

'A dangling bond is an incomplete bond between adjacent atoms. Usually such
bonds require an additional electron to make them complete.

FIGURE 3.6
Noise behavior of a typical transistor.
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The second upturn of noise, at the right side of the curve of Fig. 3.6,
is due to the drop in power gain of a transistor because of the frequency
limitation of the device. Since the noise factor by definition depends on the
ratio of signal to noise, anything that reduces the signal causes the noise
figure to worsen.

Device design engineers take into account the following factors to control
noise:

1. The Growth Axis (Crystal Orientation) of the Silicon. It affects the surface
conditions of the transistor, because different crystal orientations have differ-
ent densities of dangling bonds at the crystal (silicon) surface. The angle
these dangling surface bonds make with the silicon surface, along with
their density, are important factors in controlling the characteristics of the
oxide-silicon interface of modern planar transistors. The oxide-silicon rela-
tionship is important in controlling low-frequency noise.

An important new type of device depends on this oxide-silicon relation-
ship for its operation. These devices are known as metal oxide semi-
conductors (MOS), which will be discussed in some detail in Chap. 5.

2. Device Geometry. It is known that device size and geometry affect noise.
Noise can be reduced by keeping a high emitter area—periphery ratio and
by having minima!l contact metalization over the device junctions. Also,
the smaller the device, the lower the noise figure.

These considerations are not as significant as are the surface effects
just mentioned. However, they are still important factors in device design.

3. Marimum beta and minimum R,.. Van der Ziel, a researcher in solid-state
physics, established the following relationship: F (noise) is minimized by
minimizing

1l —a
Ry
R, "

where R, = base resistance
R, = dc resistance of the emitter
a = dc alpha
This indicates that in order to reduce noise, a designer must take steps
to reduce the base resistance and maximize beta. We shall discuss alpha
and beta later in this chapter.

FREQUENCY RESPONSE

In any application of a transistor, its frequency limitations must be known
not only because of economic reasons (to avoid using a high-cost transistor
with an extended high-frequency response where only a low frequency is re-
quired) but also because of power gain that falls off rapidly (above a certain
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point). There is no single factor that by itself completely controls frequency
response. The end result is always a compromise of a number of considerations.

An important characteristic in establishing the frequency behavior of a
transistor is the time required for a signal to travel from emitter to collector.
This, in turn, depends upon the mobility of the carriers within the silicon. We
cannot apply signals whose frequency changes so rapidly that the carriers
(holes or electrons) are unable to transport the charges from emitter to
collector.

The mobility of the holes or electrons in a transistor is the velocity with
which they move through the silicon when an electric field is applied. Since
electrons move almost twice as fast as holes, we would expect the transistors
in which electrons do most of the current carrying to have a higher frequency
response than transistors which depend upon conduction by holes. Conduction
from emitter to collector in an NPN transistor depends upon the diffusion
of electrons from the emitter to the vicinity of the collector. On the other
hand, in a PNP transistor, holes are the principal carriers from emitter to
collector. ~ Since holes travel slower than electrons, we would expect PNP tran-
sistors to have a lower cutoff frequency.

Another factor that limits the high-frequency response is the capacitance
between sections of a transistor. The higher the frequency, the lower the
impedance of the shunting capacitor and the greater its shunting effect on
the applied signal. This is true in both the input and output circuits as well
as between input and output.

One of the most important high-frequency transistor parameters is known
as the current-gain-bandwidth frenquency, or f,. This is the frenquency for
which the current gain (called beta) is equal to unity. We shall discuss beta
later in the chapter. For the moment, let us look at some of the design
and processing considerations that affect this important characteristic.

1. Emitter Area. The emitter area is kept as small as possible in order to
keep the capacitance associated with this junction as low as possible. This
capacitance adversely affects the frequency response of the device. This
will be discussed in the chapter on applications.

2. Emitter Periphery. The ratio of emitter periphery to base area should be
kept as large as possible in order to improve the current handling capabilities
of the device. It is apparent that processing limitations are imposed by
the first two conditions (1 and 2). This has resulted in very long, thin
emitters in a confined base area. We shall discuss some modern innova-
tions that have provided large emitter-periphery-to-base-area ratios in Chap. 4.

3. The Impurity Concentration of the Base at the Emitter-base Junction. This
should be kept as low as possible to minimize the recombination of injected
carriers at the emitter-base junction. This recombination increases as the
frequency of the applied signal is increased, since a point is reached at
which the carriers (emitter) cannot respond to the signal, creating flow
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interruption at the emitter-base junction. However, as with the other
parameters that control f,, the base impurity concentration requires trade-
offs in device design and processing. Probably the most important com-
promise is owing to the fact that optimum f, alone does not ensure maxi-
mum powar gain at high frequencies. This is because a very significant
factor for optimizing power gain is the product of the collector capacitance
and base resistance. This product appears in the denominator of a power
output (I’,) equation and hence must be minimized. Obviously, this calls
for a low base resistance (high concentration). But again, a low base
resistance can result in a low punch-through voltage, which has been the
cause of many device failures.

In addition, this parameter is particularly frustrating to control, because
even after the designer has computed the optimum base impurity concentra-
tion, he is confronted with critical process limitations. These limitations
are associated with the high-temperature impurity-diffusion process, which
we will discuss in the next chapter.

4. Base Width. This is the most significant factor in designing for high-fre-
quency performance. The base should be made as small (narrow) as possi-
ble to reduce the base transit time, that is, the time it takes the minority
carriers to travel through the base to the collector. Besides processing
difficulties, the base-width limitation is further aggravated by the fact that
with the collector-base junction reverse-biased, the depletion layer could
easily spread through a narrow base reaching the emitter-base junction.
This is punch-through, which we described earlier in the chapter.

5. Collector Doping Level. With the base width extremely narrow, the doping
level (resistivity) of the collector predominates in controlling f,. This is
so because a heavily doped material causes the depletion layer in the collec-
tor to be narrower and therefore the transit time of carriers through this
layer to be shorter. However, a low-resistivity collector will also decrease
the breakdown of the collector-base junction, resulting in another trade-off
decision. Thus, the value of f, must be increased as the frequency of
operation is increased, and one way this is done is by increasing the collector
doping level, which unfortunately decreases the collector-base breakdown
voltage. High collector-breakdown ratings are desirable so that the transis-
tor can operate at optimum output-power levels. This will be discussed
in Chap. 6.

There are obviously numerous contradictions requiring trade-offs in the
design and processing of high-frequency transistors. For example, high-fre-
quency operation requiras a small collector-base area for low-collector capaci-
tance and a large collector-base area for current handling and power-dissipation
requirements.

Packaging is extremely important in building high-frequency transistors.
Low-lead inductance, good thermal conductivity, and isolation of the collector
are some of the factors that have to be considered.
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Alt of the parameters (and more) listed for f, control are part of well-
established mathematical equations that the designer of modern high-frequency
devices can manipulate with the aid of the computer to optimize device perform-
ance. Even the package-design parameters are being optimized with the
aid of the computer.

TEMPERATURE EFFECTS

The ability of properly processed silicon to serve as a transistor depends wholly
on the electronic bonds and lattice structure existing within the crystal. Con-
ductivity will rise with temperature. An increase in thermal energy will lead
to more broken covalent bonds, more free electrons and holes, and a greater
current flow in both input and output circuits for the same applied voltages.
This, in turn, will reduce control of the collector current by the base, and
eventually nullify the transistor action. It is even possible for the thermal
action to feed on itself and destroy the transistor. The higher temperature
results in more current, which raises the temperature even higher and results
in more current, etc., until the unit is permanently damaged. (This effect
is frequently referred to as thermal runaway.)

Even if the increase in temperature does not prove detrimental to the
transistor, it can be the cause of signal distortion because of a shift in operating
point. When a transistor is employed in a circuit, say an amplifier, a suitable
operating point is selected. This operating point represents a certain collector
current at a certain collector voltage, perhaps 5 milliamps (mA) at 6 V. When
the signal enters the stage, it varies the collector current and the collector
voitage follows suit. These variations in the collector circuit represent the
output signal.

Suppose, now, that because of temperature, the operating collector current
increases (with no signal) to 6 mA. This will cause a greater voltage drop
across the load resistor and leave less voltage for the coliector. Signals now
passing through this stage can swing the collector voltage over a smaller range
before cutoff occurs. Furthermore, as the collector voltage decreases, the
transistor characteristic curves tend to become more nonlinear (Fig. 3.7), and
this, too, is a source of distortion. Finally, by raising the collector-current
operating-point value, more collector dissipation develops. This leaves less
leeway for the signal before the maximum safe-dissipation value is reached.

In transistor characteristic charts, such as we shall study presently, the
maximum collector dissipation is specified at a definite temperature (generally
25°C). If the operating temperature exceeds this value, it becomes necessary
to lower the collector-dissipation rating.

Sometimes two maximum-temperature ratings will be given: one, the lower
one, when in free air; the other, when the transistor is mounted flush against
a metallic surface (such as an aluminum chassis) that will conduct the heat
away. These heat conductors are heat sinks, and they can make an appreciable
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Typical collector characteristic curves for a transistor.

difference in the maximum-dissipation rating. For example, a transistor with
a collector-dissipation rating in free air of 2.5 W will have an approximate
rating of 4.0 W when mounted flush against an aluminum chassis. This is
a significant point to keep in mind, particularly when the transistor is to be
operated near its maximum rating.

in addition to an operating temperature, there is a maximum storage
temperature. This is determined by life tests and is limited by the melting
point of the materials within the transistor case or parameter stability.
Parameter instability (i.e., changes in operating characteristics) results because
of the increased chemical action at elevated temperatures primarily at the
surface of the transistor. Today's planar transistors are many times more
stable than were devices of a decade ago. However, surface changes still
occur that affect transistor parameters or characteristics.

For example, an important parameter, [, increases with temperature.
I, is an important parameter that will be encountered again and again, and
some explanation of it is in order. I, is variously called the collector leakage
current and the collector saturation current. Actually, saturation current is a
preferable term, since leakage is only one component of its total value.

I, is the current that flows through a transistor when the collector-base
junction is reverse-biased and the emitter is open (Fig. 3.8). The notation I.go



TRANSISTOR CHARACTERISTICS 53

FIGURE 3.8 |
The manner in which /.4, is measured. 1

was selected to reflect this fact. Thus, the ('3 following the capital letter J
stands for collector and base. They are the two elements that are reversed-
biased. The condition of the third element, here the emitter, is open-circuited,
indicated by the letter 0.

With the collector-base diode reverse-biased, one would expect zero cur-
rent. In reality, however, it is impossible to fabricate P-type semiconductors
without some free electrons or N-type semiconductors without some excess
holes. These minority carriers account for a small current flow even though
the collector-base diode is reverse-biased. Current flow takes place in the
following manner. The minority carriers (from each section, electrons in the
P region and holes in the N region) are forced toward the junction under
the influence of the applied battery voltage. Some of the electrons and holes
combine and neutralize each other's electrostatic charge. But this loss of
electrons from the P section upsets the electrical neutrality that originally
existed there, leaving it with a net positive charge. The positive field attracts
additional electrons from the negative terminal of the battery. At the same
time, the loss of holes (due to the same action above) leaves the N region
with a net negative charge. (Remember that both sections were electrically
neutral before the battery was connected to them.) To satisfy this charge,
additional holes are formed in the N section while the electrons that were
combined with these holes move to the positive terminal of the battery.

The foregoing provides a continuous flow of current, with electrons travel-
ing from the negative-battery terminal to the P section, while electrons from
the N section enter the positive battery terminal. Since the number of minority
carriers originally available was small, the current under reverse-bias conditions
is also small.

The small current that flows when the collector-base diode (or any PN
junction) is reverse-biased actually consists of two components. One is the
current indicated above, i.e., the current produced by the minority carriers
in each section. This current is the saturation current and rapidly increases
with increasing junction temperature. The heat sensitivity stems from the
fact that as the temperature rises, thermal energy is imparted to the atoms
forming the diode, enabling some of the previously held valence electrons to
break loose from their covalent bonds. And, of course, for every electron
that breaks loose, a corresponding hole is created. Thus, the supply of
minority carriers increases and with this increase, the reverse current rises.
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The second component of /.., stems from the leakage of current across
the outer surfaces of the transistor. This component is voltage-dependent be-
cause it basically follows Ohm's law E = /R. It is also somewhat temperature-
sensitive, probably because the resistance presented by the semiconductor
surface itself is temperature sensitive.

WHY SILICON?

The emphasis in the precading discussion has been on silicon as the semicon-
ductor material from which transistors are made. Up until about 1964, most
of the transistors were made from germanium. Of the two substances, silicon
is far more abundant in nature than germanium. As a matter of fact, silicon
compounds form over 85 percent of the earth's crust. Unfortunately, silicon
is never found in the free state, and in order to utilize it for transistor manufac-
ture, extensive separation and refining methods must be employed. The re-
fining techniques have been improved to the extent that the cost of pure silicon
is no longer an obstacle.

One of the most important advantages of silicon, which is in large measure
responsible for much of its present popularity, is its low collector saturation
current I.,,. Table 3.1 presents a comparison between what might be termed
typical junction-transistor characteristics for both silicon and germanium, and the

TABLE 3.1
Comparison of Silicon and Germanium Key Transistor Characteristics®

Silicon Germanium
Characteristic Symbol (diffused) (alloy + diffused)
Volts (max) Ver 1500 Vv 300 Ve
Current (max) Ie 100 A 60 A
Collector culoff current Icpo 0.01 uA 14A
Collector capacitance C. 7 pF 20 pF
Gain bandwidth product F, 100 MHz 1 MHz
Junction and storage T.. 65 to 200°C 65 to 100°C

lemperature

s Silicon transistors are best suited for high-voltage and high-power dissipation and high-fre-
quency applications, while germanium transistors are still used for low-voitage, high-current,
and-low cost applications.

bTriple diffused mesa.

< Alloy diffused epitaxial or post alloy diffused.
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great disparity in Iy, values is readily observed. The ratio might be anywhere
from 100:1 to 500:1. The rate of increase in I, with temperature is about
equal for both types of transistor. Since the value of I.,, for silicon is so
extremely small at room temperature, however, the unit can be used at much
higher temperatures before it becomes troublesome.

Another property in which silicon excels is its collector resistance re.  This
value is higher than the comparable collector resistance of germanium tran-
sistors. As we raise the operating temperature, r, in both types of transistors
will decrease; but because we start with a higher value in silicon, it is possible
to go to higher temperatures before r, becomes too small to use. When the
behavior of /.4, and r. is considered, it is seen why silicon transistors possess
higher maximum dissipations and why they are usefu! as high as 150°C.

These characteristics are directly attributed to the larger energy gap that
exists between the valence band and the conduction band in silicon atoms. It
will be recalled from Chap. 1 that in order for an electron to jump from the
valence band to the conduction band, a certain amount of energy is required.
More energy is needed to accomplish this jump in silicon than in germanium.
This same factor also explains why more bias voltage is neesded to produce
a certain current in the emitter. It will also be found that the base resistance
is higher in silicon transistors. When the silicon unit is employed as a grounded
emitter, the higher base resistance requires more driving power from the
preceding stage.

The mobility of electrons in silicon is about one-third that of electrons
in germanium. This tends to work against the frequency response of silicon
transistors. There are, however, other factors that have to be taken into con-
sideration when designing for high frequency. For example, collector capaci-
tance C. is a very important frequency-determining factor, and in silicon this
value is lower than in germanium transistors. Another compensating factor
is that higher collector voltages may be employed with silicon transistors; this
tends to decrease further the effective value of C. and thus aid the frequency
response.

The development of the silicon epitaxial planar process, with silicon-dioxide
passivation, has given more device design flexibility to silicon, which is another
major reason why more silicon than germanium transistors are made today.

LIFE EXPECTANCY

An important consideration in the application of any electronic device is its
life expectancy. How long will this component last under normal operating
conditions? In the case of transistors (and integrated circuits), this is espe-
cially pertinent because they form vital links in circuits.

Device failure can be one of three kinds; mechanical failure, bulk failure
(arising from some defect in the bulk of the material), or surface failure. We
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are not concerned here with failure due to misuse, such as a current overload
or the application of too high a voltage. Only failures arising from manufactur-
ing difficulties will be considered.

