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FOREWORD

The growth to maturity of the semiconductor industry- is
paralleled by the growth of this General Electric Transistor Manual.
First published in 1957, the present Manual’s more than 600 pages
is roughly 10 times the size of the first edition. The contents, how-
ever, retain the same basic orientation which is that of a highly prac-
tical circuit book, one that can be used to advantage by electronic
design engineers as well as students, teachers, and experimenters.

This seventh edition contains new and updated material which
accounts for more than 80% of the contents. For instance: more
high frequency material has been added; the chapter on switching
has been completely rewritten; the number of circuits in the manual
has been almost tripled; also, the chapter for experimenters has
been greatly enlarged.

This is a book written not by theorists, but by experienced
men who are devising the practical solutions to some of the most
challenging, difficult problems encountered in electronic engineering.

As solid state devices contribute more and more to the won-
derful age of automated industry and electronic living, we at
General Electric sincerely hope that this Manual will provide
insight and understanding on how semiconductors might do the
job better and more economically.

Syrapuse, New York

BASIC SEMICONDUCTOR THEORY

CHAPTER

A FEW WORDS OF INTRODUCTION"

Pushing the frontiers of space outward along the “space spectrum” toward both
infinities has caused to be born in this century whole new technologies. Those related
to outer space, and those related to “inner space.” But not one stands alone, inde-
pendent of another. All are related. It is this relationship, accumulating as it has dOWn
through the ages that has brought with it the transistor.

Just as the vast reaches of outer space — that infinite “land” of the sun and moon,
the star constellations and the “milky way,” Mars, Venus, and all of the other mysteries
that exist there — has caused man throughout his history to wonder and ask questions,
so too has he wondered and asked about the vast reaches of “inner space” — the world
of the atom. But it has only been recently, during the 19th and 20th centuries in fact,
that some of his questions about inner space have been answered. Much to his credit,
many questions man has answered by mere observation and mathematical calculation.
Further to his credit he has devised “seeing eye” aids to help push the space boun-
daries still farther out.
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Problems of “seeing” exist at both ends of space, and it is just as difficult to look
“in” as it is to look “out.” Just as the outer space astronomer depends on his powerful
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magnifying aids to help him see, hear, and to measure, to gather information and data
in order to comprehend; so too does the inner space “astronomer” depend on his mag-
nifying aids. Microscopes, mass spectrometers, x-ray and radiography techniques,
electric meters, oscilloscopes, and numerous other intricate equipment help him to
measure the stuff, the matter, that makes up inner space. From his search has devel-
oped many new technical terms. In fact, whole new technical languages have come
into existence: electron, hole, neutron, neutrino, positron, photon, muon, kaon, the Bohr
atom, quantum mechanics, Fermi-Dirac statistics. Strange terms to many, but terms
of the world that exist at one end of the infinite space spectrum, the atomic world.

Atomic physics as we know it today started far back in 400 B.C.®> when the doctrine
of atoms was in vogue in the Greek world of science. And no matter how unsophisti-
cated the atomic theories at the time, it was a beginning. The idea of “spirit” particles
too small for the unaided human eye to see was then postulated. It would take many
centuries before the knowledge of the physicist, the statistician, the metallurgist, the
chemist, the engineer — both mechanical and electronic — could and would combine to
bring into being a minute, micro-sized crystal that would cause to evolve a completely
new and unusually complicated industry, the semiconductor industry.

The history of the semiconductor is, in fact, a pyramid of learning, and if any one
example were to be cited, of the practical fruits of scientific and technical cooperation
over the ages, and especially over the past 100 or so years, near the head of the list
would surely be the transistor.

In 1833, Michael Faraday,® the famed English scientist, made what is perhaps the
first significant contribution to semiconductor research. During an experiment with
silver sulphide Faraday observed that its resistance varied inversely with temperature.
This was in sharp contrast with other conductors where an increase in temperature
caused an increase in resistance and, conversely, a decrease in temperature caused a
decrease in resistance. Faraday’s observation of negative temperature coefficient of
resistance, occurring as it did over 100 years before the birth of the practical transistor,
may well have been the “gleam in the eye” of the future.

For since its invention in 1948% the transistor has played a steadily increasing part
not only in the electronics industry, but in the lives of the people as well. First used in
hearing aids and portable radios, it is now used in every existing branch of electronics.
Transistors are used by the thousands in automatic telephone exchanges, computors,
industrial and military control systems, and telemetering transmitters for satellites.
A modern satellite may contain as many as 2500- transistors and 3500 diodes as part
of a complex control and signal system. In contrast, but equally as impressive, is the
two transistor “pacemaker,” a tiny electronic pulser. When imbedded in the human
chest and connected to the heart the pacemaker helps the ailing heart patient live
a nearly normal life, What a wonderful device is the tiny transistor. In only a few
short years it has proved its worth — from crystal set to regulator of the human heart.

But it is said that progress moves slowly. And this is perhaps true of the first
hundred years of semiconductor research, where time intervals between pure research
and practical application were curiously long. But certainly this cannot be said of the
years that followed the invention of the transistor. For since 1948 the curve of semi-
conductor progress has been moving swiftly and steadily upward. The years to come
promise an even more spectacular rise. Not only will present frequency and power
limitations be surpassed but, in time, new knowledge of existing semiconductor mate-
rials . . . new knowledge of new materials . . . improved methods of device fabrication
. .. the micro-miniaturization of semiconductor devices . . . complete micro-circuits . . .
all, will spread forth from the research and engineering laboratories to further influence
and improve our lives.

Already, such devices as the tunnel diode and the high-speed diode can perform
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with ease well into the UHF range; transistors, that only a short time ago were
limited to producing but a few milliwatts of power, can today produce thousands
upon thousands of milliwatts of power; special transistors and diodes such as the
unijunction transistor, the high-speed diode, and the tunnel diode can simplify and make
more economical normally complex and expensive timing and switching circuits, Intri-
cate and sophisticated circuitry that normally would require excessive space, elaborate
cooling equipment, and expensive power supply components can today be designed
and built to operate inherently cooler within a substantially smaller space, and with
less imposing power components. All this is possible by designing with semiconductors,
In almost all areas of electronics the semiconductors have brought immense increases
in efficiency, reliability, and economy.

Although a complete understanding of the physical concepts and operational theory
of the transistor and diode are not necessary to design and construct transistor circuits,
it goes without saying that the more device knowledge the designer possesses, whether
he be a professional electronics engineer, a radio amateur, or a serious experimenter,
the more successful will he be in his use of semiconductor devices in circuit design.
Such understanding will help him to solve special circuit problems, will help him to
better understand and use the newer semiconductor devices as they become available,
and surely will help clarify much of the technical literature that more and more
abounds with semiconductor terminology. :

The forepart of this chapter, then, is concerned with semiconductor terminology
and theory as both pertain to diodes and junction transistors. The variety of semi-
conductor devices available preclude a complete and exhaustive treatment of theory
and characteristics for all types. The silicon controlled rectifier (SCR) is well covered
in other General Electric Manuals;*® treatment of the unijunction transistor (UJT)
will be found in Chapter 13 of this manual, and tunnel diode circuits are shown in
Chapter 14.” Other pertinent literature will be found at the end of most chapters
under references. Information pertaining to other devices and their application will be
found by a search of text books and their accompanying bibliographies. The “year-end
index” (December issue) of popular semiconductor and electronic periodicals is another
excellent source. Public libraries, book publishers, magazine publishers, and component
and device manufacturers are all “information banks” and should be freely used in any
search for information-and knowledge.

SEMICONDUCTORS

Semiconductor technology is usually referred to as solid-state. This suggests, of
course, that the matter used in the fabrication of the various devices is a solid, as
opposed to liquid or gaseous matter — or even the near perfect vacuum as found in the
thermionic tube — and that conduction of electricity occurs within solid material. “But
how,” it might be asked, “can electrical charges move through solid material as they
must, if electrical conduction is to take place?” With some thought the answer becomes
obvious: the so-called solid is not solid, but only partially so. In the microcosmos, the
world of the atom, there is mostly space.® It is from close study of this intricate and
complicated “little world,” made up mostly of space, that scientists have uncovered the
basic ingredients that make up solid state devices — the semiconductors.

Transistors and diodes, as we know them today, are made from semiconductors,
so-called because they lie between the metals and the insulators in their ability to
conduct electricity. A simple illustration of their general location is shown in Figure 1.1.
Shaded areas are transition regions. Materials located in these areas may or may not
be semiconductors, depending on their chemical nature.

There are many semiconductors, but none quite as popular at the present time as
germanium and silicon, both of which are hard, brittle crystals by nature. In their
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natural state they are impure in contrast, for example, to the nearly pure crystalline
structure of high quality diamond. In terms of electrical resistance the relationship of
each to well known conductors and insulators is shown in Table 1.1.

RESISTANCE IN OHMS PER

MATERIAL CENTIMETER CUBE CATEGORY
(R/CM3)

Silver 10°° Conductor
Aluminum 10°°
Pure Germanium 50-60 Semiconductor
Pure Silicon 50,000-60,000
Mica 10=-10% Insulator
Polyethlene 10-10*

Table 1.1

Because of impurities, the R/CM? for each in its natural state is much less than
an ohm, depending on the degree of impurity present. Material for use in most prac-
_tical transistors requires R/CM?® values in the neighborhood of 2 ohms/CM?®. The
ohmic value of pure germanium and silicon, as can be seen from Table 1, is much
higher. Electrical conduction, then, is quite dependent on the impurity content of the
material, and precise control of impurities is the most important requirement in the
production of transistors. Another important requirement for almost all semiconductor
devices is that single crystal material be used in their fabrication.

ATOMS

To better appreciate the construction of single crystals made from germanium
and silicon, some attention must be first given to the makeup of their individual atoms.
Figure 1.2(A) and (C) show both as represented by Bohr models of atomic structure,
so named after the Danish physicist Neils Bohr (1885-1962).

Germanium is shown to possess a positively charged nucleus of +32 while the
silicon atom’s nucleus possesses a positive charge of +14. In each case the total positive
charge of the nucleus is equalized by the total effective negative charge of the elec-
trons. This equalization of charges results in the atom possessing an effective charge
that is neither positive nor negative, but neutral. The electrons, traveling within their
respective orbits, possess energy since they are a definite mass in motion.* Each
electron in its relationship with its parent nucleus thus exhibits an energy value and

*Rest mass of electron = 9.108 X 10-28 gram.
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(A) (8)

SILICON ATOM SIMPLIFIED
() (D)

BOHR MODELS OF GERMANIUM AND SILICON ATOMS
Figure 1.2

functions at a definite and distinct energy level. This energy level is dictated by the
electron’s momentum and its physical proximity to the nucleus. The closer the electron
to the nucleus, the greater the holding influence of the nucleus on the electron and the
greater the energy required for the electron to break loose and become free. Likewise,
the further away the electron from the nucleus the less its influence on the electron.

Outer orbit electrons can therefore be said to be stronger than inner orbit electrons
because of their ability to break loose from the parent atom. For this reason they are
called valence electrons, from the Latin valere, to be strong. The weaker inner orbital
electrons and the nucleus combine to make a central core or kernel. The outer orbit in
which valence electrons exist is called the valence band or valence shell. It is the elec-
trons from this band that are dealt with in the practical discussion of transistor physics.

With this in mind the complex atoms of germanium and silicon as shown in (A) and
(C) of Figure 1.2 can be simplified to those models shown in (B) and (C) and used in
further discussion. It should be mentioned that although it is rare for inner orbital
electrons — those existing at energy levels below that of the valence band — to break
loose and enter into transistor action, they can be made to do so if subjected to heavy
x-rays, alpha particles, or nuclear bombardment and radiation.

When an electron is freed from the valence band and moves into “outer atomic
space,” it becomes a conduction electron, and exists in the conduction band. Electrons
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possess the ability to move back and forth between valence and conduction bands.

VALENCY

The most important characteristic of most atoms is their ability to unite with other
atoms. Such an atom is said to possess valency, or be a valent atom. This ability is
dependent on those electrons that exist in the parent atom’s valence band, leaving
the band to move into the valence band of a neighboring atom. Orbits are thus enlarged
to encompass two parent atoms rather than only one; the action is reciprocated in that
electrons from the neighboring atom also take part in this mutual combining process.

VALENCE CENTRAL CORE
ELECTRON OR KERNEL

INDEPENDENT [
ATOMS \ /

\ 7 -
COVALENT OR f / \
ELECTRON—~PAIR BOND \ )‘

OF ATOMS \

Figure 1.3

In short, through orbit sharing by interchange of orbital position, the electrons
become mutually related to one another and to the parent cores, binding the two
atoms together in a strong spaced locking action. A covalent bond (cooperative bond;
working together) or electron-pair bond is said to exist. This simple concept when
applied to germanium and silicon crystals will naturally result in a more involved
action, one the reader may at first find difficult to visualize. This important and basic
atomic action can be visualized as shown in Figure 1.3.

SINGLE CRYSTALS

In the structure of pure germanium and pure silicon single crystals the molecules
are in an ordered array. This orderly arrangement is descriptively referred to as a
diamond lattice, since the atoms are in a lattice-like structure as found in high quality
diamond crystals.®® A definite and regular pattern exists among the atoms due to space
equality. For equal space to exist between all atoms in such a structure, however, the
following has been shown to be true: the greatest number of atoms that can neighbor
any single atom at equal distance and still be equidistant from one another is four.®
Figure 1.4 is a two dimensional presentation of a germanium lattice structure showing
covalent bonding of atoms. (Better understanding and more clear spatial visualization
— that is, putting oneself in a frame of mind to “mentally see” three dimensional
figures, fixed or moving with time — of Figure 1.4 may be had by construction of a
three dimensional diamond lattice model using the technique shown in Figure 1.5.
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(TYPIFIES SPATIAL VISUALIZATION)

Figure 1.5
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Spatial visualization differs in individuals, and where some will have little trouble
forming a clear mental picture of complex theoretical concepts, others will have diffi-
culties. Whether electrons and holes and atoms in all their involved movements are
mentally pictured in terms of more graphic objects such as marbles, moth balls, base-
balls, automobiles, or whatever else that might come to mind, is of little consequence
and may even be helpful.) Figure 1.4 could just as well represent a silicon lattice since
the silicon atom also contains four electrons in its outer valence band. With all valence
electrons in covalent bondage, no excess electrons are free to drift throughout the
crystal as electrical charge carriers. In theory, this represents a perfect and stable
diamond lattice of single crystal structure and, ideally, would be a perfect insulator.

CRYSTAL FLAWS

But such perfect single crystals are not possible in practice. Even in highly purified
crystals imperfections exist making the crystal a poor conductor rather than a non-
conductor. At the start of the manufacturing process modern and reliable transistors
require as near perfect single crystal material as possible. That is, crystal that exhibits
an orderly arrangement of equally spaced atoms, free from structural irregularities.
Crystal imperfections fall into three general classes, each acting in its own way to
influence transistor action.

ENERGY

Both light and heat cause imperfections in a semiconductor crystal. Disturbance by
light striking the crystal is dependent on the frequency and magnitude of light energy
absorbed. This energy is delivered in discrete and definite amounts known as quanta
composed of particles known as photons.

Heat, or thermal, disturbance is also absorbed by the crystal, in the form of vibrat-
ing waves. Interference is such that when the waves are absorbed, electronic action is
impaired through atomic vibration of the lattice structure; the effect is crystal heating
and destruction of the “perfectness” of the crystal. Thermal waves interfere with
charge movement, causing the charges to be scattered and diffused throughout the
crystal. In effect, the electrons are buffeted and jostled in various and indiscriminate
and indefinite directions as defined by the laws of quantum-mechanics.® Because of
this severe thermal encounter, the electrons gain thermal kinetic energy which is of
extreme importance in the practical operation of diodes and transistors.

ELECTRONIC

Too many or too few electrons also cause crystal imperfections. In short, in perfect
single crystal all electrons are assumed to be locked in covalent bond. Those that are
not are free and therefore constitute a form of imperfection. (Figures 1.6 and 1.7).

ATOMIC

Any atomic disorder in the lattice structure causes the crystal to be less than
perfect. Crystals of this nature are said to be polycrystal. They are characterized by
breaks in covalent bonds, extra atoms not locked in place by covalent bonds (inter-
stitial atoms), and missing atoms that leave gaps in an otherwise orderly crystal
structure (atomic vacancies). Such imperfections interfere with proper transistor
action by not readily allowing charge carriers to move freely.

Interference to carrier movement also occurs when the perfect lattice structure
appears as being interrupted. This can be viewed as crystal discontinuity, or as two
separate crystals not properly “fit” so as to form a perfect single crystal; the two
crystals appear at the point of joining as being improperly oriented to each other. This
form of imperfection is referred to as a grain or grain boundary. Flaws of this nature
cause impurities to be generated with consequent impairment of the perfect crystal.
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Electrons set free from covalent bondage move at some given velocity and for some

- given time before arriving at a destination; the travel time involved is referred to as

lifetime. While free and in motion the electron will experience numerous collisions
within the crystal, with the result that electrons will not experience equal lifetimes.
Where an electron’s lifetime is limited and cut short, the cause is theorized to be
an imperfection mechanism known as a recombination center (sometimes called a
“deathnium center”). A recombination center acts to capture and hold an electron
until an opposing carrier arrives to affect recombination and thus empty the center,
to capture and then immediately release an electron, or to release an electron that has
existed within the center thus producing a hole. The impurity causing the center
determines at what energy level capture takes place. The electron involved may not
necessarily be a free charge, but one from a covalent bond. In any case, the center
acts as an intermediate “holding” point of charge carriers.

Another imperfection more common to silicon than to germanium is the trap.
A variation of the recombination center, the trap as the name implies captures a carrier
and holds it; emptying occurs only upon release of the first carrier, which may be
held in the trap up to several minutes. Trapping is unlikely in germanium at normal
temperatures, but does appear around —80°C. In silicon, trapping is common at room
temperatures (25°C).*

The effects of the various imperfections in semiconductor crystals are many, and
not always easily explained. Although much is already known about semiconductor
imperfections, it is generally recognized that other imperfection mechanisms, as yet
not known, may exist. Of importance, however, is that those working with diodes and
transistors recognize that imperfections are both good and bad. They both hinder
and help, depending of course on the imperfections involved. Semiconductors would
not be possible without imperfections, yet by their very nature they act in many
devious and obscure ways.

CONDUCTIVITY IN CRYSTALS

As already mentioned, to be of practical use transistors require crystal material of
greater conductivity (lower R/CM?) than found in highly purified germanium and
silicon. Conductivity can be increased by subjecting the crystal to heat, to radiation,
or by adding impurities to the crystal when it is formed.

THERMAL

Heating the crystal will cause the atoms which form the crystal to vibrate. Occa-
sionally one of the valence electrons will acquire enough energy (ionization energy) to
break away from its parent atom and move through the crystal. Since the atom has
lost an electron, it will thus assume a positive charge equal in magnitude to the charge
of the electron. In turn, once an atom has lost an electron it can then acquire another
electron from one of its neighboring atoms. This neighboring atom may, also in turn,
acquire an electron from one of its neighbors. It is evident that each free electron
which results from the breaking of a covalent bond will produce an electron deficiency
which can move through the crystal as readily as the free electron itself. It is con-
venient to consider these electron deficiencies as positively charged particles called
holes. Each time a covalent bond is broken and a negative electron set free, a positive
hole is simultaneously generated. This process is known as the thermal generation of
hole-electron pairs. The average time either charged carrier, the hole or the electron,
exists as a free or mobile carrier is known as lifetime. Should a free electron join with
or collide with a hole, the electron will fill the existing electron deficiency which the
hole represents and both the hole and the electron will cease to exist as free charge
carriers. This joining or colliding process is known as recombination.
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RADIATION |

Transistor crystal material is very sensitive to radiation. Neutron bombardment,
gamma rays, beta rays, both slow and high energy particles in various forms can
effect semiconductor material. Their influence is to increase crystal lattice imperfec-
tions. Atoms, normally in space locked position within the crystal, are knocked out of
position and into interstitial positions where they come to rest. What was a perfect
lattice structure at that particular location in the crystal becomes imperfect by the
generation of atomic vacancies as well as extra atoms. The result is a drastic reduction
of minority carrier lifetime, and a change in conductivity. Moreover, how conductivity
changes depends on the nature of the semiconductor material; that is, whether n-type,
p-type, silicon, germanium, and so on.