Mechanical Failure. Into this category fall such things as poorly made connec-
tions, excessive strains on sections of the transistor, application of too much
heat during die mounting or lead bonding, or the differential expansion between
adjoining parts. When a transistor is properly made mechanically, it will with-
stand centrifugal forces with accelerations as high as 31,000 times the force
of gravity (i.e., 31,000 g) and impact test with accelerations as high as 1,900 g.

Bulk Failure. Bulk failure arises from changes in the crystalline structure
of the transistor body. For example, impurities that exist on the inside of
the transistor housing or on the transistor surface can in time diffuse into
the body of the transistor and alter the internal structure, particularly in the
neighborhood of the junction. Fortunately, at normal operating temperatures
such diffusion is quite small and can ordinarily be neglected.

Of far greater importance is the effect of nuclear radiation, which can
penetrate into the transistor body and displace atoms from their normal posi-
tions and thereby cause them to appear at points where they were not intended
to be. This disrupts the crystalline structure and modifies the electrical be-
havior of the unit. For example, the current gain may be affected, usually
by being lowered, because the displacement in the crystal structure in the
base prevents as many minority carriers from reaching the collector.

Surface Failure. The greatest number of transistor failures stems from
changes at the surface of the transistor. Water vapor, for example, which
can condense on a transistor surface, may decrease the collector breakdown
and increase the collector current. Neither condition is desirable. A reduc-
tion in the collector breakdown voltage means that less collector voltage can
be applied to the device, and this limits output power. An increase in collector
current means higher internal heat generation at the operating point and less
leeway for the signal.

To avoid these surface changes, transistors are hermetically sealed in
a dry (inert) atmosphere. Even with these precautions, surface changes may
still occur. To minimize these changes, special cleaning procedures are em-
ployed during the entire process.

In silicon-planar-transistor manufacture, the completed wafers are some-
times given special high-temperature (300°C) nitrogen bakeouts prior to final
sealing for surface stabilization.

Finally, it must be realized that in transistors we are dealing with extremely
small dimensions, particularly at the junctions. Even a microscopic particle
of dust falling across a junction can completely short-circuit it. Transistors
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FIGURE 3.9
The schematic symbol for a transistor. EMITTEK

must thus be fabricated under almost sterile conditions, and almost every
transistor fabrication plant has one or more *'white,”" or clean, rooms where
extensive air-cleansing equipment constantly filters out any dust particles that
may be brought in. Some rooms have to be temperature- and humidity-con-
trolled. These precautions extend even to the personnel, who are required
in some facilities to pass through special outer rooms where much of the
dust from their clothing is removed. They then don white laboratory coats
and even special head coverings so that any dust or dirt that they will still
carry on their bodies or clothing does not enter the atmosphere of the work-
room. Transistor sensitivity to contamination make these precautions
necessary.

It has been found that solid-state devices can operate for 20 years or
more, a much longer period then we would ordinarily expect for vacuum tubes.

TRANSISTOR SYMBOLS

The basic symbol for a transistor is shown in Fig. 3.9. The emitter element
has an arrowhead, the base is a straight line, and the collector element is
shaped like the emitter but without an arrowhead.

To distinguish between NPN and PNP transistors, the method shown in
Fig. 3.10 is employed. If the emitter is P type, the arrowhead is directed
in toward the base. On the other hand, if the emitter is N type, the arrowhead
points away from the base.

COMPARISON WITH VACUUM TUBES

Transistors are designed to perform the same functions as vacuum tubes,
and it is therefore only natural to want to compare the two electrically to

COLLECTOR COLLECTOR
FIGURE 3.10
To distinguish between PNP and NPN Brse SASE
transistors, the method shown is frequently
employed. This notation will be followed in EMITTER EMITTER
this book. a, PNP b, NPN
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GRID BASE FIGURE 3.11
Comparable elements in tubes and
transistors; grid and base, cathode
CATHODE EMITTER and emitter, and plate and collector.

see wherein they differ and wherein they are similar. As a first step, let
us consider these two components in the light of their internal operation. In
a transistor, current flow through the various sections is initiated by the flow
of electrons or holes from the emitter section. In a vacuum tube, this initiation
starts at the cathode. We could thus say that the emitter in a transistor
is equivalent to the cathode in a vacuum tube. (The word *‘emitter,”" of course,
is a clue to the function of this element.)

The recipients of this current flow are the collector in the transistor and
the plate in the vacuum tube; hence, these two elements can be considered
to be equivalent in their actions. This still leaves the grid in the vacuum
tube and the base in the transistor, and the equivalence of these elements
is seen in the fact that whatever current flows from emitter (or cathode) to
collector (or plate) must flow through the base (or grid) structure. Current
flow in both devices is governed by the potential difference between emitter
or cathode and base or grid. Figure 3.11 illustrates these analogies between
transistor and vacuum tube.

The next step is to consider both devices in terms of the dc voltages
that are applied to their elements. In a vacuum tube, the grid is almost
always biased negatively with respect to the cathode. This makes the grid
impedance very high (except at high frequencies, where other effects enter
the picture). The plate, on the other hand, is always given a potential that
is positive with respact to the cathode. The purpose of the plate is to attract
the electrons emitted by the cathode; and since electrons possess a negative
charge, a positive potential is needed to attract them.

In the transistor we wish to accomplish the same purpose, although condi-
tions here are somewhat different. To initiate a flow of current, there must
first be a flow of current between emitter and base and the bias battery must
be connected to produce that current flow. This is what determines the polarity
connections of the bias battery. If the emitter is formed by P-type silicon,
the base will contain N-type silicon and current flow will occur between these
sections when the positive-battery terminal connects to the P-type emitter and
the negative-battery terminal connects to the base. We have spoken of this
as forward-biasing, and under these conditions the impedance of the emitter
circuit is low.

When we employ an N-type emitter and a P-type base, we must reverse
the battery connections if we are to obtain the desired current flow through
the emitter. Thus, the guiding thought in the emitter circuit is current flow,



TRANSISTOR CHARACTERISTICS 59

and we alter the battery conditions to suit the type of silicon being used
in order to achieve our objective. From this it can be seen that tran-
sistors are current-operated devices, while vacuum tubes are voltage-operated.
Alpha (a), for example, is the symbol representing the ratio aA/./Al,,
where Al is the change in collector current and il, is the change in emitter
current. The counterpart of this symbol in the vacuum tube is w. the ratio
of a voltage change in the plate circuit produced by a voltage change in grid
circuit. Again we see the emphasis on voltage in a tube as against current in
the transistor.

In the collector circuit the proper battery-biasing is such that the current
flow is reduced to a minimum. (Note that it is not zero, although it is only
on the order of microamperes.) This is known as reverse-biasing and is always
true with collectors. To attain this condition, we must connect the battery
in accordance with the type of silicon used in the transistor. If the collector
is formed of P-type silicon and the base has N-type silicon (in PNP junction
transistor), then the negative terminal of the battery goes to the collector
and the positive terminal to the base. Conversely, if the collector has N-type
silicon and the base P-type, the reverse is true.

BASIC TRANSISTOR—AMPLIFIER CIRCUITS

All transistor amplifiers can be divided into three classes: grounded emit-
ter, grounded base, and grounded collector. In the sections to follow, the
basic differences among these classes will be examined. Further elaboration
will then be made in the succeeding chapters dealing with applications.

Grounded-base Amplifier. It is convenient to start a detailed examination with
a grounded-base transistor amplifier. This is shown in Fig. 3.12. The input
signal is applied to the emitter, and the output signal is obtained at the collec-
tor. In a grounded-base transistor amplifier, the input and output signals
have the same polarity. To illustrate this, the amplifier of Fig. 3.12 has been
drawn using an NPN transistor, and the battery polarities have been chosen
accordingly. Assume now that the incoming signal is positive at this instant.
This positive voltage will counteract some of the normal negative bias between
emitter and base and serve to reduce the current flowing through the transistor.
This, in turn, will reduce the voltage drop across R, making the collector
potential more positive. Thus, a positive-going input signal produces a posi-
tive-going output signal.

During the negative half-cycle of the input signal, the emitter will be
driven more negative than it normally is with respect to the base. This will
increase the flow of electrons (here) from the emitter to collector and cause
the negative voltage drop across R, to increase. This will drive the collector
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(a) A grounded-base transistor amplifier and (b) the

analogous grounded-grid vacuum-tube amplifier. The polarity
of the voltages used in the transistor circuit will be governed
by the doping of the semiconductor used for the various
elements. Here an NPN transistor is shown.

less positive. Again we see that the polarity of the output signal is similar
to that of the input signal.

For the output, a load resistor of 10,000 ohms (Q) is a common value.
Insofar as current is concerned, there is less at the output (i.e., the collector)
than at the emitter. The difference is the 1 or 2 percent that is diverted
to the base. The ratio of output current /.. to input current I, or I¢/1, is the
«, or hy, of the transistor (h,, is the hybrid symbol for «). These hybrid
characteristics, or parameters, are employed extensively on transistor data
sheets, and it is desirable for the reader to become familiar with them. They
are explained at length in Chapter 13. Thus, the current gain of this amplifier
arrangement is less than one, which might lead one to believe that the circuit
has little utility; but this is not true. A sizable voltage gain may be obtained
because the output-load resistance value is so much higher than the input
resistance. Thus, if we assume an input resistance of 50 Q and a load re-
sistance of 10,000 §, then the voltage gain (input to output) is

Voltage gain = Bow _ ToBs
e e Ein IERin
e .
] = 0.98 for a typical value
E
Hence
Voltage gain — ~-t — .98 % 0000
in = = 0. :
e e K 50
= 0.98 X 200

196
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By the same token, a power gain is also possible:
Power = [2J¢
q ])uut
Power gain = P
IR,
g R
0.982 X 200
0.96 X 200

= 192

li

li

We have indicated above that the input impedance of a transistor in the
grounded-base configuration is quite low. The output impedance, if we remove
the load resistor and look into the coilector, is very high, on the order of
1 to 2 megohms (Mq). However, when we connect a load resistor of 10,000
, this is the value of the output impedance, since it completely swamps the
1 to 2 M with which it is basically in parallel. It is well for the reader
to keep this distinction in mind, because reference is often made in the litera-
ture to the high output impedance of the common-base arrangement—and
this means, as indicated above, without the load resistor. Once a much smaller
load resistance is connected to the collector, its value will essentially determine
the output impedance.

Grounded-emitter Amplifier. The grounded-emitter amplifier (Fig. 3.13), is the
most popular of the three types. The input signal is applied to the base, and
the output signal is obtained at the collector.

it so happens that when the mathematics of grounded-emitter circuitry
is worked out, this arrangement possesses a number of advantages over the

FIGURE 3.13

(a) A grounded-emitter amplifier and (b) its vacuum-tube
counterpart. An NPN transistor is used in a; for a PNP
transistor, the polarities of the batteries would have to be
reversed.

OUTPUT
OuUTPUT
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grounded-base approach.  For one thing, the input impedance is higher, averag-
ing between 700 and 2,000 0. The output impedance, looking into the collec-
tor before any load resistor has bzen connected, is about 500,000 Q. This
is less than the value presented by the common-base amplifier. The same
10,000 ¢ of load resistance is usually employed here as well, however.

Since the input signal is applied to the base in the common-emitter ar-
rangement, it is the variations in signal that control the collector current.
Hence, current gain here is

: Ic
Current gain = —.
Iy

= B (or hye)

This ratio is called beta (8) or iy when the hybrid notation is employed.
In a typical transistor, if the emitter current is 5 mA, the base will get 0.1
mA and the collector will receive the rest, or 4.9 mA. Substituting these
values into the equation, we obtain
4.9
0.1

=49

=3
It
|

Note that a sizable current gain is obtained, in contrast to the small
loss occasioned in the preceding amplifier. The gain arises from the fact
that very minute variations of the base current produce significant variations
in the collector current.

A voltage gain is also obtained because there is not only a current gain
but also a resistance gain. If we assume an input resistance of 2,000 Q and
a load resistance of 10,000 Q, then the voltage gain is

Voltage gain = current gain X resistance gain

ol
Iy R
10,000
2,000

=49 X

= 245

This is somewhat larger than the voltage gain achieved with the common-
base circuit. The difference is not very much, however. Power gain is con-
siderably better:

I¢* Ry
Iy* Rin
(49)* X 5
12,005

Power gain =
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It is because of higher current and power gains that the common-emitter
amplifier is the most popular arrangement employed in transistor circuits.

An interesting feature of the grounded-emitter form of connection is the
phase reversal that occurs as the signal passes through the stage. The reason
for the reversal can be understood by considering the amplifier shown in Fig.
3.13. The base-emitter circuit is biased in the forward direction, with the
negative side of the bias battery to the base. (In this way, the negative battery
terminal repels the excess electrons in tha N-type emitter toward the PN junction
and the positive battery potential drives the holes in the base to the same
junction.)

If we now apply a signal to the base, here is what will happen. When
the signal is negative, it will tend to reduce the bias potential applied between
emitter and base. This means that the electrons in the emitter and the holes
in the base will have less compulsion to overcome the inherent separating
force at the junction and less current will flow. This, in turn, will reduce
the collector current and provide less voltage drop across the load resistor. As
a result, potential at the collector will become more positive.

During the positive half-cycle of the signal, the total voltage in the emitter-
base circuit will rise. This will increase the flow of current through the emitter,
the collector, and R,. The increased voltage drop across the collector resistor
will make the top end of this resistor more negative. Thus, in grounded-emitter
amplifiers, the output signal is 180° out of phase with the input signal.

Grounded-collector Amplifiers. The final transistor-amplifier circuit arrange-
ment is the grounded collector. This is shown schematically in Fig. 3.14.

In the grounded-collector arrangement, the input impedance, base to col-
lector (which is the common element), is quite high because of the reverse

FIGURE 3.14

(a) A grounded-collector amplifier and (b) its vacuum-tube
counterpart. The cathode resistor in b would have a fairly
high value.
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bias that exists between these two elements. (In contrast, the input impedance
of the two preceding arrangements was low because the input circuit was between
the base and emitter and the diode was forward-biased.) Of course, R, in
Fig. 3.14 is hung across the input; and if this resistor is low-valued, it will
cause the input impedance to be low. If R, has a high value, however, we
can then obtain input impedances as high as 1 MQ in this circuit. The output
impedance, on the other hand, is low, frequently falling below 100 Q.

The current gain of a common-collector circuit is slightly higher than g;
actually, it is g + 1. This can be shown quite simply as foliows. The input
current is the base current /,. The output current that flows through ., Fig.
3.14, is the emitter current I, and this, we know, is equal to /, + /.. Hence,

I 1o+ 1,
Current gain = L il

lli II:

le

= — 41

Iy

g+1

The voltage gain is always less than 1, although generally it is not much
less than 1. This is true hare for the same reason that it is true in a cathode
follower. The emitter (or cathode) resistor is fairly large and unbypassed.
Here, the signal voltage that develops here bucks the input signal at the base,
so that only a small portion of the input signal is effective in producing an out-
put voltage. In short, what we have is considerable degeneration.

Power gain is achieved in this stage because of the large current gain,
but the gain is less here than it is in tha other two configurations. Phase
reversal of the signal does not occur in this stage. Any signal applied to
the input will appear at the output with the same phase.

TABLE 3.2
Common Common Common

Characteristic emiller base collector
Current gain Large 1, approx Large
Voltage gain Large Large 1, approx
Power gain Largest Large Lowest
Input resistance Low Lowest Highest
Qutput resistance High Highest Lowest
Signal phase shift between oul put

and tnput 180° None None
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Table 3.2 summarizes the general characteristics of the three amplifier
configurations.