IMPURITIES .

Conductivity can also be increased by adding impurities to the semiconductor
crystal when it is formed. This is often referred to as doping. And doping level refers
to the amount of impurities added. These impurities, added in the form of atoms,
replace a few of the existing semiconductor atoms that make up the crystal lattice
structure. An impurity atom, depending on its nature (see Table 2), may either donate
a free electron to the crystal structure or it may accept a free electron from another
atom in the structure.

N-Type Material

As shown in Figure 1.6 should the replacement impurity atom contain 5 electrons
in its valence band, four will be used to form covalent bonds with neighboring semi-
conductor atoms. The fifth electron is excess, or extra. It is therefore free to leave its
parent atom. When it leaves it does not leave behind a space, or hole, since the four
remaining electrons join covalently with electrons of the neighbor atoms and thus
satisfy all localized valency requirements. The donor atom is therefore locked in ‘posi-
tion in the crystal. It cannot move. With the loss of the electron the donor’s charge
balance is upset causing it to ionize. The donor impurity atom, therefore, can be
viewed as a fixed-in-position positive ion.

EXCESS \

\ /
ELECTRON

N-TYPE MATERIAL
Figure 1.6
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Since, in practice, imperfections exist in the crystal, to some extent holes also will
exist. But since the electrons greatly outnumber the holes, the crystal is negative in
nature and called n-type semiconductor. Inasmuch as electrons and holes are present
in the crystal, both will contribute to the conduction process. Electrons, predominating,
are the majority carriers; holes the minority carriers.

P-Type Material

Should, on the other hand, as shown in Figure 1.7, the replacement impurity atom
contain only 3 electrons in its valence band, all three will be used up in covalent bonds
with neighboring semiconductor atoms. Since a lack, or deficiency, of one electron
prevails an empty space will exist causing one bond to be unsatisfied. This empty
space in the impurity atom’s valence band is called a hole and is positive in nature.
As such, it is able to accept an electron from the crystal in order to satisfy the incom-
plete bond. As in the case of the donor atom, this action contributes to locking the
acceptor in its lattice position. It cannot move. The gaining of an electron upsets the
acceptor’s charge balance causing it to ionize; thus, the acceptor impurity atom, like
the donor, can also be viewed as a fixed-in-position ion, but one of negative charge.
Since, in this case, a hole has been generated elsewhere in the crystal, positive holes
predominate and the material is called p-type.

\ 7/ ACCEPTOR

A
s ATOM

\ /(ELEC TRON
\, DEFICIENCY)
X

P-TYPE MATERIAL
Figure 1.7

In p-type material, just as in n-type, both holes and electrons exist and contribute
to the conduction process. Holes, predominating, are the majority carriers; electrons
the minority carriers. With two oppositely charged carriers in existence in both n and p
materials, two conduction (current) paths. of opposite direction must exist. Both are
of great importance to transistor action.

To summarize, solid-state conduction takes place in semiconductor crystals by the
movement of charge carriers known as holes and free-electrons. These holes and elec-
trons may originate either from donor or acceptor impurities in the crystal, or from
the thermal generation of hole-electron pairs. During the manufacture of the crystal,
it is possible to control conductivity and make the crystal either n-type or p-type by

N SRR oo e SRR e S N e e o e s e v 1




1 BasIC SEMICONDUCTOR THEORY O Sl S-S a8 (e -

adding controlled amounts of donor or acceptor impurities (Table 1.2). On the other
hand, thermally generated hole-electron pairs cannot be controlled

! except by vary-
ing the crystal temperature. e Y

GROUP IN
FsL\F#;&T) PERIODIC | VALENGE APPLICATIONS IN
TABLE ELECTRONS SEMICONDUCTOR DEVICES
Acceptors 3 Trivalent (3), or acceptor, elements
are used to form p-type semicon-
boron (B) ductors. A trivalent atom replaces
aluminum (Al) I a quadravalent atom in the lattice
gallium (Ga) structure; lacking one electron in
indium (In) its valence band the trivalent atom
is thus able to accept one electron
from a neighboring quadravalent
atom to produce a hole.
Semiconductors 4 Quadravalent (4) elements are basic
) semiconductor materials. When
g.e.rmamu.m (Ge) v combined with controlled amounts
silicon (Si) of trivalent or pentavalent mate-
rial, p-type or n-type transistor
crystal, respectively, is formed.,
Donors 5 Pentavalent (5), or donor, elements
are used to form n-type semicon-
ductors. A pentavalent atom re-
phosphorus (P) places a quadravalent atom in the
arsenic (As) A% lattice structure; containing an
antimony (Sb) excess electron in its valence band
it is thus able to donate one free
electron to the crystal lattice
structure. ’

MATERIALS USED IN THE CONSTRUCTION OF TRANSISTORS
AND OTHER SEMICONDUCTOR DEVICES

Table 1.2
TEMPERATURE

Carriers move through a semiconductor by two different mechanisms: diffusion or
drift. In either case temperature plays a singularly important part. Atomic activity is
said to cease at absolute zero, but this is only an assumption. At absolute zero tem-
perature (—273.165°C) a finite amount of kinetic energy is known to exist. This ever-
so-small activity is known as zero-point energy and in modern physics can be located
only by extremely involved methods. It is well known that charged carriers in semi-
?onductor material are strongly influenced by temperature and that as temperature
increases so too does the atomic activity. Atomic movement and motion is ever present
and the extent to which such activity and agitation occurs is only a matter of degreej
In any lattice structure where all atoms are strongly bound together by covalent
bonds, the atoms are continually shaking and vibrating in their lattice positions due

12*
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to thermal effects. It is important to keep in mind that the atoms, whether semicon-
ductor or impurity, at all times remain locked in their lattice position due to the
covalent bonds. Any motion of the atom, no matter how extreme, is a vibratory and
elastic motion. The atom’s position does not change unless a flaw exisits in the crystal,

Electrons moving in their orbits also vibrate and become excited with temperature.
With continued temperature increase, their vibration becomes more violent to the
extent that those possessing the most energy, break loose from parent atoms and fly
out into the spaces of the lattice structure. This is especially true of valence band
electrons, since by nature they possess more energy and can operate at higher energy
levels. When such an electron flies free, a hole is generated and any free electron may
join this hole.

Too, as mentioned under Crystal Flaws, thermal effects are characterized by the
absorption of the thermal waves which interfere with electron movement. If it were
possible to look into the crystal, a constant movement and motion would be seen;
action of a highly complex nature, not easy to visualize nor to depict. On a grand
scale, therefore, at any given temperature there is always atomic activity occurring
in semiconductor material; the lower the temperature the less the activity, the higher
the temperature the greater and more violent the activity.

CONDUCTION: DIFFUSION AND DRIFT

DIFFUSION

Since many charge carriers are actively moving throughout the crystal, at any
given location a concentration of carriers may occur. Whenever there is a difference
in carrier concentration in adjacent regions of the crystal, carriers will move in a
random fashion from one region to another. Moreover, more carriers will move from
regions of higher concentration to regions of lower concentration than will move in the
opposite direction. In the simplest illustration, this permeation, or spreading out of
carriers, throughout the crystal is shown in Figure 1.8 and is known as diffusion. The
process is not easily explained in terms of a single electron’s movement. It can be
thought of as a sporadic, or random, or unorganized electron movement when the
crystal is free from the influence of an electric field.

The action of diffusion is an omnipresent process in a semiconductor, dependent
on the impurity content, and on temperature.

The principles of diffusion, that is, the atomic penetration of one material by
another, are used in semiconductor manufacture to advantage, being widely used to
form pn junctions in semiconductors. Briefly, the process consists of exposing ger-
manium or silicon to impurity materials known as diffusants, generally in a furnace.
Both time and temperature are of extreme importance, as well as the type of impurity
diffusant (indium, antimony, etc.) used. Since each diffusant exhibits an individual
diffusion constant (D), the time and temperature required for a diffusant to reach a
given depth of penetration into the semiconductor will vary. Indium, for example, is
a slow diffusant while antimony is much faster. i

DRIFT

Even when subjected to an electric field the process of diffusion persists. The
action is somewhat more defined and orderly, however, in that the field’s influence
causes charge movement to occur parallel to the direction of the field. This is often
referred to as drift mobility and implies both thermal and electric field influences
acting on the charge carriers. ‘

Drift is a process that accelerates charge movement within the crystal. Should a
battery, for example, be connected across the crystal, a definite and deliberate move-
ment of carriers will begin. Direction of movement will depend on the polarity of the
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ELECTRON DIFFUSION IN SEMICONDUCTOR
Figure 1.8

electric field generated by the battery. Where before the fields existence carrier move-
ment was random and sporadic —and a more or less overall state of electrostatic
equilibrium existed — with voltage applied, equilibrium is upset; charge carriers are
influenced, and electrical conduction takes place. This is illustrated in Figure 1.9(B)
where a single conduction path in n-type semiconductor material is shown. (Figures
1.9 and 1.10 are illustrative only. Since they are two-dimensional models, presented
to help explain a highly involved, and in many cases difficult to explain theory, they
should not be taken too literally.)

All atoms, semiconductor and donor impurity, are locked in their lattice positions
by covalent bonds as shown in Figure 1.9(A). Atoms cannot and do not leave these
fixed positions. Prior to closing the switch electrons are in a continuous state of thermal
diffusion throughout the crystal. Closing the switch produces an electric field through-
out the crystal which influences the diffusing electrons to drift around the circuit.

Referring to Figure 1.9(B), as electron 1 enters the semiconductor through the
left negative ohmic contact, electron 4 simultaneously leaves at the positive end.
A balance is thus maintained between the crystal and the external circuit by this
equal exchange of electrons into and out of the crystal. Electron 1 jqins the hole left
by the departure of electron 2 into conduction. Since the donor atoms contain extra
electrons, these are also freed into the conduction process, or conduction band, to roam
the crystal.