TRANSISTOR CHARACTERISTIC CURVES

The difference in operation between transistors and vacuum tubes, i.e., that
one stresses current while the othar voltage, is reflected in the characteristic
curves of the two devices. In the characteristic curves for a 6AG5 pentode,
Fig. 3.15, the plate-current—voltage curves are given for a series of grid-voltage
values. The corresponding set of curves for a transistor is given in Fig. 3.7.
Here, collector voitages and collector currents are plotted for various values
of base current. Note the great similarity between these two sets of curves.
In the case of the 6AG5 pentode, the plate current is relatively independent
of the plate voltage above approximately 50 V. The only factor that determines
plate current is grid voltage. For tha transistor, collector current is likewise
independent of collector voltage and is wholly a function of emitter current.
This follows from the basic operation of a transistor, wherein the base-emitter
potential determines how many minority carriers the emitter injects into the
base. Because of its very low value, it is inconvenient to measure base-emitter
potential. The base current, which is related to base-emitter potential, is a
more easily measured component and is hence employed as the governing

FIGURE 3.15
The E,-I, characteristic curves for a 6AG5 pentode vacuum
tube.
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parameter on the family of /o — E curves. Furthermore, the input resistance
is not linear. That is, the input resistance will change as the input current
changes. If we attempted to use the base voltage as the running parameter,
the characteristics would be made unnecessarily nonlinear.

An interesting feature of the transistor-characteristic curves is the fact
that when we reduce the collector voltage, the collector current drops to zero.
If the chart had extended down, it would have reversed itself and started
flowing in the oppositz direction (i.e., the forward direction). The latter condi-
tion is not desired, since it would quickly lead to excessive current flow with
consequent overheating and permanent damage to the transistor.

In the plotting of graphs, it is customary to place the more important
(i.e., the independent) variable along the horizontal axis. This should be done
with the transistor curves; that is, the collector-current axis should be placed
horizontally and the collector-voltage axis vertically. In practice, both types
of presentations will be found, with perhaps greater emphasis given to the
form shown in Fig. 3.7.

It is not uncommon to find collector-voltage values listed with negative
values in these charactaristic charts. This is to indicate that the applied col-
lector voltage is negative in polarity, such as we would use with a PNP transis-
tor. For an NPN transistor, the collector voltage would be positive.

Negative signs are also found in front of the current figures, and their
presence here is associated with the direction of collector current flow in rela-
tion to the conventional indication of current flow through a circuit. Conven-
tionally, electric current is taken to flow from the positive side of a voltage
source through the circuit to the negative side. Electron flow, with which most
technicians are familiar, travels in the opposite direction. Because of this
difference in treating current direction, it is suggested that any negative signs
appearing in front of collector-current values be ignored. As long as the
proper battery polarity is applied to the collector, the current will take care of
itself.

When they give transistor characteristics, most manufacturers include the
output characteristic curves for the common-emitter connection. Occasionally,
the curves for the common-base connection will be given.

Alpha and Beta. We have seen that the « of a transistor is the ratio of the
collector current to the emitter current when the transistor is connected in a
common-base arrangement. The collector current should be measured with no
load resistor in the collector circuit because by definition « is the short-circuit
current gain. The g of a transistor is defined as the ratio of the collector cur-
rent to the base current when the transistor is connected as a common-emitter
amplifier. Here, too, the collector should be measured with no resistance in the
collector circuit because by definition g is the short-circuit current gain of the
transistor. (By defining « and 8 in this way, a definite frame of reference is
established for all such measurements.)
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Since the o and g are characteristics of the same transistor, they are
related to each other. We know that the emitter current is equal to the sum
of the base and collector currents. That is,

Ig =1Ip+Ic G
Rearranging, we find

Ip=1g—I¢ 3.2)

We also know that the collector current I is equal to of,.
Hence, expression (3.2) can be written

Iy = 1Ig — alg
I}; = IE(]. - a) (33)
Now we divide I, = ol by Eq. (3.3)

B _ ﬁ,‘ _ (XIE
Iy (1 — )l
B=— 3.4)
l— o«

Conversely, we can express ¢ in terms of B:

B
= — 3.5
@ = @3.5)

Equation (3.5) is derived by simply rearranging (Eq. 3.4)

TYPICAL TRANSISTOR DATA

An indispensable tool for anyone dealing with the design, operation, or service
of electronic equipment is a transistor manuai. Here we find the mechanical
and electrical specifications for each type of transistor, plus a set of characteris-
tic curves.

Transistor manufacturers’ sheets contain the specifications of a particular
transistor, including maximum ratings, characteristic curves, and physical out-
line. Some of the more important items described are;

. Transistor number
Collector-junction voltage rating
Emitter-junction voltage rating
Current-handling capacities
Power rating

Temperature limitation

Thermal resistance

NoaPwN
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8. Transistor-case outline

9. Ac h parameters

10. Iz

11. I,

12. 4 cutoff frequency

13. Static collector characteristic

14. Temperature variation of transistor parameters
15. Dc g and «

16. Saturation resistance

Each of these parameters may be used in the circuit design and specifica-
tion of a particular transistor. The location of the parameters on the data
sheet need not be the same, and the method of presentation may also vary.
Furthermore, not all parameters may be given for any specific transistor; only
those that are deemed necessary will be included.

Before we examine a typical specification sheet, some mention should
be made of the rules that have been established in reading symbols. To
start, it is necessary to note carefully the upper- and lowercase letters used
in both the quantities (i.e., major letters) and the subscripts. Following are
the standards agreed upon by the Institute of Electrical and Electronic Engineers
for semiconductor circuits.

Quantity Symbols

1. Instantaneous values of current, voltage, and power, which vary with time,
are represented by the lowercase letters of the proper symbol. Examples:
o U g Uy

2. Maximum, average (dc), and rms values are represented by the uppercase
letters of the proper symbol. Examples: I, V', I,, V.

Subscripts for Quantity Symbols

1. Dc values and instantaneous total values are indicated by uppercase sub-
scripts. Examples: i¢. I, v Viepo Pes P

2. Varying component values are indicated by lowercase subscripts. Examples:
loo Lo o Voo e P

3. If it is necessary to distinguish between maximum, average, or rms values,
maximum or average values may be presented by the addition of a sub-
script m or av.  Examples: i, Lo Lo Leu

A typical specification sheet (General Electric Company) is shown in Fig.
3.16. The various sections of this listing are numbered 1 to 8, and appropriate
explanations of each are given below.

1. The lead paragraph is a general description of the device and usually con-
tains three specific pieces of information: The kind of transistor, in this
instance a silicon NPN triode; a few major application areas, here amplifier
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and switch; and general features such as leakage current, breakdown voltage,
and current gain.

2, The absolute maximum ratings are those ratings which must not be ex-
ceeded. To exceed them may cause device failure.

3. The power dissipation of a transistor is generally limited by the junction
temperature. Therefore, the higher the temperature of the air surrounding
the transistor (ambient temperature), the less power the device dissipates.
A factor that indicates how much the transistor must be derated for each
degree of increase in ambient temperature in degrees Centigrade is usually
given. Note that the 2N2193 (given on this specification sheet) can dissi-
pate 0.8 W at 25°C. By applying the given derating factor of 4.6 mwW
for each degree increase in ambient temperature, we find that the power
dissipation will drop to 0 mW at 200°C. This, then, is the maximum
operating temperature of this transistor.

4. All the remaining ratings define what the device is capable of under specified
test conditions. These characteristics are needed by the design engineer
to develop matching networks and to calculate exact circuit performance.

There is one important difference between the absolute maximum rating
and the design characteristics listed on specification shzets. The absolute
maximum rating must not be exceeded under any circumstance; and to
exceed it automatically releases the transistor manufacturer from any war-
ranty he may give with the unit. On the other hand, although characteristics
may entail some guarantez, they are presented primarily as a guide to
the user. Some of the parameters—for example, I.,, hg,, V.. etc.—
have their maximum values guaranteed but not at end of life (i.e., usually
after 1,000 h). Other parameters, such as breakdown voltage, are rated
on an end.of-life basis. However, none of the typical values listed are
guaranteed.

5. Current-transfer ratio is another name for 8. In this case we are talking
about an ac characteristic, so the symbol is hge. If the dc beta is meant, the
symbol is hp.. B is partially dependent on frequency, so some specifications
list it for more than one frequency.

Base saturation V..., specifies the base input voltage characteristic
under the conditions of both junctions (emitter base and collector base)
being forward-biased. The conditions of measurement specify a base cur-
rent of 15 mA and a collector current of 150 mA. The base-emitter voltage
drop is then 1.3 V. This parameter is of particular interest in switch
designs.

Collector saturation voltage V..., is the electrical characteristic
describing the voitage drop from collector to emitter with both base-emitter
and collector-basa junctions forward-biased. Base and collector currents
are stipulated.

A transistor is saturated when both junctions are forward-biased. The
saturation resistance for this condition is equal to the collector-to-emitter



FIGURE 3.16

A transistor specification sheet for General Eleciric types
2N2193, 2N2193A, 2N2194, 2N2194A, 2N2195, 2N2195A
transistors. (Courtesy General Electric.)

NPN

Silicon Types

(1) The General Electric Types 2N2193, 2N2193A, 2N2194, 2N2194A, 2N2195, and 2N2195A are planar expitaxial silicon 2N2193
NPN transistors designed for high-speed switching and high-frequency amplifier circuits. They feature 2N2193A
a low leakage current, low saturation voitage, a high breakdown voltage, and a guaranteed current gain ON2194
from 0.1 to 1,000 mA.
2N2194A
2N219%5
2N2195A
2) Absolute maximum ratings (25°C unless otherwise specified)

2N2193 2N2194 2N2195
2N21934 2N2194A 2N21954

Voltage
Collector to base, Vego 80V 60V 45V
Collector to emitter, Vego 50V aov 25V
Emitter to base, Vggo 8V 5V 5V
Current
Collector, /¢ 1.0A 1.0A 1.0A
(3) Transistor dissipation, Pr
Free air 25°C 0.8W 0.8W
Free air 25°C? 0.6W
Case temperature 25°C¢ 2.8W 2.8W 2.8W
Case temperature 100°C¢ 1.6W 1.6W 1.6W
Temperature
Storage, T'sre —65 to +4-300°C
Operating junction, T, —65 to 4-200°C
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“4) Electrical characteristics (25°C unless otherwise specified)

2N2193 2N219} 2N21956
2N2193A 2N2194A 2N2195A
Min Maz Min Maz Min Maz
Dc characteristics
Collector-to-base voltage, Vego (¢ = 100 pA) 80V 60V 45V
Collector-to-emitter voltage, Vego (Ic = 25 mA)¢ 50V 40v 25V
Emitter-to-base voltage, Vggo (I = 100 pA) 8V 5V 5V
Forward-Current transfer ratio, &,
) (Ic = 150 mA, Veg = 10 V)4 40 120 20 60 20
(Ic =10 mA, Vg =10 V) 30 15
(Ie = 1000 mA, Ve = 10 V)4 15
(Ic =01 mA, Ve =10 V) 15
(lc = 500 mA, I'CE =10 V)d 20 12
(Ic=10mA, Vep =10V, T4 = —55°C) 20
Base saturation voltage, Vigay (I = 150 mA, I3 = 15 mA) 1.3V 1.3v 1.3V
Collector saturation voltage, Veggay (Ic = 150 mA, Iz = 15 mA) 0.35V max., 2N2193, 94, 95 only
0.25V max., 2N2193A, 94A, 95A only
0.16V typ., 2N2193A, 94A, 95A only
(6) Cutoff characteristics
Collector leakage current [¢po
(Ves = 30 V) 10 muA 100 muA
(Ves =30V, T4 = 150°C) 25 uA 50 uA
(Ver = 60 V) 10 muA
(Ver = 60V, T4 = 150°C) 25 uA
Emitter-base cutoff current (Vg =5 V) 50 muA
Emitter-base leakage current (1'gz = 3 V) 50 muA 100 muA
(7) High-frequency characteristics
Current transfer ratio,
hye(lc =50 mA, Ver = 10V, f = 20 MHz) 25 2.5 25
Collector Capacitance, C,, (/g =0, Vep =10V, f = 1 MHz) 20 pF 20 pF 20 pF
(8) Switching characteristics, (Vi = 15V, 19 = 15 V)
Rise time, ¢, 70 ns 70 ns
Storage time, ¢, 150 ns 150 ns
Fall time, ¢, 50 ns 50 ns

¢ Derate 4.6 mW/°C increase in ambient temperature above 25°C.
b Derate 3.4 mW/°C increase in ambient temperature above 25°C.
¢ Derate 16.0 mW/°C increase in case temperature above 25°C.

4 Pulse width <300us, duty cycle <2%.
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voltage divided by the collector current. It consists of two components.
The first component is the bulk resistance of the material from the collector
and emitter terminals to their respective junctions. The second component
is due to the transistor action of the device; it decreases as the base current
is increased for any given value of collector current. Thus, overdriving
the transistor will reduce the saturation resistance.

Collector saturation resistance is generally of considerable importance
to engineers who are designing logic circuits in which the transistor itself
acts as a switch, going from a very high impedance condition, when it
is essentially cut off, to a very low impedance condition, when it is saturated.
In such design work it is important to know the saturation resistance, or
the resistance of the transistor when it is in the low-impedance condition.

For the 2N2193 transistor, the saturation resistance is equal to the
collector saturation voltage (0.35 V) divided by the collector saturation cur-
rent (150 mA). The resultis 2.3 Q.

The saturation region on the characteristic curves of a transistor is
at the extreme left-hand side where the curves appzar to come together
(Fig. 3.17a). Actually, when this portion of the graph is enlarged (Fig.
3.17b), it can be seen that each curve is separate and distinct. In this
region the curves slope downward in a straight line, and if the ratio of
collector voltage to collector current at any point is computed, the saturation
resistance value is obtained. (Another way of stating the same thing is
to say that the reciprocal of the slope of a curve in this region is the
saturation resistance.)

Most manufacturers will list a collector saturation voltage Vo
This voltage is essentially the minimum voltage necessary, at a particular
collector current, to sustain normal transistor action, and it occurs when
the emitter-base voltage equals the emitter-collector voltage. At lower-col-
lector voltages, the base-collector diode becomes forward-biased and the
current-voltage relationship changes abruptly. This is the region where
the curve lines slope sharply downward.

It might be noted in passing that there is also a cutoff region on the
characteristic-curve plot. This occurs below the curve marked /, = 0. In
Fig. 3.17a the cutoff region is somewhat below the curve marked /,, = 0.02
mA.

6. The collector cutoff or leakage current is the current from collector to base
when no emitter current is being applied. This is the /., mentioned previ-
ously. It varies with temperature changes and must be taken into account
whenever any semiconductor device is designed into equipment that is used
over a wide range of ambient temperatures. (The notation /.., is frequently
shortened to 7,.,. Both stand for the same quantity.)

7. The small-signal forward current gain h, is shown as a minimum of 25
at 20 MHz. Included, too, is the collector capacitance, a quantity of consid-
erable importance in high-frequency applications.
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(a) The saturation region on the characteristic curves of a
transistor is at the extreme left-hand side where the curves
appear to come together. (b) Enlargement of saturation
region of a. This region is to the left of line A.
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8. The switching characteristics show how the device responds to an input
pulse under the specified driving conditions. These responsa times are
very dependent on the circuit used. The terms used in this section of
the spacification sheets are explained in Fig. 3.18.

T, is the delay time, or the time it takes from the application of the input
voltage at point A (Fig. 3.18) until thz output voltage has reached 10 percent
of its final value.

T, is the rise time or the time interval required for the output to go from 10
to 90 percent of its saturation value.

T, is the storage time, or the time it takes from the removal of the input
signal for the output to go from its saturation value to 90 percent of that
value.

T, is the fall time, or the time interval required for the output to go from
90 to 10 percent of its saturation value.

(a} TYPICAL CIRCUIT:
Igy=1g2 =05mA
Ic =10mA

Ic
ABI < hrg

WAVEFORM GENERATED AT
A BY CLOSING SWITCH.

WAVEFORM AT B SHOWING
BIAS ON BASE DURING
SATURATION.

BASE-CURRENT WAVE -
FORM. NOTE REVERSE
CURRENT Ig, DUE TO
BASE BIAS DURING
SATURATION,

COLLECTOR WAVE FORM
SHOWING STANDARD
DEFINITIONS OF
RESPONSE TIMES.,

FIGURE 3.18
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The delay time is partly due to the time required to discharge the emitter-
base capacitance that has been charged to the reverse-space emitter-bias volt-
age (—10 V in Fig. 3.18) through the base resistance. Secondly, time must
be allowed for the emitter current to diffuse through the base region. The
rise time refers to the turn-on of the collector current. The storage time
is due to the length of time required to sweep out the stored charge carriers
in the base region that resulted from the collector-base region being forward-
biased during saturation. (During saturation, both the emitter and collector
inject carriers into the base region. The emitter normally does this under
all circuit conditions; the collector, only when it is forward-biased as it is
during saturation.)