During this instant several things, all important to transistor action, happen: a hole-
electron pair is generated, free charge carriers (electron and hole) exist for a lifetime
to produce a portion of the overall conduction process, and, free charge carriers
(electron and hole) unite together in recombination. Here, in essence, is the process
of conduction in a semiconductor — generation, lifetime, and recombination. (It is
important to keep in mind, that in this process, only the valence electrons possess the
ability to leave the valence bands of their parent atoms and roam throughout the
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I  BASIC SEMICONDUCTOR THEORY 1

crystal; holes, being what they are — electron deficiencies — remain at the level of the
valence band. Holes, therefore, cannot and do not exist outside of semiconductor
material.) In Figure 1.9(B) hole activity can be better followed by starting with

- electron 4 leaving atom C.

Electron movement, then, is an actual movement from negative to positive around
the total circuit while hole movement is from positive to negative, but only inside
the crystal.

Figure 1.10 depicts conduction in p-material. As shown in Figure 1.10(A) all
semiconductor and acceptor impurity atoms are locked in their lattice positions by
covalent bonds. Since the impurity atoms are acceptors, holes predominate. Electrons,
although in the minority within the crystal, are still basic to the conduction process.
In Figure 1.10(B), starting at the positive terminal, hole movement can be followed
through the crystal towards the negative terminal. Note that the impurity atoms accept
electrons from some other bond in the crystal, thus causing the acceptors to ionize and
become negative. These electrons moving to the acceptors leave other holes behind.
The process is not unlike that depicted for n-type material except that in p-material a
greater number of holes exist in the semiconductor to contribute to current conduction.
Hole migration, then, is from positive to negative in the crystal; while electron conduc-
tion is from negative to positive. Just as in n-type material, conduction within the
crystal is by generation, lifetime, and recombination of charge carriers.

For the single conduction paths illustrated in Figures 1.9(A) and 1.10(B) it is
interesting to note that if the electrons and holes are counted, keeping in mind that
electrons 1 and 4 equal one charge,* the following results.

Electron Holes

*12-3-B-® 1-2-3

Major conduction Minor conduction

1*-2-3 1-2-3-@-®

Minor conduction Major conduction

n-type semiconductor

p-type semiconductor

Circled numbers indicate extra electrons
and holes.

PN JUNCTIONS (DIODES)

Connecting the p-type and n-type materials of Figure 1.9 and 1.10 in series with a
single battery, as shown in Figure 1.11, is no different — from the viewpoint of the
external circuit — than connecting two resistors in series, with one exception. The

nature of conduction within each semiconductor material will be different, as already’

explained. In the case of Figure 1.11, as voltage is increased a linear relationship will
prevail in accordance with Ohm’s law.

Should the center ohmic contact be removed and an actual contact made between
p and n materials, action both inside the crystal and as viewed by the external circuit
will then differ radically from Figure 1.11. This change of character is brought about
by the forming of p and n materials into a pn junction. (Note the word “forming” is
used, not “connected.” Reliable and efficient pn junctions cannot be made by placing
pieces of p and n materials together. Tightly pressing, or even welding the materials
allows only small area surface contact to be made. Too, the exposed surfaces can be
contaminated by airborne impurities. For optimum control of conduction, pn junction
structure must be single crystal in nature. This means that single crystal material must
be continuous from n material through the junction and into the p material. This is

(s e T g e s S e R B e N Gl a s 17
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accomplished by chemical means. Suffice to say that pn junction fabrication is highly
complex and specialized, and beyond the scope of this Manual. Figure 1.12, therefore,
is illustrative only.)

Prior to the p and n materials being joined, atomic activity within each is random.
Figure 1.12(A) is representative of this state. Since holes predominate in the p mate-
rial and electrons in the n, each material — although electrically neutral unto itself —
will exist at a different charge level from the other because of differences in nature
and impurity content. When the two dissimilar materials form, as shown in Figure
1.12(B), an energy exchange occurs as the materials try to equalize. This exchange
is shown by electrons 1 and 2 moving across to fill the holes in the p-type material.
At this instant of brief conduction the donor and acceptor atoms change their charge
states and ionize. This is shown in Figure 1.12(C). (It should be kept in mind that
this is a two-dimensional, highly simplified illustration, and all action is in reality
three-dimensional with many more charged carriers involved.)

The electrical neutrality of both p and n materials (existing at different charge
levels), upset by this brief but dynamic exchange of electrons, tend to align with
each other (alignment of Fermi levels). During the forming, hole-electron recombina-
tions readily occur, and as the action progresses a limited area empty of free charge
carriers is produced. This “no free-charge land” is called by many names: barrier,
depletion region, dipole layer, junction barrier, potential barrier and sometimes space
charge region. But mostly it is referred to as a pn junction or junction diode.

It would seem that during this brief forming process that all existing free charge
carriers should combine. If this did occur, assuming equal impurity content, a single
piece of neutralized crystal would result; it would be neither p nor n in nature. After
a few recombinations take place in the vicinity of the junction area, and a “no free-
charge land” produced, conduction decreases as an electric field builds up, generated
by — and located between — the newly created positive ions in the n-type material
and negative ions in the p-type material. Figure 1.12(D) attempts to illustrate the pn
junction after forming.

Total recombinations cannot occur, however, because of thermal generation of
hole-electron pairs, hole-electron recombinations, and the effects of recombination
centers and trap imperfections. All combine in a highly complex process to bring
about a barrier balance. The eventual culmination of this forming process can be
viewed as a balance of major and minor conduction currents as shown in Figure 1.13(A).
Perfect barrier balance is never completely possible because of external influences.
Much like the balancing of a set of delicate scales when a state of equilibrium exists,
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I BASIC SEMICONDUCTOR THEORY 1

so it is with a pn junction. Although a depletion area exists, and in theory no charge
movement across the barrier is taking place, in reality the barrier balance is such that
occasional charge carriers do diffuse to opposite regions to cause opposing currents
to exist. At any instant currents may be equal or unequal in magnitude since tempera-
ture is always present.

JUNCTION CAPACITY

With each side of the barrier at an opposite charge with respect to the other, each
side can be viewed as the plate of a capacitor. In short, the pn junction possesses
capacity. As illustrated in Figure 1.13 junction capacity changes with applied voltage.
Figure 1.14 graphically shows junction capacity variation with reverse voltage for two
different device junctions.

Depending on the application, junction capacity can be an advantage, or a detri-
ment. To illustrate the former, the FM Tuner in Chapter 15 uses a reverse biased 1N678
to accomplish Automatic Frequency Control (AFC) of the oscillating converter. The
diode, in this case, is being used as a dc voltage controlled variable capacitor. As a
detriment, in high frequency amplifier applications where small capacity effects are
more apparent, the same junction capacity would not be desirable since it limits the
transistor’s upper useful frequency of operation. Further, in intermediate and high
frequency amplifier applications excessive collector-base capacity can cause positive
feedback and undesirable oscillation. On the other hand, should the capacity be such
that it is within the limits of the associated tuning circuit’s required LC ratio, it might
be used to advantage as part of the capacitive component. Chapter 2 discusses in
greater detail device capacities in general, and their effects on high frequency
performance.

The barrier’s electric field is often referred to — and can be visualized — as a space
charge equivalent battery. Since the field spans a specific distance it is said to have
width, and since the field possesses an intensity it is said to have height. These effects
can be expressed in volts. A pr. junction made from germanium, for example, can be
thought of as having an equivalent battery field voltage of about 0.3 volt; a junction
made from silicon, about 0.6 volt. Both the width and height can be changed by
applying an external voltage to the crystal. Herein lies the real importance for the
existence of the pn junction in its relation to external circuitry. Depending on the
polarity of the applied voltage, the crystal will either pass or block current. In short,
it will rectify.

CURRENT FLOW

In the field of electronics one of the first- great bewilderments of many students is
that of current flow. Not necessarily the physics of it, but its direction. One school of
thought has current flowing in the direction of electron drift, negative to positive.
Another has agreed that current flows positive to negative. This is known as conven-
tional current flow. The fact that two different and opposing flow directions are recog-
nized in electronics has always been confusing for students in general to cope with.
The arrival of the transistor compounded the confusion since it brought with it current
flow by hole movement, from positive to negative. Add to the foregoing such diverse
terms as: forward current, reverse current, saturation current, leakage current, etc.,
and it is understandable why semiconductors on first encounter can be confusing.

The question itself of “which way does the current flow?” is academic. In practical
circuit design it can even be a trivial consideration, except where accurate communica-
tions is involved; of real importance is that one try to be consistent. Consistency is
not always easy, however, when dealing with the semiconductor “world of opposites.”

DIODE “CONCEPT”
With the “opposite” natures of npn and pnp transistors, the opposite voltage polari-
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ties each require, and the opposite natures of hole and electron movement taking place
within a transistor at the same instant, it is not surprising to find even seasoned circuit
designers, especially in their first encounters with solid state devices, bewildered with
transistor action. One way to overcome this first confusion and induce some sense into
practical circuit work is to apply the “diode concept” approach as an aid. This pre-
cludes, however, thinking in terms of charge carrier movement, for the moment at
least, and requires visualizing by conventional current flow, positive (+) to negative
(—). The “diode concept” presents a pn junction as shown in Figure 1.15.

ANODE IS
ALWAYS POSITIVE
ANODE P-MATERIAL ANODE
]
!
P |
]
= - =
I
N 1
1
)
CATHODE
CATHODE CATHODE 1S
ALWAYS NEGATIVE
N-MATERIAL
PN JUNCTION "DIODE CONCEPT" DIODE SYMBOL

BLOCK DIAGRAM
“DIODE CONCEPT” OF PN JUNCTION
Figure 1.15

It is only necessary to keep in mind

1. Anode is always positive p material.

2. Cathode is always negative n material,

3. Conduction (passing of current) occurs when positive potential is applied
to positive p anode and negative potential to negative n cathode (forward
bias). '

4. Blocking occurs when negative potential is applied to positive p anode and
positive potential to negative n material (reverse bias).

Figure 1.16 illustrates these simple points.