The introduction of the epitaxial transistor offered important advantages
over the alloy and the diffused uniform-crystal devices. Briefly, the epitaxial
process involves growing a very thin, high-resistivity layer of silicon on a very
low resistivity silicon substrate. The thin, high-resistivity layer has the same
crystal orientation as the substrate, and by very careful process control, uni-
form layers having any desired thickness and resistivity can be grown. The
epitaxial process will be discussed in some detail in Chap. 4.

The high-resistivity epitaxial layer permits the designer to design for high
collector-base breakdowns, low capacitance per unit area, and a reduced series
resistance resulting in optimum V.., Mmeasurements. This reduced series
resistance is possible since the epitaxial layer is made just thick enough to
support the depletion layer associated with the collector-base breakdown; and
the heavily doped substrate, which is part of the collector, offers very little
resistance.

In addition, since the effective minority-carrier diffusion length equals the
epitaxial thickness, which is much less than the diffusion length related to the
actual lifetime in the epitaxial region, the collector stored charge is significantly
reduced. This is true since the recombination rate at the substrate-epitaxial
interface is very high due to the high impurity concentration. This results in
a reduced storage time ¢,.

The development of the epitaxial and planar processes were an important
turning point in solid-state technology. Epitaxial planar devices have high
current and voltage ratings, excellent dc characteristics, and very high fre-
quency responses.

The final item found on transistor specification sheets is an outline of the
transistor housing and an indication of the positioning of the transistor leads.
Transistor cases are assigned so-called TO numbers, such as TO-5 and TO-9.
The letters TO stand for transistor outline.

Sometimes transistor leads are arranged in a straight line, sometimes they
are arranged in a circle, and sometimes they are bunched together at a single
point. The illustrations in Fig. 3.19 are representative of the more common
arrangements. In all instances, the manufacturer's specification sheets should
be checked before any connections are made to transistor leads.
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Above and on the pages preceding are
shown typical transistor housings and
lead arrangements. In instances when
four leads are found, one is usually
connected to the case and should be
grounded (generally) in the circuit. In
the larger power transistors, where
only two leads or terminals are found,
one is the base and the other is the
emitter. The transistor case then
serves as the collector connection,
being internally connected to the
collector element.



TRANSISTOR CHARACTERISTICS 79

TRANSISTOR EQUIVALENT CIRCUITS

As one works with transistors, one finds that there is a considerable degree
of dependence between the input and output circuits. This is in direct contrast
to vacuum tubes, wherein the input and output circuits are relatively inde-
pendent of each other. (Feedback effects that may occur can generally be
counteracted by suitable means.)

In the common-emitter arrangement, for example, the variation in input
resistance with load resistance is as shown in Fig. 3.20. Note how the input
resistance decreases with increase in load resistance, eventually leveling off
to a value of about 500 @ when the load resistance becomes inordinately
large. This is for a typical junction transistor.

Similar curves showing the effect on the output resistance for different
input resistances could be drawn. The reason for these interactions can per-
haps be better understood when the equivalent electrical circuit of a transistor
is examined. Equivalent circuits are convenient devices that enable an engi-
neer to develop a relatively simple electrical network that will function in the
same manner electrically as some complex circuit that he may be investigating.
It is interesting to study the engineer’s approach to equivalent circuits because
it will give the reader a better appreciation of the value and purpose of these
circuits. The start is made with a little black box in which the circuit or
system to be analyzed is contained. Access to the box is prohibited, and
all we have from the box are four terminals, two representing the input and
two the output. The procedure then is to take this black box and perform

FIGURE 3.20
Variation of input impedance with load resistance in a
junction transistor.
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Voltage and current measurements made on a system in
order to determine its equivalent circuit. (a) Signal is
applied to input; voltage and current measurements are

made on input with output terminals open. (b) Signal is
applied to input; current flowing in input is measured,
together with voltage across output. (c) Signal is applied

to output with input open; voltage and current in output are
measured. (d) Signal is applied to output; current flowing

in output is measured, together with voltage across input.

a serics of four measurements on it. One mzasurement is to apply a signal
to the input terminals 1 and 2 and record the voltage that is applied and
th2 current that flows in the input circuit with the output circuit open (Fig.
3.21q). This will give us the input resistance I, when 1, is divided by I,.

A second measurement is made by applying the signal to the input termi-
nals of the black box and recording the current flowing in the input circuit
and the voltage developed across the output circuit. This is illustrated in
Fig. 3.21b. This measurement indicates what effect the input circuit has on
the output circuit.

The third test is made with the signal generator connected across the
output terminals and the voltage and current meters recording these respective
quantities in the output circuit (Fig. 3.21c). The input circuit is open.

The final check is made under the conditions indicated in Fig. 3.21d.
Here we apply the signal to the output circuit and measure the voltage it
produces across the input circuit.

The results of these four measurements are then used to draw a simple
network that will give exactly the same results when the measurements indi-
cated above are made. If such a network can be found, then we know that
it will act under all conditions as the circuit or system in the biack box acts,
and we can call this latter network the equivalent of the box system and deal
with it rather than the generally mors complex system it replaces.
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Steps in the development of an equivalent circuit for a
transistor. (a) Preliminary equivalent circuit of a transistor.
(b) A more nearly complete equivalent circuit of a transistor.

Using the foregoing method, one equivalent network obtained for a tran-
sistor is as shown in Fig. 3.22, where r. is the internal resistance of the
emitter, r, is the internal resistance of the base, and r, is the internal resistance
of the collector. Note that the base resistance is common to both the emitter
and collector circuits, a fact that we discovered previously when studying the
manner in which current is conducted through the transistor.

Now if all we had in our equivalent circuit were these three resistances,
then we would have a simple resistive network in which signals (or voltages)
could pass from input to output or from output to input with equal ease. This
we know is not true of transistors. Furthermore, a simpla resistive network
could introduce only attenuation, not amplification; and transistors do amplify.
Something more is obviously needed, and that something is the small generator
placed in series with r.. For mathematical reasons that are related to the
design equations of transistors, this generator is given a value of r,i,, where
i is the current flowing through the emitter resistance r, and r,, is a mutual
resistance of the system. For our purpose here, we need simply regard this
generator as adding its voltage to that of the input signal to produce a greater
(i.e., an amplified) signal at the output. In this way we achieve an equivalent
circuit that reveals how a signal applied to a transistor is amplified and just
what that amplification will be under various types of load resistances.

For readers who find this added generator strange or confusing, attention
is directed to the equivalent circuit for a triode vacuum tube (Fig. 3.23). We
note that voltage ¢, applied between grid and cathode produces the same
effect as a voltage in the plate circuit, which is  times greater. w of course,
is the amplification factor of the tube.

Returning to Fig. 3.22, we begin to see why the input and output circuits
of a transistor are so dependent on each other. Any current flowing in the
collector circuit will also flow through r, and the voltage developed here
will directly influence the current flowing in the input circuit (containing r,
and r,). And, of course, anything that happens in the input circuit will be
immediately felt in the output circuit. In a vacuum tube, where the grid is
negative and the frequency is not very high, the equivalent circuit of Fig.



TRANSISTOR AND INTEGRATED ELECTRONICS 82

G=GRID

G ¢ = CATHODE
P=PLATE

R, r;.= PLATE RESISTANCE
R, = LOAD RESISTOR

<

FIGURE 3.23

The equivalent circuit of a vacuum tube. The incoming
signal e, appears in the plate circuit as a greater voltage
new.

3.23 shows quite plainly that the grid and plate circuits are isolated from
each other and we do not have the same dependence between the impedances
in each circuit that we have in a transistor.

QUESTIONS

3.1. What factors limit the power-handling ability of transistors? Describe
each briefly.

2.2. How does the noise figure of transistors vary with frequency?

3.3. What can be done to help transistors achieve higher collector-dissipation
ratings?
3.4. Describe briefly how the following features of a transistor affect its high-

frequency response.

1. Base width
2. Emitter area
3. Collector doping level

3.5. In what ways can a transistor fail?
3.6. How are the surfaces of planar transistors protected against changes?
3.7. Define Iopg, Io. Vego, and BV .

3.8. What differences exist between silicon and germanium in their use in
transistors?

3.9. Why is /.., important in transistor opzaration?

3.10. Why must the collector-dissipation rating of a transistor be reduced when
the unit is employed above a certain temperature?
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3.11.

3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.
3.19.

3.20.

3.21.
3.22.

3.23

3.24,

3.25.

3.26.

How are PNP and NPN transistors differentiated schematically? What
other conventions are employed in drawing transistor symbols?

Draw the circuit of a grounded-base transistor amplifier, complete with
dc biasing voltages and input and output terminals. Draw the vacuum-
tube counterpart of this circuit.

Follow the same procedure as in Question 3.12 for a grounded-emitter
transistor amplifier. Draw the vacuum-tube counterpart of this circuit.

Answer Question 3.13 for a grounded-collector transistor amplifier.

Which of the three types of ampiifier is best suited for a high-input-
impedance—low-output-impedance application? Which arrangement pro-
vides the best voltage and power gains? Would the same results be
obtained if vacuum-tube amplifiers were employed? Explain.

Differentiate between the o and g values of a transistor.

Describe how the g value of a transistor may be determined from its
characteristic curves.  For your illustration, use Fig. 3.7.

How can you identify the various element leads of a transistor?

What characteristics are generally given for a transistor in the manufac-
turer’s listings?

Why is there greater dependence between the input and output circuits
of a transistor than of a vacuum tube?

Draw the equivalent circuit of a transistor.
What is the difference between hy, and h;,?

Define the term current-gain-bandwidth frequency f,. What features of a
transistor affect f,? ’

In what three ways can the life expectancy of a transistor be shortened
due to manufacturing difficulties? Briefly explain each.

Explain the following terms found on transistor specification sheets:

Base saturation voltage V. say,
Forward-current transfer ratio
Collector saturation voltage V g (ga,
Power-derating factor

Collector leakage, or cutoff, current

e T

Explain the significance of the foliowing terms as they relate to the
switching ability of a transistor: Storage time; rise time; delay time.




Chapter Four

Transistor Design and Process Development

Thus far we have studied the structure of the atom and its significance to
transistor operation. We discussed how to form a PN junction and then noted
transistor characteristics, attempting to explain the electrical and physical rela-
tionships of these characteristics that make the transistor such a useful device.

This chapter will examine the development of transistor processing, from
the point-contact transistor to the modern silicon epitaxial planar transistor.

The rapid advances made in transistor processing have not only led to
the extremely efficient epitaxial planar transistor, but also to the practical pro-
duction of field-effect transistors (Chap. 5) and the monolithic integrated circuit
(Chap. 8). All these achievements have increased the applications of semicon-
ductors by many orders of magnitude.

POINT-CONTACT TRANSISTORS

Point-contact transistors are no longer manufactured. However, from the
standpoint of discovery and initial development, the point-contact transistor
comes first, and it is of historical interest to examine briefly its mode of opera-
tion. As with the junction transistor, it is best to start with a point-contact
diode.

Point-contact Diodes. A point-contact diode is shown in Fig. 4.1. One section
consists of a small rectangular chip of germanium to which a controlled amount
of N-type impurity is added, giving us N-type germanium. The other half
of the diode consists of a fine phosphor-bronze catwhisker wire that presses
against the center of the germanium chip.

An important step in the fabrication of this diode is the passage of a
relatively large current from the catwhisker wire to the germanium chip. 7The
purpose of this ‘‘forming’’ current is to produce a small area of P-type ger-
manium in the regions surrounding the point of contact of the phosphor-bronze
tip. The germanium diode now consists of P- and N-type germanium (Fig.
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FIGURE 4.1
Cross-sectional view of internal structure of a germanium
diode.

4.2), and the explanation of its operation follows exactly along the lines pre-
viously discussed for a PN junction diode.

Point-contact Transistor Operation. To form a point-contact transistor, two
phosphor-bronze wires are mounted side by side as shown in Fig. 4.3. One
wire forms the emitter of the transistor and the other wire, the collector. The
third electrode, the base, is formed by depositing metal on the underside
of the germanium chip. The final processing step is electrical forming where,
as in the diode, relatively large surges of current are passed through wires
to the base. This current serves to form small areas, or islands, of P-type
germanium under each wire electrode. The area of each P section is ex-
tremely small, possibly no more than a few atomic layers thick.

The current flow in a point-contact transistor is similar to the current
flow in a junction transistor. There is one interesting variation however; in
a point-contact transistor, a change of the 1 milliamp (mA) in the emitter
circuit produces a 2-to-3-mA change in the collector circuit. This is a signifi-
cant departure from what occurs in junction transistors.

The reason for this effect is that on their journey to the collector, the

P-TYPE
N-TYPE GERMANIUM
GERMANIUM

FIGURE 4.2
A point-contact germanium diode showing the approximate
distribution of the N- and P-type germanium.
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FIGURE 4.3

(a) A point-contact transistor. The emitter and collector
wires are each held tightly against the germanium block.
(b) The physical construction of a point-contact transistor.

emitter holes form a positive space charge that attracts electrons from other
sections of the germanium crystal and causes them to add to the collector
current. These additional electrons are confined to the collector circuit and
travel in a path from the negative terminal of the battery through the collector
and base sections of the transistor, out through the base lead, and back to
the battery again. In effect, what the holes do is reduce the internal resist-
ance of the collector circuit, permitting a greater current to flow for the same
applied voltage. This is supported by the fact that whereas the internal resist-
ance of the collector circuit in junction transistors is on the order of 500,000
ohms (Q) or more, in the point-contact transistor it is typically about 20,000 Q.

The reason for this difference in behavior of point-contact and junction
transistors is primarily because of differences in construction. In the point-
contact transistor, there is a large base area from which electrons may be
drawn to enhance normal collector current. The holes traveling from emitter
to collector serve to attract these excess electrons by their strong positive
field. In a comparable PNP junction transistor, the base section is quite narrow
and can supply only a limited number of electrons to the collector current.
Hence, the same current-gain effect is not observed.

In spite of this, the junction transistor is superior to the point-contact
transistor in nearly all respects. For example, a junction transistor can handle
larger amounts of power, because each junction has a larger surface area
than the corresponding catwhisker wire and its junction. Also, a junction
transistor, operated in the common-emitter mode, provides higher current and
voltage gains.

Besides being a more efficient device, the junction transistor can be mass-
produced more cheaply than the point-contact transistor.
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GROWN-JUNCTION TRANSISTORS

Historically, the grown-junction transistor was the first junction type manufac-
tured. Today it is surpassed in performance by other transistor types.

The grown-junction transistor obtained its name from the fact that the
junctions were produced by what is basically a growing process. A small
crystal of silicon or germanium, called a seed, is dipped into molten silicon
(or germanium) contained in a crucible. As the seed is withdrawn slowly,
the liquid freezes onto the seed, growing a crystal. The original melt contains
a suitable impurity, perhaps arsenic, for N type. After a sufficient amount
of crystal has been grown on the seed with N-type impurity, a P-type impurity
in minute amounts is added to the melt to produce a P-type silicon. The
crystal is grown P-type for about one-thousandth of an inch, and then a second
pellet, again N type, is droppad into the melt. An amount sufficient to over-
come the P dopant is added and the crystal is returned to N type for the
balance of the crystal-growing process (Fig. 4.4).

When the desired crystal has been grown, it is cut into wafers by a diamond
saw, lapped to a smooth surface with an abrasive, cut up into little squares,

FIGURE 4.4
Manufacture of grown-junction NPN transistor from single
crystal to final unit. (Western Electric Engineer.)
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and chemically etched to remove surface damage. The end regions to which
emitter and collector leads are attached are N type; the base is P type.