1=FLOWS 1=BLOCKED

(A) FORWARD (B) REVERSE
BIAS OF PN JUNCTION
Figure 1.16

BIAS: FORWARD AND REVERSE

At this point it would be helpful to replace the junction diode, which, it should
be remembered is a unilateral (one-way) device, with a resistor, which is a passive
bilateral (two-way) component. The electrical difference between the two can be
shown by graphically plotting voltage vs. current.

. 23
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Connecting a2 1000 ohm resistor in the simplest form of electric circuit, a series
circuit, using a current meter (or a zero center galvanometer), and a 1 volt power
supply, a current will flow causing the meter to deflect to I = E/R = 1/1000 = 1 ma;
should the battery polarity be reversed and a second reading taken, the:current flow
would again cause the meter to deflect to 1 ma, but in the opposite direction. Record-
ing a series of voltage vs. current readings from zero voltage, first with the battery
connected in one direction, say the forward direction; then in the opposite direction,
say the reverse direction, will show a linear relationship between voltage and current.
This is illustrated in Figure 1.17. As shown, whether the resistor is forward or reverse
biased, a linear plot results. The variable battery, in theory at least, sees an unchanging
positive resistance of 1000 ohms. This is not true, as shown in Figures 1.13(B,C) and
1.17, when a pn junction diode is subjected to forward and reverse voltages.

+IF FORWARD BIAS

Ge

1000Q
RESISTOR

REVERSE
BREAKDOWN LOV
1

+V

1 |

' |

| I
IMA~ 103y 08V 1.0V

10008
RESISTOR
A T
S VA o 1
I T lR + R
IR

REVERSE BIAS

DC CHARACTERISTICS OF RESISTOR, GERMANIUM
DIODE, AND SILICON DIODE UNDER INFLUENCE OF FORWARD
AND REVERSE BIAS VOLTAGE

Figure 1.17

Figures 1.13(B,C) and 1.17 represent the classical semiconductor diode curve. As
with other phenomena of the physical sciences, the pn junction is also governed by
natural laws of growth and decay. Charge diffusion across the barrier, charge lifetimes,
charge concentration, and temperature, all influence the shape of the curve. As with
many of the other phenomena in nature, the pn junction curve, under conditions of
variable bias, is characterized by “natural” logarithms, and the following well known
pn junction equation applies. ’

IF — IS (eqv/KT_ 1)
where
Ir = forward current
Is = reverse, or saturation current
e = natural log 2.71828
q = electron charge 1.6 X 107 coulomb
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V = applied bias voltage
K = Boltzmann’s constant (1.38 X 107 watt sec/°K)
T = absolute temperature in degrees Kelvin (at room temperature K = 300)

At room temperature the exponent KT/q = 0.026 volt, thus
IF — IS ( eo.o%V_ l) . >

Forward bias corresponds to positive values of V while reverse bias conditions corre-
spond to negative values of V. In the case of reverse bias (negative V) the exponential
term will diminish. Since the barrier is widened and charge movement at a minimum,
current flow will be small and relatively fixed by thermal energy absorbed by the
crystal; for this reason Is is often referred to as reverse saturation current since it is a
fixed variable, controlled only by design of the junction and thermal influences. Ir will
therefore diminish towards zero, and Is remain relatively constant. With Ir = zero, Is
small, and negative bias V large, the junction resistance will be very high.

With forward bias (positive V) the exponential term rapidly increases. This
causes Ir to take on the classical “natural” look. With Ir large and V small, the junc-
tion resistance will be correspondingly very small. In practice Is is considered a
leakage current tending to subtract from Ir. In germanium, reverse leakage is about
1000 times greater than in silicon.

TRANSISTOR

If it were possible to simulate the circuit in Figure 1.18, useful work could be per-
formed. Connecting resistor R1 in series with the 10 volt battery by placing the switch
in position A would cause an ampere of current to flow, resulting in a power dissipa-
tion in R1 of 10 watts. If, when throwing the switch to position B, the same 1 ampere
could be made to flow through R2, a hundred-fold gain in power dissipation would
result. Forgetting the drop in R1 and concentrating on R2, if R2 were in a position
to offer a large portion of the dissipated power to an external load where useful work
could be performed, Figure 1.18 could be considered an active circuit because of its
ability to amplify power. This, in effect, is accomplished by the transistor.

I . RI=I0& R2=10009
AN » AN
I=:—I=:—3=IAMP. P2 = I°R2

+ » = 12X 1000=I000 WATTS
E=lOV = PI=LRI P2 1000

—[ = 12X 10=10 WATTS A POWER GAIN=?=——IO =100

4./' B
-7

TRANSFER + RESISTOR = TRANSISTOR
Figure 1.18

By placing a second pn junction adjacent to the first, with the connecting semi-
conductor material common to both junctions, as shown in Figure 1.19, and by
forward biasing one junction and reverse biasing the other junction, the conditions
of power gain are possible. Depending on which side of the existing pn junction the
second junction is formed, will determine the transistor’s type, PNP or NPN. And as
shown in Figure 1.20 the type will determine the polarity of the bias voltages. Figure
1.22 shows the generally accepted circuit symbols used for NPN and PNP transistors.
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CONTACT

Transistors operate by the mechanisms of injection, diffusion, and collection. It
will be noted in Figure 1.20 that the three elements are labelled emitter, base, and
collector, regardless of type. Should the emitter-base portion of the transistor be for-
ward biased, a drift-movement of charges will begin. Majority carriers, holes or elec-
trons, depending on the transistor type, will enter the base region to recombine with
opposite carriers. In effect these majority carriers can be thought of as being emitted
from the emitter and injected into the base region. Those charges escaping recombina-
tion near the junction area will penetrate further into the base region. Once in the
base, carriers spread out by the process of diffusion. Applying a reverse bias of sufficient
magnitude from collector to base, as shown, will cause the carriers diffused throughout
the base region to continue into the collector region. Majority carrier movement will
therefore have taken place, originating within a low resistance region (emitter-base
junction) and by diffusion and collection through a high resistance region (base-
collector junction). The transistor therefore meets the conditions of Figure 1.18.
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*DEPENDS ON TRANSISTOR , TERMINATIONS, ETC.

TRANSISTOR CIRCUITS AND CHARACTERISTICS

Figure 1.21

I BASIC SEMICONDUCTOR THEORY 1

Since the transistor is a three element, three lead device it is possible to use it in
any of three different, and useful, configurations. The identification of each of these
individual circuits is derived from the element “common” to both input and output.
Figure 1.21 illustrates this, showing the three configurations: common base, common
emitter, and common collector; an often used variation is “grounded” emitter,
“grounded” base, etc., since the common element is usually returned to the signal
ground point in a circuit.

ALPHA

Since fewer carriers reach the collector than leave the emitter region, the collector
current Ic will be less than the emitter current Is. The ratio Ic/Iz defines the total
forward current gain of the transistor as viewed from an external circuit, and is called
alpha (). This parameter is seldom greater than 1, and in practice falls between 0.95
to better than 0.99.

Within the device several mechanisms contribute to the transistor’s a. First, and of
great importance in controlling alpha, is the emitter efficiency v, i.e., how efficiently the
emitter injects carriers into the base region. The greater the forward emitter current
moving from emitter to base, in contrast to opposing “leakage” current, the higher
will be. This is brought about by a greater concentration of majority carriers existing
in the emitter than are present in the base region.

A second mechanism contributing to the transistor’s overall a is called the base
transport factor B*. As carriers diffuse through the base after being injected from the
emitter, some will recombine in the base to form base current Is. These carriers can be
considered lost since they will never reach the collector region. If few recombinations
are to occur in the base region, either the diffusion length of the injected carriers must
be such that they penetrate across the base to the collector region, or the width of the
base must be made narrower. Base width as it relates to carrier penetration is therefore
critical if the greatest number of carriers injected into the base are to reach the col-
lector region. Transport factor g* is also a controllable mechanism of importance in
transistor action.

The mechanism of carrier collection by the collector region is known as collector
multiplication factor a*. In general, it gives an indication of the level of current injec-
tion from base to collector region and is a function of the relationship existing between
majority carriers present in the collector to those being injected. Normally, a* is
equal to unity. i

By proper selection of each mechanism, through control of the nature and size
of p and n materials that make up the transistor, the a is controllable. )

Alpha (&) is sometimes called dc alpha, or ar, to indicate forward current transfer
ratio, the dc current gain of the device itself. Since this is a static dc measurement, it
tells little of the gain or impedance characteristics of the transistor when subjected to
signal conditions in an actual circuit. It does, however, offer some indication as to the

. merit of the transistor as an active device; that is, whether it is capable of power gain.

Under de conditions, dc alpha (ar) is usually designated ars for the common-base
configuration. The capital letters F and B point out that static dc conditions prevail,
and that the forward current gain of a common-base circuit is being defined. By the
matrix method of circuit analysis small-signal gain is abbreviated hs, and sometimes
as hx. This is discussed in Chapter 2.

BETA

As shown in Figure 1.21 for the common-base circuit, if the emitter current
Iz = 1 and Ic = o« the base current Iy — 1 — «. Connecting the transistor into a
common-emitter configuration and feeding signal into the base, forward gain would
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1 BASIC SEMICONDUCTOR THEORY I
then be

i—i: I i . As an example, if o = .99, %:%:
thus the CE configuration is more useful in that it produces more gain than the common-
base circuit. The a/1 — a ratio is referred to as beta, or . The static dc forward current
gain of a transistor in the common-emitter configuration is designated as “dc beta,” Br,
hz1g, or hre. The latter two terms come from the matrix method of circuit analysis.

It should be noted that if « is high, the base current term 1 — a is quite small.
Therefore, the higher the transistor’s alpha, the higher the impedance looking into the
base of a common-emitter configuration. Hence, by virtue of its combination of high
input impedance and high gain, the common-emitter configuration more readily meets
general amplifier requirements. (Chapter 6 discusses frequency limitations of CB and
CE configurations under Gain Bandwidth Product.)