Another grown-junction processing technique, known as rate-growing, de-
pends on the rate at which impurities will leave the molten semiconductor
and concentrate in the growing crystal. Most impurities are more soluble
in a melted, or liquid, semiconductor than in the solid substance itself. Thus,
if a silicon seed is dipped into molten silicon, which has a certain impurity
concentration, and then slowly extracted, the concentration of the impurity
in the pulled silicon solid crystal will be less than the impurity concentration
in the melt (i.e., molten silicon). The ratio of the impurity concentration in
the solid to the impurity concentration in the liquid is known as the segregation
coefficient. Furthermore, each dopant impurity has its own specific segregation
coefficient for silicon and for germanium. Thus, if both donor and acceptor
impurities are in the same semiconductor melt, they will segregate inde-
pendently on solidifying, according to their segregation coefficient.

For example, suppose that a crystal is pulled from a melt containing
antimony (N dopant) and gallium (P dopant). At the normal crystal-pulling
temperature, both antimony and gallium are segregating from the melt. How-
ever, the segregation rate for antimony is higher at this temperature, and
the crystal is more N type. Now, if the temperature is suddenly increased,
decreasing the growth rate, the antimony segregation rate drops almost to
zero, but the gallium is hardly affected by the temperature change. What
has happened is that with the increase in temperature, the gallium predominates
over the antimony and the crystal becomes P type. When the temperature
is lowered to normal, the crystal reverts back to N type. This temperature
cycling may be repeated at controlled intervals during crystal growth, forming
as many junctions as cycles. This method of producing grown-junction transis-
tors is more economical than the previous technique described.

ALLOY-JUNCTION TRANSISTORS

In the early 1960s, this process accounted for the largest number of junction
transistors produced. It can produce a wide variety of transistor amplifiers
(both low and moderately high frequency) as well as switching transistors in
the low- and medium-speed ranges. The fabrication of alloy-junction transis-
tors has been automated to such an extent that units for the entertainment
field are sold for considerably less than a doliar.

The alloy-junction fabrication technique is quite different from the grown-
junction technique. Whereas the latter is a batch-processing technique, the
present alloy units are essentially individually made (although in large numbers
at any one time). The starting point is a germanium chip about 0.080 in®
and 0.003 to 0.005 in thick. The wafer from which this chip is obtained
is grown similarly to that for a grown-junction transistor, except that the crystal
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Cross section of an alloy-junction PNP transistor. The
collector and emitter elements are grossly exaggerated in
size. (Western Electric Engineer.)

is pulled with uniform doping using one type of impurity, either N or P. In
this discussion, N-type germanium will be assumed. The crystal is sliced
into a number of wafers and then diced into chips of the dimensions given
above.

An impurity metal, usually indium, is then placed on opposite faces of
the germanium chip and heated in special alloying furnaces. The alloying
temperature is approximately 600°C, whereupon the indium alloys into the
germanium until a saturated liquid solution of both materials is formed on
both sides of the chip. On cooling, the dissolved germanium recrystallizes
onto the undissolved germanium. Since it is freezing from a melt containing
indium, the recrystallized germanium is highly doped to P type. We have
thus a PNP transistor with the emitter and collector P type and the base
N type (Fig. 4.5).

Connections to the emitter and collector are made by wires soldered to
the alloy. The other ends of these wires are then spot-welded to leads that
make contact to the circuit in which the transistor is placed. The base contact
is usually made in the form of a ring that completely encircles the emitter.
This permits a low-resistance connection to be achieved (Fig. 4.6).

If the chip is cut at a specific crystal orientation, the liquid alloy will
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FIGURE 4.6
An alloy-junction transistor.

penetrate the germanium in a flat plane, resulting in plane-parallel junctions.
These ““flat” junctions influence electrical characteristics of the final device.

With the alloy method of construction, several things have been accom-
plished. First, the separation between collector and emitter regions is on
the order of only 0.0005 in, which permits a significant reduction in transit
time between these two elements. Second, the base resistance can be made
low by the use of a relatively thick germanium wafer at all points except in
the small section between emitter and collector. Also, the emitter and collector
diameters, 0.010 and 0.015 in, respectively, are kept small, thereby reducing
the various capacitances which these elements introduce.

The alloy method is feasible for both PNP and NPN transistors. For
an NPN unit, a P-type germanium wafer would be used and a pentavalent
element (such as phosphorus) would be substituted for the indium.

Alloy transistors have excellent low-frequency gain characteristics, switch-
ing characteristics, and high current ratings for power applications. They are
still being produced in considerable numbers for these applications.

The Diffusion Process. In the sequence of transistor developments, the dis-
covery of how to apply high-temperature-diffusion techniques to semiconductor-
device fabrication represents a significant advance. As a matter of fact, the
vast majority of modern commercial semiconductors are dependent on the
diffusion process.

The diffusion process can be visualized as a mixing process on an atomic
scale of two different sets of molecules through the random thermal motion
of molecules and atoms. For example, if you place a drop of colored dye
in a glass of water, you will find after several hours that the dye will have
spread throughout the entire glass of water. The spreading was accomplished
by the random motion of the molecules of the dye and of the water.

In a similar manner, gas or liquid will diffuse in solids, although at a
much slower rate. For example, if dropped on a cake of ice, the colored
dye mentioned above would take many years to completely diffuse through
the ice.
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All diffusion processes are accelerated by heat. In the formation of semi-
conductor PN junctions by diffusion, carefully controlled temperatures in the
1000°C range are employed. Let us now briefly discuss PN junction formation
by diffusion.

Impurity atoms become mobile in a silicon crystal when it is heated to
high temperatures. At these high temperatures, there will be a movement
(diffusion) of impurities from the area of high impurity concentration at the
crystal surface, to the area of low impurity concentration at the center of the
crystal. It is always true that the flow, or diffusion, of impurities is from the
region of high concentration to the region of low concentration. In semicon-
ductor processing, the diffusion is halted at precise locations in the crystal by
reducing the temperature. This is done by slowly pulling the quartz diffusion
““boat,” which holds the wafers, from the heat zone of the diffusion furnace by
using a quartz pull rod (Fig. 4.7¢).

The rate of the impurity diffusion is very sensitive to temperature, which
has led to the development of modern diffusion furnaces capable of holding
the required high diffusion temperatures to within one-fourth of a degree Centi-
grade (Fig. 4.7b). To a much lesser degree, the diffusion rate is a function
of the impurity concentration of the crystals (wafers) being diffused and the
crystal orientation and perfection. Crystal imperfections normally result in
varying diffusion rates, and hence nonuniform junctions.

The sketch in Fig. 4.7a shows a cross section of a typical diffusion furnace
indicating the source, diffusion, and carrier-gas sections. The impurity is car-
ried to the wafers by an inert carrier gas, usually nitrogen. The impurity
concentration of the diffused wafer is controlled by the gas-flow rate [the
time the gas flows through the impurity source (deposition time)] and the
time and temperature of the diffusion cycle.

FIGURE 4.7a
Cross section of a diffusion system,
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FIGURE 4.7b
A modern semiconductor diffusion furnace. (Courtesy of
Thermco.)

Some of the more common N-type impurities are: phosphorus oxychloride
(POCL,), a liquid; phosphine (PH,), a gas; and phosphorus pentoxide (P.O;),
a solid. Common P-type diffusion sources are: boron nitride (BN), a solid;
diborane (B,H,), a gas; and boron tribromide (BBr,), a liquid.

The diffusion process does require very careful control. For example,
in the fabrication of microwave transistors, the diffused junction depths are
controlled within tenths of microns. In addition, the surface and junction
impurity concentrations must be precisely controlled for optimum device-operat-
ing characteristics. The fabrication of monolithic integrated circuits requires
a number of different impurity diffusions to form the various circuit components
on the same wafer, which also requires precise control. We shall discuss
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integrated circuit processing in Chap. 8. Today, such extremely precise diffu-
sion cycles are mathematically worked out with the aid of the computer.

For our purposes, however, it is sufficient to know that the following
diffusion parameters must be controlled in order to obtain the desired device
characteristics:

1. The diffusion times and temperatures

2, The carrier-gas-flow rates and oxygen content

3. The impurity source, which must be uncontaminated; and if the source
is a liquid, its temperature must be controlled

4. The wafers being diffused, which must be clean and free of any crystal
imperfections

5. The quartz diffusion tubes, pull rods, source containers, and wafer diffusion
boats, which must all be kept clean and free of contamination.

THE DRIFT TRANSISTOR

The drift transistor combines diffusion and alloy techniques. From this combi-
nation, we achieve a significant improvement in frequency response over transis-
tors formed by the alloy method. The starting point is a wafer of N-type ger-
manium having a fairly high resistivity. Whenever a semiconductor is said
to have a high resistivity, i.e., a high resistance per unit area, it is meant
that the material contains only a small amount of impurity. In this case,
it is N-type impurity. This N-type wafer of germanium is exposed under pre-
cisely controlled conditions to arsenic (or some other N-type impurity) at a
high temperature. The N-type vapor impurity diffuses into the wafer, leaving
the highest concentration at the surface.
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The “‘skin'’ of graded arsenic is removed from one side of the wafer
and a P-type collector junction is alloyed into the germanium. The same P-type
impurity is then alloyed into the other side of the germanium chip where the
graded arsenic is still present. This forms the emitter junction. The result,
as shown in Figs. 4.8 and 4.9, is a transistor in which there is a high density
of impurity in the base end nearest the emitter, with a steady decrease until
the germanium possesses very little impurity (i.e., reaches the original state
of the wafer before the diffusion) somewhat before the center of the base
region. From there to the collector, the germanium remains uniform. At
the collector, the P-type condition appears.

A major difference, then, between the drift transistor and alloy unit resides
in the varying impurity distribution that occurs in the base of the drift transis-
tor. The importance of this can be better understood if we analyze in greater
detail the movement of carriers from emitter to collector.

When a signal voltage (or any other voltage) is applied between emitter
and base, carriers from the emitter are injected into the base. These carriers
must travel across the thin base and arrive at the collector junction. In a
PNP transistor, the carriers from the emitter are holes; in a NPN transistor,
the carriers are electrons. In either case, the carriers travel across the base
by a process of diffusion. This motion, brought on by the thermal energy
that the holes or electrons possess, consists of movement in random paths
as shown in Fig. 4.10a. The electrons (or holes) simply wander about aim-
lessly, colliding with each other or with the crystal atoms and move in all
possible directions. Now, while the individual holes have a random motion,
it is possible to obtain a flow of current across the base, because the holes
have like charges and tend to move from a region of high concentration to
a region of low concentration. This is shown in Fig. 4.10b. Furthermore, if
the concentration gradient is doubled, thus doubling the number of particles,
the flow (or flux) down the gradient is doubled. This basic principle of diffusion
is known as Fick's first law. (Note that this law is the same as the one men-
tioned in our discussion of the diffusion of impurities in solids.)

FIGURE 4.9
Cross-sectional view of the drift-transistor structure. Note
that the base tab is a circular ring.
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FIGURE 4.10

(a) Random motion of holes and electrons implies no
direction for diffusion, but (b) the holes or electrons will
diffuse from a region of high concentration to a region of
low concentration. (Bell Laboratories Record.)

Now, if we apply a strong attractive electric field at the low-concentration
end, the particles are constantly being pulled out of the base, thereby encourag-
ing new particles to take their place. This will produce a continuous flow
of particles from the region of high concentration to the region of low
concentration.

In a PNP junction transistor, there is a high concentration of holes at
the emitter end of the base created by the forward bias between emitter and
base. These holes are injected by the emitter into the base. At the collector
end of the base, there is a strong negative field due to the negative voltage
applied to the collector that pulls in all the holes that reach this point. Thus,
there is a steady current flow across the base region due to the diffusive
action described above.

A small but measurable time is required for holes injected into the base
by the emitter to reach the collector. Note that there are no electric fields
within the base region. Whatever bias voltage is applied between emitter and
base appears across the junction separating the sections. The same is true
at the collector junction, where all the voltage applied between base and collec-
tor appears. Once the injected carriers in ths base reach the collector (by
diftusion), they travel extremely fast because electrical forces are present there.

Now if all the injected carriers required exactly the same travel time,
the net effect would be simply to delay the output signal with respect to the
input signal. In this random travel, however, not all the carriers take the
same path and consequently the carriers (holes or electrons) corresponding
to a particular part of the input signal do not all arrive at the collector at
the same time. When the signal frequency is low, this minute difference of
arrival can be ignored. As we increase the signal frequency, however, some
of the late-arriving carriers begin to interfere with the carriers representing
the next portion of the signal, with resultant disturbance and cancelation
effects. At this point the amplitude of the output signal begins to fall off. The
dispersive effect becomes more and more pronounced as the signal frequency
rises, and the frequency response continues to decrease.
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To minimize this effect, the base section should be made very narrow. As
we make the base thinner, however, we steadily decrease the reverse voltage
that can be applied between it and the collector section. Also, with exceedingly
thin base layers, we not only run into manufacturing difficulties but also en-
counter irregularities in thickness or in impurity distribution that can result
in the collector-to-emitter short-circuit effect of punch-through. (There is also
another effect, namely, increased base resistance, which is detrimental to high-
frequency operation. This will be considered at a later point.)

In the drift transistor, we achieve the same effect as a thin base region
without actually reducing the region to the same extent. By providing a graded
impurity distribution in the base region, we establish an electric field there.
Holes injected into the base region by the emitter, in a PNP transistor, are
accelerated toward the collector. Thus, where previously they traveled aim-
lessly, they are now more or less directed toward the collector, arriving much
sooner than if the base region possessed uniform doping. As the travel time
decreases, the maximum operating frequency rises.

The impurity distribution for a PNP drift transistor is shown in Fig. 4.8.
The emitter is doped fairly heavily with an acceptor impurity (such as indium).
At the junction of emitter and base, the base impurity is at its highest level;
thereafter it decreases until the germanium impurity level is quite low. This
is somewhere around the center of the base. From there to the collector,
the germanium purity remains constant. Since this section of germanium
contains very few impurities, it is frequently called an intrinsic-region material;
i.e., it is almost pure germanium. The electric field in this intrinsic region
is quite strong, and the holes travel through the region quite rapidly. (In
an NPN transistor, the base carriers would be electrons.)

THE SURFACE-BARRIER TRANSISTOR

Although the surface-barrier transistor is obsolete, it is interesting to us because
it was the first practical semiconductor device to make use of surface condi-
tions. Today, an extremely important device, the field-effect transistor (FET),
is also dependent on surface conditions. We shall describe the FET in the
next chapter.

Surface-barrier devices are made through a combination of electrolytic
etching and plating. A germanium chip is electrolytically etched with jet
streams (Fig. 4.11) playing on opposite sides until the chip is etched down
to the desired thickness. The jet-stream polarity is then reversed and the
same solution acts to electroplate metal ions of a salt solution directly upon
the freshly etched surface of the germanium. This forms emitter and collector
electrodes. The process can produce very thin base widths with resulting
high-frequency response. Unfortunately, the thin base width also limits the
useful application of these transistors to low-power applications. Modern junc-



TRANSISTOR DESIGN AND PROCESS DEVELOPMENT 97

N-TYPE JET-PLATED INDIUM
] GERMANIUM
WAFER
ORIGINAL WAFER JET ETCHING JET PLATING
FIGURE 4.11

Jet-etching and plating the surface-barrier transistor.

tion transistors have better frequency performance, with much better power-
handling capabllity.

Briefly, the operation of the surface-barrier transistor depends on special
conditions that exist on semiconductor surfaces. It is known that energy levels
exist on the surface of a semiconductor that are not found in the interior.
These surface-energy levels are due to the semiconductors’ dangling (un-
attached) surface bonds, which we mentioned in our discussion of noise in
Chap. 3. The loose bonds interact with available molecules on the surface
area and form new structures, with new energy states. In some cases (sur-
face-barrier transistors), these new surface-energy states attract electrons from
the crystal interior. A negative field is then created at the surface, which
repels other semiconductor electrons toward the crystal interior. It thereby
creates a layer right beneath the surface that is less N type than the rest
of the crystal. The layer just under the surface can also be considered as
more P type. It is known as an inversion layer; and in the device we are
discussing it is called a surface barrier.

Now, if a metal electrode is brought in contact with the etched germanium
chip (Fig. 4.12) and a negative potential is applied, the electrode will further
repel the interior electrons away from the surface and cause the surface barrier
to become wider. |If the electrode is made positive, the interior electrons
will be attracted and the barrier width will be reduced. Hence, the current
flow between a surface electrode and the crystal interior can be easily controlled.

To form a transistor with the N germanium, we require an appropriate
distribution of holes that will travel from emitter to collector as they do in
a comparable PNP junction transistor. In the surface-barrier transistor, it
is found that a population of holes exists just under the germanium surface.
These holes arise from the valence electrons that are thermally excited enough
to leave their atoms and move into some of the surface-energy levels inter-
mediate between the conduction band and the valence band. The electrons
come from the atoms located near the surface; and for every such electron
departure, a hole is created. This action is confined to the atomic layer just
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FIGURE 4.12
Schematic cross section of a surface-barrier transistor.

below the surface; the rest of the germanium interior produces relatively few
holes. Some metal contacts produce a denser hole population under the sur-
face of the germanium than others. The most useful metals for this purpose
are indium and zinc.

In review, then, we see that the surface-barrier transistor owes all its
characteristics to the special conditions that exist at the surface of a crystalline
structure. The strong electron field at the surface forces free electrons to
remain in the interior. Also, because of the presence of intermediate energy
levels at the surface, holes are found concentrated just below the surface.
When a metal contact to the crystal is made positive, it repels these holes
through the barrier. This would be the emitter etectrode. The other electrode,
the collector, is reverse-biased (i.e., biased negatively), and holes coming within
its field after passage through the germanium body will be drawn to the surface.

The surface-barrier transistor thus consists of a germanium crystal forming
the base plus two metal electrodes, on opposite faces of the crystal, that
serve as the emitter and collector electrodes. A positive emitter will drive
the holes toward the collector, but at the same time it will attract the interior
electrons. For efficient transistor operation, the electron current should be
reduced as much as possible, since only the hole current is desired at the
collector. This was achieved by bringing the collector electrode within 0.0002
in of the emitter. The negative charge on the collector drives the germanium
free electrons away from the emitter, and at the same time presents a greater
attractive force for the holes.

THE MESA TRANSISTOR

The mesa transistor represents still another approach to the fabrication of
high-frequency transistors. Its construction is still popular because it lends
itself to relatively simple and efficient fabrication techniques.
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FIGURE 4.13

An automatic wafer prober. Automatic indexing with

four-place accuracy is dialed into this wafer prober.

Operator controls facilitates rapid orientation of wafer.
(Courtesy Transistor Automation Corp.)

The mesa transistor was the first to use vacuum evaporation techniques
for the formation of the metal contacts to the emitter and base sections. This
technique together with new photoresist methods (which we will discuss pres-
ently) permitted for the first time the processing of several hundred transistors
on the same silicon wafer and in turn led to the development of automatic
wafer-probing machines (Fig. 4.13). These machines are capable of rapidly
probing each transistor on the silicon wafer for dc characteristics and *inking
out” the rejects. After the automatic probe test, the wafers are scribed and
“cracked” into individual transistor chips. The inked reject chips are then
sorted out and the good chips are assembled into transistor packages. The
fact that hundreds of potentially good transistors could be fabricated on a
single wafer and automatically tested provided a significant cost saving in
device fabrication.

As with any other transistor, silicon or germanium may be employed.
Since silicon is now more widely employed, it will be discussed here. Let
us now briefly discuss three mesa-transistor fabrication methods: the diffused-
base mesa, the diffused-emitter-base mesa, and the alloy-diffused mesa.
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FIGURE 4.14
A mesa transistor.

Diffused-base Mesa. The first junction in the diffused-base mesa is formed
by a gaseous diffusion of an impurity opposite in type to that of the substrate
wafer. Using a PNP transistor as a model, we would diffuse an N-type base
region on one side of a P-type wafer. Modern wafer diameters have reached
3 in but most production wafers have diameters of 114 to 2 in. The wafer
thickness is between 0.008 and 0.010 in. The mesa base depth is in the
order of 0.00004 in (see Fig. 4.14). The emitter junction is formed on the
base layer by the vacuum evaporation of a P-type impurity, such as aluminum,
through a metal precision mask. The emitter stripe evaporation is usually
done by the cross-evaporation method (Fig. 4.15), so that the adjacent base
contact can be evaporated in the same cycle. The base contact is usually
gold with a small amount of N-type impurity. Cross evaporation permits the
emitter and base stripe to be very close together, which is necessary for im-
proved high-frequency performance. After evaporation, the wafer is given a
short alloying cycle that forms very shallow junctions in the base areas.
Finally, through a selective etching and masking process, a mesa is formed,
with the collector flaring out at the bottom so that it covers a greater area
at the bottom than the area of contact between the collector and base elements.
By developing this shape, a smaller collector-base capacitance is formed. This
is shown in Fig. 4.14.
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FIGURE 4.15

Diffused-emitter-base Mesa. The diffused-emitter-base process is similar to
the one just described, with the exception that the emitter junction is formed
by diffusion instead of evaporation and alloying. The base layer is formed
by diffusing a P-type impurity into an N-type wafer of silicon. Then a thermal
oxide is grown over the entire wafer surface. We will describe the thermal
oxidation and photoresist processes when we discuss planar technology later
in this chapter. In brief, thermal oxidation provides a uniform layer of silicon
dioxide over the wafer surface that cannot be penetrated by the common im-
purity dopants but can be selectively etched (opened) for impurity introduction
onto the underlying silicon in desired locations. In this case, an emitter area
is opened in the oxide using photoresist techniques and an N-type emitter
is diffused into the silicon through the oxide opening. The mesa is again
formed by etching techniques, just as in the diffused-base mesa.

Alloy-diffused Mesa. Although this type of mesa is no longer fabricated, it
is interesting from a processing viewpoint, since it utilizes two methods of
junction formation during a single high-temperature alloy-diffusion cycle.
The base of a PNP transistor is formed by an impurity that diffuses
out from two N-type-doped lead preforms. These two preforms are alloyed
into P-type silicon. During the high-temperature cycle, the N-type impurities
rapidly diffuse out of the liquid-solid interface and into the silicon, joining
together to form the base of the PNP transistor (Fig. 4.16). One of the pre-
forms, the emitter, also contains a high concentration of a P-type dopant (usu-
ally aluminum), and as the wafer cools coming out of the furnace, the P-type
aluminum segregates from the melt and forms an alloyed emitter junction
(Fig. 4.16). This happens because aluminum has a high segregation coeffi-
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FIGURE 4.16
Alloy-ditfused mesa.

cient. Recall that the segregation coefficient is the ratio of the concentration
of impurity in the solid to the concentration of that impurity in the liquid. In
this case, because of aluminum’s high segregation coefficient, there is enough
aluminum in the solid to form the P-type emitter.

The reason that this type of mesa is no longer produced is primarily
because of the large chip areas required and the development of more efficient
processing procedures.

Through improved processing techniques, the modern mesa transistor
offers excellent heat dissipation and good high frequency and dc characteris-
tics. It is used as signal and power amplifiers, oscillators, and switching
transistors. The processes developed for mesa fabrication have also led to
the development of the silicon epitaxial planar transistor. The epitaxial planar
transistor comes close to supplying the best in dc characteristics, power dissipa-
tion, operating temperature, ultrahigh-frequency applications, and reliability.

We shall now describe the epitaxial transistor and then take a close look
at the planar construction that has led to so much in modern semiconductor
technology.

EPITAXIAL TRANSISTORS

In 1960, a manufacturing technique was developed for the fabrication of high-
frequency transistors, particularly those to be employed for switching opera-
tions. Developed initially for the mesa transistor, this process can also be
applied to other transistor constructions.

In the epitaxia! transistor, the collector consists of two regions instead
of one (see Fig. 4.17). The bottom (larger) portion of the collector is heavily
doped to provide a very low resistivity. This is shown in Fig. 4.17 as P+,
indicating that there is a relatively high concentration of acceptor atoms. ~Over
this is deposited a thin film, 0.1 mil thick, of very lightly doped semiconductor
material. The thin film combines homogeneously with the crystalline structure
below it (called the substrate), so that there is no discontinuity or break in
the crystal structure. From this point, the standard techniques for fabricating
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FIGURE 4.17
An epitaxial mesa transistor.

the transistor are used. The main advantage of the epitaxial process is that
it optimizes the design of the collector region with resulting improved device
characteristics, because a very thin, high-resistivity epitaxial collector eliminates
certain design compromises such as those associated with obtaining high collec-
tor-base breakdown (BV.,,)} and low collector capacitance, with good collector
saturation voltages (V. ...,) and storage times (¢,). We discussed these
device characteristics in Chap. 3. The thickness of the epitaxial layer is pre-
cisely controlled so that it is just thick enough to support the depletion region
of the reverse-biased collector-base junction. If the epitaxial layer is made
so thin that the depletion region spreads into the low-resistivity substrate,
the collector-base junction will break down prematurely. At the same time,
however, the epitaxial layer must be kept as thin as possible so that the total
collector series resistance is minimized for obtaining low Versury values.  The
resistance of the heavily doped substrate does not add significantly to the
collector series resistance. This combination of high collector-base breakdown
voltages with low collector voltage saturation values was unobtainable with
a uniformly doped silicon wafer.

Also, as mentioned in Chap. 3, the collector stored charge is reduced,
since the epitaxial layer thickness is equal to the effective minority-carrier
diffusion length, which is much less than the diffusion length related to actual
lifetime in the epitaxial region. This is true because of the high recombination
rate at the heavily doped substrate-epitaxial interface.

THE PLANAR PROCESS

The planar process was developed in 1960 at the Fairchild Semiconductor
Corporation. It has properly been the most important semiconductor proc-
essing innovation since the invention of the transistor itself in 1948. in
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Planar-transistor formation.
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Chap. 5 we shall learn how improved semiconductor surfaces, provided by
the planar process, were the key to the development of the first practical
field-effect (unipolar) transistors. In addition, the planar process has not only
improved the eiectrical characteristics and reliability of the bipolar transistor,
which we have been discussing, but it has also made possible the development
of the monolithic integrated circuit. In the planar method of fabricating tran-
sistors, the base, emitter, and collector junctions are developed using a pat-
terned oxide diffusion mask.

To start, an N-type silicon wafer, or substrate, is passed through an oven
and a silicon dioxide (SiO,) layer is formed over the entire surface. See
Fig. 4.18a. This N-type substrate represents the collector. Into this sub-
strate, a P-type base must be formed (to obtain, at the end, an NPN transistor).

To achieve this next step, the entire silicon dioxide coating is covered
with a thin, uniform coating of photosensitive material. A mask with a small
opening at its center is then positioned above the wafer. Ultraviolet light
is now focused onto the mask, with the light reaching the photoresist only
through the central opening in the mask.

The exposed section of the resist is then chemically removed (Fig. 4.18a)
and a P-type dopant, usually boron, is diffused into the N-type substrate. This
becomes the base (Fig. 4.18b). At the end of the base-diffusion cycle, a new
layer of siticon dioxide is deposited, covering the open oxide base pattern. Then
an emitter pattern is defined over the newly formed base oxide, again using
photoresist techniques. The emitter pattern is etched through the oxide and
an N-type dopant, usually phosphorus, is diffused into the P-type base (Fig.
4.18c). A final oxide is then grown over the entire wafer, and contact openings
are defined and etched through the oxide over the emitter and base areas. A
metal (aluminum) is then evaporated over the entire wafer surface and defined
and etched using the same photoresist technique but with a different etching
solution (Fig. 4.18d).

To form an epitaxial planar transistor, the N-type substrate first has a
thin, high-resistivity layer of N-type material deposited over it. Then the fore-
going steps are followed to produce the complete transistor. See Fig. 4.19.

FIGURE 4.19
Epitaxial planar transistor.
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THE ANNULAR TRANSISTOR

There is a phenomenon associated with planar transistor surfaces known as
“channeling,”” which can degrade device operating characteristics or even render
the device useless. It is important that we understand this phenomenon and
the processing innovation, the annular transistor, developed to correct it.

Channeling occurs when a P-type silicon surface becomes N type or when
an N-type surface acquires a P-type charge. When this occurs, a PN junction
is formed at the silicon surface.

Channels can be formed by two mechanisms. The first mechanism is
initiated during the high-temperature thermal oxidation process (when silicon
dioxide is being formed across the transistor surface), and is a result of the
redistribution of the impurities near the silicon surface. For example, if an
aluminum-doped (P-type) silicon wafer is thermally oxidized, the aluminum
tends to migrate, or outdiffuse, and accumulate in the oxide. This leaves an
aluminum-depleted region near the oxide-silicon interface, in the silicon, result
ing in an N-type layer, or channel, at the surface (Fig. 4.20).

A different effect will occur in a phosphorus-doped (N-type) silicon wafer
during thermal oxidation. In this case, the N-type impurity is ‘‘rejected” by
the oxide and accumulates at the silicon surface. Thus, channels are less
likely to form in an N-type-doped silicon wafer, during thermal oxidation than
in P-type silicon.

The second channel-forming mechanism is a result of ionic contamination
on the surface of the oxidized wafer or, for that matter, on a completed planar
transistor. If the ambient conditions are not optimum (i.e., high humidity
and/or high temperature), the oxide surface atoms can become mobile and
will move under the influence of an electric field (Fig. 4.21). A reverse-biased
junction will tend to move the negative ions to the N surface and positive
jons to the P surface. The negative ions on the N surface repel electrons
toward the center of the silicon wafer, depleting the surface; and if the surface
charge is large enough, this will create a P-type channel. The same considera-
tions can be applied to the P side; but now, due to the boron depletion caused
in the oxidation cycle, a smaller surface charge is required to form a channel.

FIGURE 4.20
Cross section of PNP planar transistor with N-collector
channel.
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FIGURE 4.21
Channels formed by mobile surface ions under influence
of an electric field.

Channeis are most prevalent on the collector surfaces of PNP planar
transistors (Fig. 4.22). We shall therefore discuss this type of channel. Keep
in mind, however, that channels can be formed on the base surface of NPN
devices and also on the collector surface if high-resistivity N-type silicon is
used. A channel on a collector or base surface can result in a catastrophic
increase in leakage current.

The Collector Channel. It can be seen from Fig. 4.22 that the channel in-
creases the area of the base-collector junction. Now, if the collector-base
junction is reverse-biased, current will flow through the channel to the base
(metal) contact. This results in a lateral voltage along the channel. The
voltage at point X' (and X’) is the full value of the collector-base voltage,
but it diminishes to zero as we go along the channel, at points }" and }”
in Fig. 4.22. To the right of point 1" (and the left of point }”) there is
no voltage across the channel PN junction, and this section of the channel
does not contribute any reverse-leakage current. As the collector-base voltage

FIGURE 4.22
Channel on PNP planar transistor (cross section used for
channel explanation).
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FIGURE 4.23
Annular ring for channel prevention. Cross section of
planar annular transistor.

is increased, point ¥ will extend to the right (and point Y’ to the left), increas-
ing the channel current-carrying area.

Channel Control. Suppose that a P-doped wafer has a very high surface con-
centration, equal to the solid solubility of the P-type dopant. The term “*solid
solubility” refers to the maximum concentration of that element (boron, in
this case) that can be diffused into the silicon at a specified temperature. Now,
if such a wafer were thermally oxidized, it is probable that after the oxidation
cycle there will be sufficient concentration of P-type dopant left at the surface
to inhibit channel formation. This proved to be true, since a channel is formed
by a lack of sufficient P-type (in this case) dopant at the silicon surface,
and led to the solution of the channel problem.

An annulus, or ring, of the required type of dopant, N or P, is diffused
into the transistor base between the emitter and collector, and also around
the outside edge of the base area as shown in Fig. 4.23. A collector channel,
such as the one we described, can now extend only as far as the annular
ring.  Since this ring is placed close to the base-collector junction, any channel
formed results in a small area increase and a subsequent negligible increase
in leakage current. Annular transistors, such as the one shown in Fig. 4.24,

1+ ANNULAR RING

COLLECTOR-BASE
JUNCTION

EMITTER-BASE
JUNCTION

BASE
EMITTER
COLLECTOR
FIGURE 4.24

Top view of annular transistor. Motorola
“star” transistor.
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have improved power-dissipation ratings. This is true because for a certain
bias on the emitter-base junction, as collector voltage is increased the collector
current should increase gradually until it reaches avalanche breakdown. Ava-
lanche in itself will not harm a transistor if power dissipation is limited.