BASE-EMITTER BIAS ADJUSTMENT
A useful rule-of-thumb common to both NPN and PNP transistors is presented in
Figure 1.22 for adjustment of base-emitter bias. Difficulty is often encountered in the
first practical transistor circuit work in recognizing that
1. Moving the base towards the collector voltage supply turns the transistor on.
2. Moving the base away from the collector voltage supply turns the tran-

99

sistor off.
TURNS * *
TRANSISTOR Re ON
ON ]
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OFF na —o + p s o+
PNP DIODE "CONCEPT" PNP SYMBOL
(B)

BASE-EMITTER BIAS ADJUSTMENT TURNS TRANSISTOR “ON” OR “OFF”
Figure 1.22

As shown in Figure 1.22(A) by the “diode concept” method, when the base con-
nected slider A is moved toward the positive voltage supply, the anode of the base-
emitter diode goes positive with respect to the cathode. Since this forward biases the
diode, it conducts (Iz) and the transistor turns on allowing collector current (Ic) to
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flow. Moving slider A away from the positive supply voltage decreases forward bias
across the base-emitter diode causing the diode, hence the transistor, to turn off.

TRANSISTOR SWITCH

When turned fully on, the transistor is said to be operating in the saturation region.
When turned fully off, it is said to be operating in the cut-off region. ( The region be-
tween is often referred to as the transition region.) The transistor can therefore be
used as a switch by simply biasing the base-emitter diode junction off (cut-off) or on
(saturation ). Chapter 6 offers a detailed discussion of Switching Characteristics.

TRANSISTOR AMPLIFIER

Adjusting base-emitter bias to some point approximately midway between cut-off
and saturation will place the transistor in the active, or linear, region of operation.
When operating within this region, the transistor is able to amplify. Figure 1.23 locates
the cut-off, active, and saturation regions of transistor operation on a typical set of
collector characteristic curves. For amplifier operation, base-emitter dc bias will be
approximately 0.3 volt for germanium and 0.6 volt for silicon, shown as point B in
Figure 1.17.
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TYPICAL COMMON-EMITTER COLLECTOR CHARACTERISTICS
Figure 1.23

SYMBOLS AND ABBREVIATIONS

Chapter 2 discusses the transistor as a small-signal low and high frequency device.
It should be noted that parameter symbols differ from those in Chapter 1 where only
dc conditions are considered. Inasmuch as the transistor encounters a variety of elec-
trical conditions, a variety of symbols is necessary to describe these conditions. Direct
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1 BASIC SEMICONDUCTOR THEORY I  BASIC SEMICONDUCTOR THEORY 1

current, no signal conditions — as discussed in this chapter — are defined by all capitals;
ac rms signal conditions by capital and lower case subscripts; instantaneous condltlons
use all lower case letters. Examples of this mixture follows.

DIRECT CURRENT ALTERNATING CURRENT |ALTERNATING CURRENT
(no signal) (rms conditions) (instantaneous conditions)

Is, Vs, Ig, ete. I, Ve, Lo, etc. ib, Veb, le, €tC.

More complete information on Letter Symbols and Abbreviation for Semiconduc-
tors is given in Electronic Industries Association (EIA) document RS-245. This is
available from the Engineering Department of EIA, 11 West 42nd Street, New York
36, New York, at a nominal cost. Additional symbol information is presented in Chap-
ter 19 of this Manual.

LEAKAGE

As previously mentioned, the real importance of the pn junction is its ability to
pass or block current flow; that is, to function as a unilateral device. But this suggests
a perfect junction. In practice this is not the case.

Generation of hole-electron pairs by thermal influences causes a reverse leakage
to exist in any pn junction. Referred to as either Ico or Iceo in transistors (measured
from collector-to-base with emitter open, hence subscript CBO ), leakage is generated
in four ways.

One component originates in the base region of the transistor. At any temperature,
a number of interatomic energy bonds will spontaneously break into hole-electron
pairs. When 2 voltage is applied, holes and electrons drift in opposite directions and
can be seen as Ico current. When no voltage is present, the holes and electrons
eventually recombine. The number of bonds that will break can be predicted theo-
retically to double about every 10°C in germanium transistors and every 6°C in silicon.
Theory also indicates that the number of bonds broken will not depend on voltage over
a considerable voltage range. At low voltages, Ico appears to decrease because the drift
field is too small to extract all hole-electron pairs before they recombine. At very high
voltages, breakdown occurs.

A second component of Ico is generated at the surface of the transistor by surface
energy states. The energy levels established at the center of a semiconductor junction
cannot end abruptly at the surface. The laws of physics demand that the energy levels
adjust to compensate for the presence of the surface. By storing charges on the surface,
compensation is accomplished. These charges can generate an Ico component; in fact,
in the processes designed to give the most stable Ico, the surface energy levels con-
tribute much Ico current. This current behaves much like the base region component
with respect to voltage and temperature changes. It is described as the surface
thermal component in Figure 1.24.

A third component of Ico is generated at the surface of the transistor by leakage
across the junction. This component can be the result of impurities, moisture, or surface
imperfections. It behaves like a resistor in that it is relatively independent of tempera-
ture but varies markedly with voltage.

The fourth component of Ico is generated in the collector depletion region. This
component is the result of hole-electron pair formation similar to that described as the
first Ico component. As the voltage across the collector junction is increased, the deple-
tion region will extend into the base and collector regions. The hole-electron pairs
generated in the base portion of the depletion region are accounted for by the first Ico
component discussed, but those generated in the collector portion of the depletion
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Figure 1.24

region are not included. The number of pairs generated in the collector portion of the
depletion region and, tius, the Ico from this region depend on the volume of the
depletion region in the collector. Inasmuch as this volume is a function of collector
and base resistivity, of junction area, and of junction voltage, the fourth component
of Ioo is voltage dependent. In an alloy transistor, this component of Ico is negligible
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1 BASIC SEMICONDUCTOR THEORY I

since the collector depletion layer extends only slightly into the collector region due to
the high base resistivity and low collector resistivity. In a mesa or planar structure,
where the collector region is not too heavily doped, the depletion region extends into
the collector, and this fourth Ico component may be appreciable. Since this mechanism
of Ico generation is hole-electron pair formation, this component will be temperature
sensitive as well as voltage dependent.

Figure 1.24(A) shows the regions which contribute to the four components. Figure
1.24(B) illustrates how the components vary with voltage. It is seen that while there is
no way to measure the base region and surface energy state components separately,
a low voltage Ico consists almost entirely of these two components. Thus, the surface
leakage contribution to a high voltage Ico can be readily determined by subtracting
out the low voltage value of Ico, if the collector depletion layer contribution is small.

Figure 1.24(C) shows the variation of Ico with temperature. Note that while the
surface thermal component, collector depletion region component and base component
of Ico have increased markedly, the surface leakage component is unchanged. For this
reason, as temperature is changed the high voltage Ico will change by a smaller per-
centage than the low voltage Ico.

Figure 1.25 shows typical variation of Ico (Icso) with temperature for germanium,
voltage and temperature for silicon.
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BIAS STABILITY

In actual transistor circuit design one of the more impor}ént aspects of the design
is dc biasing (see Chapter 4). Since stable circuit operation is highly dependent on
temperature, thermal influences that may effect the transistor and therefore circuit
performance must be considered in design of the dc bias circuit.
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The three most important transistor parameters to be considered are dc forward
current gain her, reverse leakage Icro, and base-emitter voltage Vge. All vary with
temperature. All effect bias stability and must be accounted for if stable operation is
to result.

Figure 1.26 shows typical variation of dc current gain hrg, and ac current gain hre
vs. temperature. Since dc gain hrr is here defined as Ic/Is, and since I¢ is approxi-
mately equal to hee (Is 4+ Ico), it can be seen that hrr is dependent on Ico. (Is repre-
sents the current measured if an ammeter is inserted in the base.) If the base is open
circuited (Is = 0), collector current will continue to flow of magnitude Ic = hrg orex Lco,
since Ico is diverted through the emitter. The hrr orex term is defined as aN/1 — aN
where aN (alpha N) is the ratio of collector to emitter currents with zero collector to
base voltage, at an emitter current approximately the value of hegorex Ico. As defined
here, hrr is infinite when Iz = 0. Dc gain hrr will rapidly increase with temperature
because of Ico.

In contrast, ac current gain hy. is relatively independent of Ico and generally in-
creases about 2 to 1 from —55° to 4+-85°C. Figure 1.26 illustrates the variation of both
hre and h¢e with temperature.
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Normal semiconductor properties tend to disappear at high temperatures with the

result that transistor action ceases. This temperature usually exceeds 85°C and 150°C

in germanium and silicon transistors, respectively.

When a transistor is used at high junction temperatures, it is possible for regenera-
tive heating to occur which will result in thermal run-away and possible destruction of
the transistor. For maximum overall reliability, circuits should be designed to preclude
the possibility of thermal run-away under the worst operating conditions. Thermal
run-away is discussed in detail in Chapter 4.

A major problem encountered in the operation of transistors at low temperatures is
the reduction in both the ac and dc current gain. Figure 1.26 shows the variation of
hre with temperature for the 2N525 and indicates that at —50°C the value of hre
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drops to about 65% of its value at 25°C. Most germanium and silicon transistors show * L J. J.
approximately this variation of hre and h¢. with temperature. In the design of tran- ! [’
sistor circuits, the decrease of her and hre, and the increase of Vee (see Figure 4.2) at ’
the lower temperatures must be accounted for to guarantee reliable circuit operation. WELDING SILICON MELTS —1 1420 2588
This is discussed in Chapter 6. .
Variation of reverse leakage Icpo with temperature has already been discussed
under Leakage. Further and more specific information will be found in Chapters 4 COPPER MELTS
and 6. Variation of base-emitter voltage Ve with temperature is covered in Chapter 4 1083 181 b
i in Fi GOLD MELTS ——— 1052 1925 —
and illustrated in Figure 4.2. 1000 1832 |-
T GERMANIUM MELTs T 9585 1754 —{ SILVER MELTS
THERMAL SPECTRUM HAND SOLDER 1820 1508 |
Figure 1.27 illustrates a portion of the thermal spectrum. Comparison temperature AN RAZING “e SILVER SOLDERS MELT 675 12a7k
scales appear in degrees Centigrade and degrees Fahrenheit. The illustration is attempt- I Vit lfANT]MONY MELTS [—| 630 Zgg IZIIZ)ZEE
ing to show, in pictorial terms, the present semiconductor storage, operating, and circuit L
design limits, and compare these limits with other known points throughout the tem- .
perature spectrum. T T
Melting point temperatures of a variety of metals used in semiconductor manufac- 300 572
ture are also included, as well as prime semiconductor materials, germanium and silicon. T
Many other materials important to semiconductor manufacture do not appear because |
of space limitations. !
Shaded areas point up the three generally accepted semiconductor circuit applica- :
tion categories: entertainment, industrial, and military. All overlap to some degree - COMPLETE LIQUIFICATIONI— 213 B
depending on individual circuit design specifications; and in some instances circuit i s%fgslﬁEﬁEGTs'N}"i% Evile
applications from an “outer” category will fall within a less severe “inner” category. INDIUM MELTS ——156.4 34t i
In any circuit application involving semiconductors, consideration of temperature a5k R R
is vital. As previously mentioned, reliable operation of a transistor over a wide tem-
perature range requires that bias voltage and current remain reasonably stable. At the 3 §50 ﬁ;:_‘{STEAM POINT
outset of any circuit design a temperature range should be chosen over which the 75 lgssg_‘;'g%?ggb
circuit must reliably function. If the circuit is to be used in an electronic musical instru- oSlcon 578 55 BT oo
ment for home entertainment, for example, temperature limits from 0°C to 55°C . SILICON GERMANIUM NTERXQQ‘MENT gg 987‘5, TEMPERATURE
should more than suffice. This range allows some safety factor to insure against severe STORAGE OPERATING ST/ L‘ICE
temperature ambients that might occur. It would be required, from the standpoint of O TORAGE e 0,1 8 32_ POWNT
reliability, that as temperature changed, circuit parameters such as frequency, gain, 20 A 7___'_'34;_ MERCURY L
power, distortion, etc., would not shift from a specified design center by more than -55 _g7. |FREEZES
some allowed amount (% tolerance). Knowing his design centers, and ambient tem- ORY ICE TEMP_ | 9o _,;S_ii‘JLowesT
. . . . . . . (OR LOWER) | 1-72_g83 | -i1269—— 1 RECORDED
perature limits, the designer is then faced with selecting semiconductor devices, Joi00 _1agL | WORLD TEMP
associated circuit components, and a circuit design to meet the requirements. Figure
1.27 shows, that should the application fall within an “inner” category either germanium
or silicon transistors could be used. If temperature limits are increased, reliability would
be more difficult to “design in” with germanium devices. In this case either more °C=5/9 (°PF-32°)
stringent circuit techniques must be called on, or lower leakage silicon devices used. -200 -328
TRANSISTOR ABUSES
A manufacturer publishes a transistor specification sheet (Chapter 19) not only ZERO-ENERGY powT—tZ?B.les -459.69 l—ABSOLUTE ZERO
to describe his devices, but more importantly, to warn the user of its limitations. L
Naturally, in publishing his device specification the manufacturer assumes the user to [ CENTIGRAGE | FAHRENHEIT
be somewhat familiar with the type of device described as well as the area of its appli- SCALE IN°C | SCALE IN°F

cation. Where this knowledge is known to be lacking, additional information in the
form of application notes, technical tips, article publication in technical periodicals,
promotion material, manuals, and other sundry bits of educational material is usually
prepared.
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It scarcely needs mentioning, however, that the manufacturer, no matter how care-
fully he prepares his specification sheet, cannot guarantee his device against handling
abuses. Such abuses fall under two main headings: mechanical and electrical.

Over the years transistors have acquired the reputation for being highly reliable
and rugged. Continuous reliability studies substantiate this built-in “toughness” —up
to a point. It is these “points” or limitations that the designer must become familiar
with if he is to design reliable semiconductor circuits.

Following are some of the more common handling abuses that transistors are
subjected to.

MECHANICAL

Dropping — Semiconductor material is hard and brittle and can be damaged
by high impact shock. For example, dropping a transistor 4%” onto a hardwood
bench subjects the device to around 500g; a drop of 30” onto concrete may
increase the impact shock from 7000 to 20,000g; snapping a transistor into a
clip causes a shock of 600g; and the simple act of clipping a transistor’s lead
may generate a shock wave of several thousand g. Any high impact shock,
therefore, can cause fracture of the semiconductor material, or lead breakage,
resulting in complete ruin of the transistor.

Lead Bending — Several sharp back and forth bends of a wire will usually cause
it to break, or at least fracture. This is especially true of transistor leads at the
point where they enter, or attach to, the header. Some leads when bent during
testing and handling may easily break later since the “bending life” of the lead
has already been spent. Plated leads when subjected to excessive bending and
twisting can generate cracks at the header; such cracks offer openings for mois-
ture to enter and contaminate the device thereby causing gradual degradation
of gain and voltage characteristics. To insure against the foregoing it is always
well to remember: allow at least 345" to %" clearance between the header and
the start of a lead bend.

Overheating — If, during soldering, the maximum specified junction tempera-
ture of a device is exceeded, the device can be destroyed. Heat transmitted
over connecting leads and printed circuit board leads to the header can also be
destructive. Junctions can be shorted. Lead connections may open. Unequal
expansion between header and package may break the hermetic seal. Safety
precautions include: removal of the transistor from the immediate socket to
which heat is being applied, keeping in mind that the heat can quickly travel
along connecting wires to neighboring sockets; use heat shunts (clips, pliers,
etc.) connected between the heat source and the device; and, a soldering iron
of adequate heat delivery for the job to be done. Most small-signal transistor
circuit work can be accomplished by use of a 20 to 50 watt iron. Larger irons
can be used, of course, with increased chance of device damage. At any rate,
it is always best to “heat shunt” to insure against damage. And, solder cleanly
and quickly.

Ultrasonic Cleaning — Depending on the frequency of the cleaning apparatus,
sympathetic vibration can induce unusually high stresses into transistor leads.
Lead breakage occurring at a particular frequency range can cause internal
opens. Where ultrasonic cleaning of transistorized equipment is being consid-
ered, the maximum average PSI (pounds per square inch) level in the tank
when cleaning action is taking place should be determined.

In most cases, an average level of 3 PSI will adequately clean most equip-
ment without damaging the semiconductors; energy levels exceeding this value
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tend to induce damage, especially to semiconductors fabricated by germanium
techniques (alloy, grown junction, mesa ). PSI level can be somewhat increased
for equipment using transistors fabricated by the latest silicon planar tech-
niques. Close monitoring of PSI energy level is always good practice, in any case.

ELECTRICAL

Excessive Voltage — Absolutely do not exceed the absolute maximum voltages
(usually specified at 25°C) as given by the manufacturer. In signal amplifier cir-
cuits this means peak-to-peak voltage swings should not exceed the transistor’s
inter-element absolute maximum voltages. A good rule is to use a supply voltage
equal to half the maximum voltage rating. Maximum inter-element voltages
can also be exceeded by voltage transients (inductive or capacitive kicks, etc.)
when connecting a transistor into a “hot” circuit; when removing or replacing
a transistor in a circuit it is always safest to turn the power off first. Transistor
testing by use of an ohmmeter can also cause damage by application of exces-
sive voltage. Since the emitter-base reverse breakdown voltage for most tran-
sistors is from 1 to 5 volts, the transistor can easily be damaged when subjected
to the high voltage (many ohmmeters use 22% volt batteries) ranges of an
ohmmeter. When measuring breakdown voltage, always use a current limiting
resistor. Voltage spikes can cause a build-up of impurities concentrated at a
point in the collector and emitter junctions and can result in punch-through
(internal short from collector to emitter) across the base region.

Excessive Power — Exceeding the maximum junction temperature of a tran-
sistor can permanently change the gain, the breakdown voltage, and can cause
opens and shorts in the transistor. To guard against such damage, when testing
for gain at excessive power dissipation levels, use a protective heat sink or test
with a low duty cycle pulse.

) Miscellaneous — When a transistor is used in the common emitter configuration,
opening the base lead while voltages are still applied can result in junction
heating, thermal-run-away, and eventual burn-up of the transistor. The right
conditions of applied voltage, current gain and reverse leakage can be destruc-
tive, particularly to germanium transistors where leakage currents may be a
1000 or more times greater than in silicon. With the base disconnected, collec-
tor-to-emitter leakage (Icgo, base open) equals the collector-to-base leakage
(Icso, emitter open) magnified by the transistor’s forward current gain (B8).
High values of Iceo can flow when inductive collector loads, exhibiting low
resistance paths, are part of the associated circuitry. Where current limiting is
not a part of the external circuitry, supply power should be disconnected when-
ever the base is opened circuited.

SOME THINGS TO REMEMBER IN THE

.APPLICATION OF TRANSISTORS

AGING
Allow sufficient latitude in circuit design to accommodate some change in tran-
sistor’s parameters with time. This is particularly important in high reliability
circuit design.

CURRENT
‘ Generally, above a few milliamperes current gain decreases as operating cur-
rent increases (see Figure 6.7).

Limit collector current (Ic) so that maximum power dissipation will not be
exceeded.

o o Bl s R R | e R e War gy N s mgeee | 39




1 BASIC SEMICONDUCTOR THEORY

Limit collector current (Ic) in breadboards by using a resistor or a fuse.

FREQUENCY

fxax., the maximum frequency of oscillation, is the upper frequency limit of
operation of a transistor.

Frequency cutoff for CE or CC circuits depends on forward current gain.
(fhfe = fhfb/hfe).

Collector capacitance (Con, Coe) contributes to poor transistor high frequency
response.

Collector capacitance varies inversely as 1/VC? for alloy devices and as 1/VC?
for diffused devices (mesa, planar, etc.).

Transistor rise time (t.) and fall time (t¢) are dependent on the base control
charge required to cause the transistor to conduct, as well as upon the currents
driving the transistor into or out of saturation.

Fall time (t:) is also limited by barrier capacitance (Cc).

To minimize storage and fall time, do not overdrive the transistor or let it
saturate.

To eliminate oscillations in narrow band amplifiers, neutralize the transistors or
load down the tank circuits sufficiently.

LEAKAGE

Leakage currents increase exponentially with temperature (double every 8°C
to 10°C of temperature increase).