THE PLANAR PROCESS

Since the majority of semiconductor devices today are being fabricated using
the planar process, it would be instructive to examine in detail the individual
steps involved in planar-device fabrication. The discussion to follow is an
extended elaboration of the brief description given on page 103.

The planar process can be divided into the following steps:

Silicon crystal growth and epitaxial deposition
Photoresist

Diffusion (page 90)

Contact metallization

Device packaging

Final test

PO w

Figure 4.25 is a typical planar-transistor flow chart indicating the sequence
of processing, control checks, and appropriate process specifications throughout
its production cycle.

Starting Material. In order to obtain the substrate material on which to grow
an epitaxial layer, we begin with a specific amount of very pure (uncontami-
nated) silicon, called a charge. The most popular crystal-forming method in-
volves melting a charge of silicon doped with the desired amount and type
of impurity in a high-purity quartz crucible set inside a graphite susceptor.
This is confined inside a quartz cylinder containing an inert atmosphere.
R-f-induction heating coils surround the quartz cylinder; and when the power
is turned on, the charge melts. The temperature is then stabilized just above
the melting point of silicon.

A small special piece of silicon known as a seed is then “dipped’ into
the melt. The seed has a specific crystal orientation, which means that the
silicon atoms have a definite arrangement, in specific planes. There are several
possible planes (see references). The important point is that the pulled silicon
crystal will have the same atomic arrangement (orientation) as the seed. The
seed is slowly rotated and pulled from the melt, “‘growing’” as it is pulled
(Fig. 4.26).

A typical fully grown crystal is 6 to 10 in long and 1Y, to 2 in. in
diameter.

The crystal has a flat surface ground on one side, for reference during
device-processing. The wafers, or slices, are then cut from the crystal, using
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Planar-process flow chart (microwave transistor).



TRANS!STOR DESIGN AND PROCESS DEVELOPMENT 111

1

SPINDRIVE ) | fruL mecHanism

—

PULL SHAFT

SiLICA

GROWING CHAMBER

SEED CHUCK

SEED CRYSTAL
—COOLING WATER

SILICA LINER

GRAPHITE SUSCEPTOR HEATER COIL

2

il

COOLING-WATER _
CHANNELS

O-RING SEAL THERMOCOUPLE

FIGURE 4.26
Apparatus for the growth of a silicon crystal.

a special diamond saw, and are normally 0.010 to 0.015 in thick. The wafers
are lapped with a coarse abrasive and then polished with a very fine powder.
Both lapping and polishing are done by machine, and many wafers can be
lapped, or polished, at one time. The wafers are then chemically etched to
remove all subsurface damage that may have occurred during the wafer-slicing
operation. The etched wafers are finally ready for epitaxial deposition.

Epitaxial Growth. The most common system for epitaxial growth involves the
hydrogen reduction of silicon tetrachloride (SiCL,). The reaction takes place at
approximately 1200°C.

In a typical epitaxial deposition system (Fig. 4.27), the etched wafers
are placed in a reaction chamber and heated to between 1100 to 1200°C. The
chamber is then flushed with nitrogen to remove any residual hydrogen. Hy-
drogen chloride gas is then introduced into the tube, and this gas etches any
oxide or surface damage that may still be on the wafer surfaces.

The epitaxial layer is then deposited, or grown, by using hydrogen as
the carrier gas for the silicon tetrachloride.

Silicon tetrachloride is used as the silicon source for a number of reasons:
it is inexpensive and nontoxic; and the reaction that takes place forming silicon
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Epitaxial reaction chamber.

from silicon tetrachloride takes place only on surfaces, not while it is the
gaseous state. In addition, conditions in the reaction chamber can be con-
trolled so that the reaction will occur only at the silicon wafer surface and
not on the walls of the quarter chamber.

The resistivity of the forming epitaxial film is controlled by introducing
precise amounts of either phosphine (N-type) or diborane (P-type) gas into
the silicon tetrachloride hydrogen gas stream. Phosphine and diborane have
similar decomposition reactions to that of silicon tetrachloride. The result
of this is that the phosphorus and boron atoms are uniformly incorporated
throughout the growing epitaxial film.

In order to obtain the desired film thickness and resistivity uniformly
across the wafers, conditions inside the reaction chamber must be closely
controlled. This has been simplified by the development of epitaxial reactor
systems, such as the one shown in Fig. 4.28.

Recall that in diffusion the impurity concentration in a silicon wafer is
changed by first depositing a high concentration of the desired impurity on
the wafer surface. Then, by controlling the temperature and time of the diffu-
sion cycle, we obtain the desired impurity distribution within the wafer. In
the process employed here, the impurity to be introduced onto the wafer exists
as a gas rather than as a solid, and the impurity atoms wander about the
wafer surface of the growing epitaxial film untii they find a spot that ‘‘fits,”
after which they become part of that film.

It should be noted that the interface junction of the low-resistivity epitaxial
film and the higher resistivity silicon substrate is not a sharp, or step, junc-
tion. This is because of the outdiffusion of substrate impurities during the
deposition cycle. Although this impurity migration and the resultant slightly
nonuniform junction is not ideal, it does not seriously affect the many advan-
tages of epitaxial silicon.

Thermal Oxidation. After epitaxial deposition, the wafers are chemically
cleaned and a thermal oxide is grown. In the oxidation process, the clean
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FIGURE 4.28
An epitaxial reactor. (Courtesy Radyne.)

wafers are loaded onto a quartz oxidation boat and slowly inserted into an
oxidation furnace. Oxidation furnaces are the same as the diffusion furnace
shown in Fig. 4.7. The oxidation furnace is not used for impurity diffusion,
however, since the quartz tubes can become ‘‘contaminated’ with the impurity
dopant and transfer it to the oxide. As a matter of fact, separate furnaces
are used for P-type, N-type, and thermal oxidations for this reason.

Thermal oxides are grown at temperatures between 900 and 1200°C.
Oxygen and/or steam is passed over the wafers at carefully controlled flow
rates. The percentages of the oxygen and the steam, as well as the time
and temperatures, can be varied in order to obtain the desired oxide properties
and thickness.

The oxygen combines with the silicon to form a uniform layer of silicon
dioxide (Si0,). As the SiO, layer forms, the growth rate declines, since the
oxygen and the silicon have to diffuse through the newly formed SiO, in order
for the reaction to continue.

The importance of silicon dioxide in the planar process is owing to several
important properties: it has the ability to ‘“*mask out’’ the most popular N-
and P-type impurities during diffusion; it is easily etched (opened) in desired
locations on the silicon wafer so that diffusion into the silicon in these areas
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FIGURE 4.29
A wafer-alignment machine. (Courtesy Kasper Instruments,

Inc.)

can take place; and it provides surface passivation, or protection, by *'tying
up’’ the dangling surface bonds of the silicon and preventing contaminants
from disrupting device performance.

Photoresist. After oxidation, photographic process is used to delineate the
areas where the diffusion of N- or P-type impurities through the SiO, into
the silicon wafers is required. A photographic process is needed in order
to obtain the fine detail of modern planar transistors.

The first step in this process is to coat the oxidized wafer with a thin
uniform coating of photosensitive material, such as Kodak photoresist (KPR).
This uniform coating is obtained by placing a quantity of filtered photoresist
on the wafer surface and whirling the wafer on special high-speed whirlers.
The acceleration, rpm’s, and whirling time are important process parameters,
since they control the thickness and uniformity of the photoresist layer. After
spinning on the photoresist, the wafer is carefully removed from the whirler
chuck and placed in a drying oven to drive off any remaining solvent.

The wafer is then placed in an aligning machine (Fig. 4.29). This ma-
chine is equipped with a movable alignment fixture that holds the wafer, a
high-power microscope, a movable ultraviolet light source, and a movable mask
holder. A mask of ordinary high-resolution photographic plate that contains
the pattern to be placed on the wafer is held by vacuum above the wafer. The
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pattern consists of an array of identical elements, such as the emitter or base
patterns, spaced on centers consistent with their size. The masks usually
contain aligning key patterns that replace the normal pattern at certain positions
and are used as an alignment aid for registration of successive patterns upon
the wafer (Fig. 4.30). After the mask is brought into precise alignment, using
the high-power microscope and aligning dials, the wafer is brought into physical
contact with the mask and exposed to the ultraviolet light for a specified time.
Typical exposure times are between 3 and 10 s.

After exposure the wafer is carefully removed from the alignment machine
and developed. The developer dissolves the unexposed, or unpolymerized,
portions (patterns) of the photoresist from the wafer. If a negative photoresist
such as KPR is used, the opaque pattern on the mask would be the part
of the photoresist removed by the developer, leaving an exposed oxide pattern
to be etched.

With a positive resist, such as Shipley AZ120, the clear portion of the
mask would be the part of the photoresist removed in development. Following
development, the wafer is baked at a temperature close to 200°C for about
30 min. This drives out additional solvents that may have been absorbed

FIGURE 4.30

A metal mask of 0.002 molybdenum foil used in the
production of semiconductor devices. (Courtesy Industrial
Reproductions, Inc.)
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in the film during development and hardens the remaining photoresist to ensure
adhesion during the subsequent oxide etching.

After baking, the wafers are immersed in an etching solution containing
ammonium fluoride, water, and hydrofluoric acid. This solution removes the
the Si0, layer where the unpolymerized emulsion had been. It does not remove
the SiO, layer in those places covered by the polymerized emuision. Silicon
dioxide etching takes place at room temperature, the etch time depending
on the oxide thickness. Typical oxide etch times are between 2 and 10 min.
The remaining Si0, now serves to prevent diffusion in the areas that it covers.

The next step is diffusion to form the base element. The diffusant, be
it boron for P-type base elements or phosphorus for N-type base elements,
will diffuse much more slowly into the SiO. than in the silicon. Thus, only
where the oxide is not present will any useful penetration of the silicon occur.

After the base has been formed, another SiO, layer again covers the
entire wafer and the entire process is repeated to form the emitter. If a
P-type diffusant was used for the base, then an N-type diffusant is employed
for the emitter, and vice versa. This sequence of SiO,, photoresist addition,
mask positioning, exposure to ultraviolet light, removal of the unexposed photo-
resist, selective SiO, removal, and diffusion is the repetitive process by which
all planar transistors and integrated circuits are produced. It is the basis
for present-day semiconductor manufacturing technology.

Contact Metallization. After the emitter diffusion, a final oxide is grown over
the wafer surface, and contact openings in the oxide, over the emitter and
base, are etched (Fig. 4.18) again, using photoresist techniques.

After the contact “windows’ are opened and the photoresist stripped
from the wafer, a metal (usually aluminum) is evaporated over the entire wafer
surface. The wafer is again coated with photoresist and the metallization
contact mask is aligned over the previous patterns on the wafer, which are
visible through the aluminum (there are also aligning keys on each mask).
After exposure, the metallization pattern is developed out and etched. The
metal etch usually consists of varying proportions of nitric acid, phosphoric
acid, and water. The etching time is dependent on the etch-solution tempera-
ture and the aluminum thickness, which is normally between 8 to 15,000
angstroms (A) (1 A = 10-% cm). The photoresist is removed in a special
stripping solution that does not affect the metal.

The wafer is then alloyed, in an inert atmosphere, at 500°C for approxi-
mately 5 min. Alloying is necessary to form ohmic contacts between the
aluminum and the silicon in the emitter and base contact areas.

Automatic Wafer Probing. The dc parameters, such as Bycgo, Bvego Byeros
Icso, and g (beta) are automatically probed using a machine like the one
shown in Fig. 4.13. Transistors that fail any of the tests are “inked’ out.
Special counters, “hooked in’’ to individual test parameters, and different colors
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of reject inks, are used as an aid in analyzing device failures. For example,
if a large percentage of transistors on a wafer are rejected for low beta, the
process engineer might want to make the base width smaller by increasing
the emitter diffusion time or decrease the base depth by decreasing the base
diffusion time. Conversely, if a large percentage of transistors fail because
the beta is too high, the emitter diffusion time could be shortened or the
base diffusion time lengthened. Thus, device yield per wafer can be improved
by appropriate process adjustments indicated by the dc wafer-probe data.

The probed wafer is now ready for '‘back etching,”™ which is necessary
to reduce wafer thickness to facilitate wafer scribing and cracking. The wafer
is placed active side down on a quartz plate and held there by a special
acid-resistant wax. The quartz plate is then immersed in a silicon etching
solution. The final wafer thickness is obtained by controlling the etch time
and temperature. Usually, a back-etched wafer is about 0.005 in thick.
Wafers are kept thick (0.010 in) through the previous processing to facilitate
handiing.

Scribing. The wafer is scribed using an automatic scribing machine (Fig.
4.31). This machine is equipped with a diamond-tipped scribing point that

FIGURE 4.31
An automatic scribing machine. (Courtesy Tempress
Research Co.)
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automatically moves in straight lines as the wafer is moved back and forth.
The pressure between the diamond tip and the silicon is controlled so that
the scribe depth will facilitate the cracking (separation) operation. After crack-
ing, the inked rejected transistors are sorted, and the good devices are mounted
and bonded in appropriate packages.

Mounting of the individual transistor die to the header is done at tempera-
tures close to 400°C, in an inert atmosphere. Aluminum or gold wire is
used to bond the emitter and base contact areas to the corresponding package
terminals.

Many improvements have been made in packaging techniques to reduce
cost and at the same time improve device reliability. Some of the well-known
new packages include the ceramic ‘“‘channel” package, the lid, and the microtab
packages (Fig. 4.32).

Semiconductor Interconnections. After the basic structure of a transistor has
been fabricated, one must provide interconnections between it and the electronic
circuitry to which it will be attached.

FIGURE 4.32

Packages currently in use to house semiconductors.

(a) Channel package usually filled with epoxy. (b) Microtab
package. (c) LID package, usually filled with epoxy.
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FIGURE 4.33
A hybrid microcircuit containing transistors, diodes,
resistors, and capacitors.

A common practice in hybrid microcircuits is to build up an operating
circuit, such as an amplifier, by mounting on one substrate the transistors,
diodes, resistors, and capacitors needed for that circuit. Here, too, intercon-
nections between the several components are required as well as wires leading
to the external circuits of that piece of equipment.

A typical hybrid microcircuit is shown in Fig. 4.33. The various discrete
components (here, resistors, capacitors, transistors, and diodes) are each
bonded to the common supporting structure or substrate and then
interconnected.

Because of the emphasis on miniaturization, not only are the active com-
ponents extremely small but the passive components (resistors, capacitors)
are small as well. To meet the spatial needs of microcircuits, a whole new
family of ultrasmall or chip capacitors and resistors have been developed.
Some idea of their size can be obtained from Figs. 4.34 and 4.35. .

Inductors are more difficult to miniaturize because inductance is directly
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FIGURE 4.34

Chip resistors come in many terminating modes. The
units above are 0.050 x 0.050 in. in size. (Courtesy
Motorola.)

proportional to the length of deposited coil. Micromagnetic discrete compo-
nents, in the form of toroids and rod cores, are used when higher values
of inductance are needed.

Discrete-chip spiral inductors are available in values of from 28 to 230
nH. Designed for use in uhf and microwave hybrid circuits, they are fabricated
on a 0.010-in-thick alumina chip and connected to the circuit by fire bonding.

The hybrid microcircuit of Fig. 4.33 employs the ‘“flying-lead” type of
interconnection. Aluminum or gold is employed for both the connecting lead
and the circuit point where the lead terminates. See Fig. 4.36. The bonding
is done by thermocompression bonding, by ultrasonic bonding, or by reflow
soldering, among others. Thermocompression bonding depends upon heat and
pressure on the surfaces to be mated to achieve the merging of the materials
(of the two surfaces) to form a well-bonded structure. Ultrasonic bonding
accomplishes the intermetallic bond at room temperature utilizing ultrasonic
energy and pressure. Finally, in reflow soldering, the bond is achieved by
pretinning the two surfaces to be mated, bringing these surfaces into contact
with each other, and then applying heat. Flux is generally used to assist
the reflow process.



TRANSISTOR DESIGN AND PROCESS DEVELOPMENT 121

FIGURE 4.35
Chip capacitors. Note the variety in size and form.
(Courtesy Vitramon.)

In Fig. 4.36, the IC chip is bonded to the supporting substrate so that
it is held rigidly in position. Then the flying leads are connected.

Face-up Bonding. In face-up bonding, the chip is held face up and then the
connections are made. The flying-lead-connection technique is one form of
face-up bonding. An alternate connection method is through the use of metal
fingers (Fig. 4.37) that are stamped from an aluminum frame and bonded
to various points in the microcircuit. In essence, whenever the chip is held
with its components (or face) positioned up and suitable leads are attached,
we have face-up bonding.

Flip-Chip Bonding. In flip-chip bonding, the chip has a spherical contact (a
bump) at each interconnect point on its face, which can range from 2 to
6 mils in diameter and from 0.1 to 3 mils high. Depending on the process,
these bumps can be tin-solder material, gold, or aluminum.

The chip is then turned over and the contact bumps are carefully posi-
tioned over connection points on a substrate or other circuit pattern to which
contact is to be made. Then, through the application of heat and some pres-

FIGURE 4.36
The “flying-lead’’ type of interconnection.
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FIGURE 4.37

A face-up bonding technique using metal fingers.
(Courtesy Motorola.)

sure, a permanent bond is achieved between the chip bumps and the circuit
on which it is mounted. See Fig. 4.38a.

Thus, it can be seen that flip-chip mounting results in the chip being
positioned upsidedown.

A variation of the technique shown in Fig. 4.38a is the arrangement
whereby the raised contact bumps are developed on the substrate on which
the IC chip is to be placed rather than on the chip itself. In this case, the
chip has flat contact points that, when the chip is turned upsidedown, are
carefully positioned until they fall directly over the substrate bumps. Then,
heat and pressure lead to a permanent bond.
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FIGURE 4.38
Flip-chip bonding. (BUMPS ON SUBSTRATE)

Note that with the flying-lead attachment, two bonds are required for
each lead. With the flip-chip method, only one bond is required for each
connection between the IC chip and the substrate.

Beam-lead Connections. The term ‘‘beam lead’ refers to relatively large and
heavy leads (5 x 2 x 0.2 mils) extending over the edge of the chip. The
leads are formed during the wafer processing by evaporation of gold in precise
patterns on the chip.

The beam lead makes connecting to points on a substrate relatively sim-
ple. See Fig. 4.39. It also offers the advantages of using only one bond
per interconnect, being of small size, and having the ability to be tested as
an unmounted device. [t does tend to be somewhat higher in cost to manufac-
ture as well as use up more *'real estate’’ on the wafer than the other methods.

Computer-aided Design (CAD). The successful modern semiconductor-device
designer, or process engineer, is almost required to use a computer in his
work. Computers are extensively used in device and circuit design, testing,
and process control. As a matter of fact, they are used in every engineering
aspect of semiconductor manufacturing and design. The computer is the cata-
lyst in the rapid advances into LS [large-scale integration (Chap. 8)] circuits
and new process innovations.

As an illustration of how the computer can be employed in assisting
the semiconductor-device engineer, consider some of the problems that this
engineer faces. He is frequently called upon to modify an existing semicon-
ductor device so that it will provide perhaps a higher frequency response or
present a lower internal resistance under saturation conditions. If he can
provide a computer with a set of equations that represent the behavior of this
device, then he can alter these equations and note the effect on the device
behavior under these new conditions.
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(a) A transistor with a beam-lead construction.
(b) Attachment of an IC chip with beam leads to an
external circuit.

Thus, rather than go through the long, tedious process of actually con-
structing different models of the device in question, he can use the computer
to at least tell him what will or will not work. When he finds the conditions
that give him the results he desires, then he need only build a model to see
if it does indeed function as he wishes.

As engineers become increasingly familiar with the semiconductor devices
and circuits that they work with, the better able they will be to develop equations
that represent their operation. Armed with this knowledge, they will then be
able to use computers to help them determine the best design approach and to
do this in an incredibly short time. Computers are the most powerful design
tool engineers have, and engineers are becoming increasingly adept at em-
ploying these new tools.
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QUESTIONS

4.1
4.2

4.3.

. What was the first type of junction transistor?

. What is the segregation coefficient as applied to semiconductors? What
practical significance does this expression have in semiconductor
fabrication?

In what way does the manufacture of alloy-junction transistors differ
from grown-junction transistors?

4.4, In what features is the alloy-junction transistor superior to the grown-

junction transistor?

4.5. Describe the diffusion process, including the important processing

4.6
4.7
4.8

4.9
4.10

conditions.
. Name two P-type impurity sources and two N-type impurities.
. What “*built-in"" advantage does the drift transistor utilize?

. To what special conditions does the surface-barrier transistor owe its
operational characteristics?

. Describe the basic structural features of a mesa transistor.

. What is the distinguishing feature of an epitaxial transistor? What elec-
trical advantages does this special epitaxial feature possess?

4.11. Describe briefly the planar process and sketch the base, emitter, and
silicon oxide relationships.

4.12, Name two advantages of silicon dioxide (SiO.,) in planar-transistor
fabrication.

4.13. What degrading effect was the annual transistor designed to overcome?
Explain how the degradation occurred.

4.14. How did the annular transistor construction improve device operation?

4.15. Name the five major steps followed in the planar process.

4.16. Describe two of the processing steps in detail.

4.17. Distinguish between beam-lead and flip-chip methods of connection.

4.18. What is the difference between hybrid and monolithic microcircuits?



Chapter Five

Field-effect Transistors

The second most important electronic device on the market today is the uni-
polar transistor. (The most important device is the bipolar junction transistor,
which we have been discussing,) The unipolar transistor is known as a field-
effect transistor (FET), or metal-oxide semiconductor (MOS). The rapidly ex-
panding FET market has led many semiconductor marketing managers to believe
that this device will soon become the most important electronic device,
primarily because of its integrated-circuit applications.

The field-effect transistor differs distinctly from the conventional junction
transistor in that its operation depends on the flow of majority carriers. This
is why it is classified as a unipolar transistor. Bipolar transistors are so
named because they depend on both majority- and minority-carrier flow.

In this chapter, we will discuss the history, the advantages and disad-
vantages, some principles of operation, and the characteristics of field-effect
transistors. Some applications of field-effect devices will be discussed in
Chap. 6.

The invention of the bipolar transistor in 1948 had a profound effect
on the development of a unipolar field-effect transistor. At first glance, this
may seem strange because research, which had been directed toward the devel-
opment of a field-effect, solid-state amplifier, was redirected to the improvement
of the new bipolar device. Eventually, however, this bipolar research provided
the key to the fabrication of practical unipolar devices.

In 1952, William Shockley described a unipolar transistor in which the
control electrode was a reverse-biased junction (Fig. 5.1). Shockley’s device
was later fabricated by |. M. Ross and C. Dacey of Bell labs, who developed
a mathematical analysis in 1955 describing the performance limits of such
devices. This transistor was similar to the modern junction field-effect
transistor, which we shall discuss.

The unipolar devices did not emerge from the laboratory and become
commercially practical until the introduction of silicon planar technology in
1960. This technology, with its silicon-silicon dioxide interface, provided the
necessary uniform surfaces for the fabrication of useful field-effect transistors.
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FIGURE 5.1

The basic unipolar transistor developed by Shockley.

Since 1960, the development of the FET has accelerated so rapidly that
it now threatens to depose the bipolar transistor as the most widely used
semiconductor device.

The need for the FET developed because as modern electronic equipment
became increasingly transistorized, it became apparent that there were many
functions in which bipolar transistors were unable to replace vacuum tubes.
Owing to their extremely high input impedances, FET devices are more like
vacuum tubes than are bipolar devices and are hence able to take over many
vacuum-tube functions. Thus, because of the FET, electronic equipment is
closer today to being completely solid state, and is more reliable, smaller
in size, longer lasting, and more efficient overall.

THE JUNCTION FIELD-EFFECT TRANSISTOR (JFET)

There are two basic types of field-effect transistors: the junction field-effect
transistor (JFET), which we will discuss now; and the metal-oxide semiconductor
FET, or MOSFET, which we will discuss next.

Here is how the JFET works. It is usually fabricated by first diffusing
an epitaxial N-type layer of silicon on a heavily doped P-type substrate. Then,
by using planar technology (Chap. 4), a P*type gate junction is diffused into
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FIGURE 5.2

Planar-epitaxial N-channel-junction field-effect transistor.
This is basically the same structure as the unit in Fig. 5.1,
but it does reflect more current fabrication technology.

the N-type epitaxial material and contact is made to both top and bottom
P+ gates, and also to the N regions on both sides of the top gate. These
last two contact areas are known as source and drain (Fig. 5.2). The reasons
for these strange-sounding terminal names are functional and will become clear
as we go on.

To start, let us apply a voltage between the source and drain electrodes
with the drain terminal made positive with respect to the source. This is
shown in Fig. 5.3. At the same time, let us connect the P-type gate to the

FIGURE 5.3
Voltage applied to the field-effect transistor.
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FIGURE 5.4

The internal ohmic resistance of the silicon block
is represented by the dotted resistor. Owing to
the voltage drop across this resistance, point B

is more positive than point A, =

source terminal. Under these conditions, the gate is said to possess zero
potential, the source electrode serving as the reference point for the entire
unit.

Electrons will travel from the source to the more-positive drain electrode
when a voltage is applied to these end terminals. Because a definite potential
is being applied across the ends of the N-type channel and because this material
possesses a certain amount of resistance, the applied voltage will be distributed
equally along the body of the N channel from the source to the drain. In
the present arrangement, the potential will become progressively more positive
as we travel from the source to the drain. (If the reader has any difficulty
visualizing this distributed voltage drop, let him substitute a resistor for the
silicon channel. A point on this resistor that is closer to the positive end
of the battery will be more positive than any point along the resistor to the
left. The same situation holds for the silicon channel.)

Now let us consider the gate. This forms a PN junction with the N-type
silicon over the area in which the two are in contact. The end of the gate
nearest the source will find the least amount of potential difference between
it and the N channel. This is at point 4 in Fig. 5.4, and the reason is quite
simple. The gate itself is at the same potential as the source, since the
two are externally directly connected. Inside the N channel, however, at point
A, there exists a small positive potential (with respect to the source) because
of the voltage drop mentioned above. This positive potential at A repeis the
holes in the end of the P-type gate just above it and also exerts an attractive
force on the electrons in the channel. Thus, a small reverse bias is present
here.

As we progress further along the channel, the positive potential (with
respect to the gate) increases, making the reverse bias across the PN junction
even greater. There is thus no tendency on the part of the electrons in the
channel to flow to the gate or for the holes in the gate to cross the junction
and move into the channel.
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However, holes do exist in the channel. These come from three
sources. (1) They may be thermally generated in the body of the semicon-
ductor: (2) they may be developed at the surfaces of the semiconductor; or
(3) they may come from the two end contacts, the source and drain metal
electrodes. In any event, a certain number of holes exist in the N-type silicon,
although the donor electrons exceed these by ratios as high as 10:1 or more.

Under the repelling effect of the positive voltage drop along the channel
and the attractive force of the more negative gate, holes in the semiconductor
will be drawn up to the gate. The number of holes that are drawn from
any section of the channel will be governed by the positive potential present
in that area. Thus, more holes will be drawn from the right-hand section
of the channel than the left-hand section.

Now consider the P-type gate. It will possess a number of free electrons,
possibly for some of the same reasons that the N-type channel possesses
holes. And these electrons will be repelled by the negative potential of the
gate and attracted by the more positive potentials within the channel. Hence,
there will be a movement of electrons out of the gate and into the channel,
with the greatest number of electrons leaving the gate at the right-hand side
of the channel.

One result of this redistribution of charge is to make the PN junction
more reverse-biased than before. Another result is to increase the negative
space charge in the channel, with the concentration greatest at the right. The
actual space-charge distribution is shown in Fig. 5.5. It rises to a maximum
at the right-hand edge of the P gate and then decreases fairly rapidly. This
space charge exerts a repelling force on those electrons traveling from the
source to the drain electrodes because of the externally applied potential. What
it actually does is channel, or direct, the current flow into the regions between
the concentrated space charge. These regions are shown in white in Fig.
5.5. The dotted area represents the negative space charge.
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_ FIGURE 5.5

The shape of the space-charge distribution
within the body of a field-effect transistor.
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FIGURE 5.6
Typical characteristic curves of a field-effect transistor.

As the drain voltage is increased, the current flow through the semicon-
ductor will rise until the drain voitage reaches a certain critical limiting value,
which is referred to as the pinch-off voltage. Beyond this point, no further
increases in drain current will result as the drain voltage is made greater. The
only effect of higher voltages is to alter the shape of the channel through
which the electrons flow.

Thus far, the gate has been held at the same potential as the source. If
we now make the gate negative with respect to the source terminal by the
insertion of an additional negative voitage, then the amount of external voltage
needed between source and drain in order to reach the constant drain-current
value will be much less. This is because the negative-gate voltage aids the
space charge in the channel to narrow the path for the current to flow.
Eventually, if the negative potential of the gate is made high enough, current
flow through the device will be halted completely.

The foregoing behavior is depicted by the curves in Fig. 5.6. Maximum
saturation current flows when V, (the gate voltage) is zero with respect to
source. For each successively lower current curve, the negative bias on the
gate becomes greater. When the gate potential is equal to the pinch-off volt-
age, the amount of current flowing through the semiconductor is very small.

The circuit in Fig. 5.7 is similar to that of Fig. 5.6 with the addition
of a signal in series with the gate bias battery. As the signal varies, it will
vary the total voltage applied to the gate. When the signal is negative, the
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FIGURE 5.7

The field-effect transistor with a
negative-gate bias voltage V.
Also shown is the point where a
signal would be injected.

gate will become more negative and serve to reduce the flow of drain current.
On the next half-cycle, when the signal goes positive, the overall gate voltage
will be made less negative. This will reduce the space charge in the body
of the semiconductor, and the drain current will rise. In short, a small voltage
variation at the gate will produce a sizable current variation in the channel. In
a vacuum tube, this characteristic is labeled ‘‘transconductance’” and is
responsible for the amplification obtained. Obviously the same results should
be possible in the field-effect transistor, enabling us to use this device to
achieve signal amplification.

The similarity between the field-effect transistor and the triode vacuum
tube is quite marked. In the vacuum tube, the grid potential regulates the
space charge existing between cathode and plate and by this control determines
the extent of plate-current flow. In the field-effect transistor, the polarity of
the gate governs the intensity of the negative space charge existing in the
N material and, through this, the amplitude of the current flowing from source
to drain.

Another interesting feature of this transistor is the fact that essentially
only one type of carrier (here electrons) is involved in the process. (A field-
effect transistor could be constructed by using a P-type main body and an
N-type gate. Battery potentials would have to be reversed, and the current
in the source-drain channel would be carried by holes. Similar results would
be obtained, however.) This is in sharp distinction to the conventional
transistor, wherein both types of carriers play roles. Hence, this device is
called a unipolar transistor. It also results in a very significant difference
in the way amplification is achieved. In the conventional triode transistor,
the carriers must travel from the emitter through the base to the collector.
This makes carrier transit time an important factor in determining frequency
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response. In the field-effect transistor, the signal at the gate serves to modu-
late the drain current and in this way produces the signal variations in the
drain output circuit. Carriers do not have to transport the signal from the
gate to the drain; hence, carrier transit time is not involved. We do not even
have to worry about transit time from source to drain, because the signal
voltage at the gate merely expands or contracts the current stream; it does
not alter the rate of travel. This does not mean that the field-effect transistor
is without frequency limitation, for there are certain shunting capacitances
to be dealt with, as well as variation of transconductance with frequency and
other effects. But transit time does not possess the significance here that
it does in other transistor structures.

THE METAL-OXIDE SEMICONDUCTOR

Basically, the MOSFET depends on varying the resistance between two elec-
trodes, the source and drain, which is also true of the JFET. However, with
the MOSFET the channel resistivity is regulated by controlling the voltage on
a gate electrode that is insulated from the body of the field-effect transistor
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