In switching circuits, remember that both the collector and the emitter leakage
currents flow in the base lead.

In common emitter circuits, Ice can vary from Iczo to hre X Iceo.

. Beware of unstable leakage currents at fixed temperature and voltage, due
most likely to contamination.

Minimize circuit resistance between base and emitter consistent with stage gain.

MANUFACTURING RATINGS

Compare ratings of different manufacturers of same transistor type number
when considering second source or replacement.

Apply derating factors to the manufacturer’s ratings to insure reliable circuit
operation. ' :

MECHANICAL

Use heat shunts when soldering.
Do not connect or disconnect transistors with power on.

Do not use an ohmmeter for checking transistors unless a “safe” voltage/current
range is used.

Keep sharp lead bends at least 342" to %” away from the transistor body
(header).

POWER

Do not store transistors at a temperature higher than the maximum rated junc-
tion temperature as specified by the manufacturer,

Use a thermal derating factor for temperatures above 25°C.

Use the proper thermal derating factor for small signal transistors; this is about
1 — 10 mw/°C. For power transistors .25 — 1.5 W/°C:
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Thermal resistance (Rr, ©r) given by the manufacturer does not include the
heat sink thermal resistance. 5

In a switching circuit, the peak power during the transition should not be
excessive.

Limit collector power dissipation to avoid thermal runaway (use of emitter
resistance helps).

Maximum power dissipation is not always dependent on the device; the circuit
(or system) may limit the maximum power at which a device may be operated.

TEMPERATURE

Limit maximum junction temperature to prevent excessive leakage currents.

" Limit minimum junction temperature to minimize effects due to Vg variation

(negative temperature coefficient of 2 mv/°C for both germanium and silicon).

Choose low values of stability factors. For example, use some emitter resistance
to improve stability. Also, keep the base-emitter shunting resistance in common-
emitter circuits as low as gain considerations will permit.

' Choose large values of collector current (Ic) to minimize the effect of Alg due

to temperature changes.

Use low values of source resistance driving the base circuit to keep the stability
factor low.

Stabilize emitter current by using a large value of emitter resistance or by
using a constant current supply source.

" For large temperature changes, the use of a differential amplifier will reduce

the effects of AVge.

When using diodes and transistors in a temperature compensation circuit, use
a common heat sink for all devices.

Design for minimum hrg over the operating temperature range.

Low stability factor does not improve a dc amplifier’s performance.

VOLTAGE

N

Do not exceed Vep maximum.

Do not exceed Ver maximum (reverse breakdown voltage).
Do not exceed Ve maximum.

Minimize circuit resistance between base and emitter.

In push-pull applications, keep Vce < 1/2 Vee.

Minimize transient voltages in circuitry.

Reverse breakdown of silicon decreases with increasing temperatures.
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SMALL-SIGNAL CHARACTERISTICS

CHAPTER

Part 1 — Low Frequency Considerations

INTRODUCTION

The transistor, like the vacuum tube, is a non-linear device and since it is capable
of gain, it can be defined as a non-linear active device. :

Figure 2.1 illustrates that although slightly non-linear throughout its range, the
transistor’s non-linearities become very pronounced at the very low and very high
current and voltage levels (below point A and above point B). Hence if, for example,
an ac signal is applied to the base of a transistor in the absence of any dc bias, con-
duction would take place only during one half cycle of the applied signal and the
amplified signal would be highly distorted. To avoid this problem, a dc bias operating
point OP is chosen (see Figure 2.1 and Chapter 4 on Biasing). This bias moves the
transistor’s operation to the more linear portion of its characteristics. There the linearity,
although not perfect, is acceptable, resulting in amplification with low signal distortion.

The application of a dc bias, in itself, is still not sufficient. A transistor could be
biased right squarely in the middle of its linear range and be operated at such large
signal swings (see Figure 2.1) that the signal encroaches upon the non-linear part of
the characteristics, resulting in increased distortion once more. This is quite common,
for example, in class A audio output (or driver) stages of radio or television receivers
where normal signal levels make the transistor operate linearly, but higher volume
music passages such as crescendos, fortissimos...tv commercials...may drive the
transistor into cut-off and/or saturation. This would, of course, result in severe clipping
distortion.

In a great number of transistor applications, normal operating signal levels are
small. Examples of such applications are the RF and most IF amplifier stages of radar,
radio, and television receivers. Even after detection, as in audio or servo preamplifiers,
signal levels can be moderate.

In low-level stages, signal swings run from less than 1 wv to about 10 mv under
normal operating conditions (for which these stages are generally designed ). Therefore
it is important to analyze the transistor under conditions when the bias is such that the
largest ac signal to be amplified is small compared to the dc bias current and voltage.
The transistor is then said to be operating in the small-signal mode. Transistors used in
this way are normally biased at currents between 0.1 and 10 ma and voltages between
2 and 10 volts. Insufficient biases can cause distortion while excessive biases exlibit
unnecessarily increased power dissipation and higher noise figures (the latter is pri-
marily important in input. stages). If the bias is sufficiently increased to make the
stage operate in the high voltage non-linear region, distortion will once again be
increased.

A simple analysis of transistors under large signal conditions requires a great deal
of approximations. More accurate analysis is mathematically complex as one deals with
non-linear equations. The restriction to small signal levels, will lead to more accurate
equivalent circuits composed of linear circuit elements and internal linear generators.
This allows the analyst the use of conventional linear-circuit analysis.
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SMALL-SIGNAL CHARACTERISTICS

CHAPTER

Part 1 — Low Frequency Considerations

INTRODUCTION

The transistor, like the vacuum tube, is a non-linear device and since it is capable
of gain, it can be defined as a non-linear active device.

Figure 2.1 illustrates that although slightly non-linear throughout its range, the
transistor’s non-linearities become very pronounced at the very low and very high
current and voltage levels (below point A and above point B). Hence if, for example,
an ac signal is applied to the base of a transistor in the absence of any dc bias, con-
duction would take place only during one half cycle of the applied signal and the
amplified signal would be highly distorted. To avoid this problem, a dc bias operating
point OP is chosen (see Figure 2.1 and Chapter 4 on Biasing). This bias moves the
transistor’s operation to the more linear portion of its characteristics. There the linearity,
although not perfect, is acceptable, resulting in amplification with low signal distortion.

The application of a dc bias, in itself, is still not sufficient. A transistor could be
biased right squarely in the middle of its linear range and be operated at such large
signal swings (see Figure 2.1) that the signal encroaches upon the non-linear part of
the characteristics, resulting in increased distortion once more. This is quite common,
for example, in class A audio output (or driver) stages of radio or television receivers
where normal signal levels make the transistor operate linearly, but higher volume
music passages such as crescendos, fortissimos. ..tv commercials ... may drive the
transistor into cut-off and/or saturation. This would, of course, result in severe clipping
distortion.

In a great number of transistor applications, normal operating signal levels are
small. Examples of such applications are the RF and most IF amplifier stages of radar,
radio, and television receivers. Even after detection, as in audio or servo preamplifiers,
signal levels can be moderate.

In low-level stages, signal swings run from less than 1 wv to about 10 mv under
normal operating conditions (for which these stages are generally designed). Therefore
it is important to analyze the transistor under conditions when the bias is such that the
largest ac signal to be amplified is small compared to the dc bias current and voltage.
The transistor is then said to be operating in the small-signal mode. Transistors used in
this way are normally biased at currents between 0.1 and 10 ma and voltages between
2 and 10 volts. Insufficient biases can cause distortion while excessive biases exhibit
unnecessarily increased power dissipation and higher noise figures (the latter is pri-
marily important in input stages). If the bias is sufficiently increased to make the
stage operate in the high voltage non-linear region, distortion will once again be
increased.

A simple analysis of transistors under large signal conditions requires a great deal
of approximations, More accurate analysis is mathematically complex as one deals with
non-linear equations. The restriction to small signal levels, will lead to more accurate
equivalent circuits composed of linear circuit elements and internal linear generators.
This allows the analyst the use of conventional linear-circuit analysis.
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TRANSISTOR LOW FREQUENCY EQUIVALENT CIRCUITS

There are three major approaches to the choice of equivalent circuits. First the
device designer wants a circuit which he can simply relate to the device physics.
Then there is the device manufacturer who wants to use an equivalent circuit whose
parameters can be easily and inexpensively measured and controlled in the manu-
facturing process. The third party to this plot is the circuits engineer who must handle
this equivalent circuit continually and who wants to use parameters fitting conveniently
into his circuit design. These parameters should be easy to measure and, if possible,
readily obtainable from the commonly used graphical characteristics. He is also
interested in controls and limits to those parameters relating directly to his circuit’s
performance.

As.a result of these varying interests several equivalent circuits have been devel-
oped over the years. Some of these have retained their importance in modern transistor
circuits analysis, others have become less used and will only be mentioned for academic
reasons. The important thing is that every one of the equivalent circuits must fully
describe and accurately synthesize the device it represents.

Before getting into the discussion on the various equivalent circuits, it should be
remembered that all equivalent circuits have three useful connections; i.e., common
base, common emitter and common collector (see Chapter 1).

GENERIC EQUIVALENT CIRCUIT®

The device designer looks at the transistor from a physical mechanism viewpoint.
The circuit engineer also finds an understanding of these basic mechanisms of great
help, at least in the early stages of his circuit design work. The generic equivalent
circuit is a circuit composed of parameters identified with the basic transistor mecha-
nism and have been expressed in terms of the physical attributes of the device at a
given bias point and ambient temperature.

e,
p—————O COLLECTOR

]

V2

|

ie
EMITTER O————4

O BASE

BASE O

GENERIC EQUIVALENT CIRCUIT
Figure 2.2
Emitter Diffusion Resistance, r.
To relate the current and voltage of the emitter junction one can define a small-

signal emitter resistance, r.. This relationship is nonlinear and is expressed as a partial
derivative with the collector voltage held constant. Thus,

av. 1
Te — [dIe:IVc constant — ge

This small signal emitter resistance turns out to be proportional to the dc value of the

e e e W e e e e i el v ] 45




2 SMALL SIGNAL CHARACTERISTICS I

emitter current and is given by
L KT

qlem
where T is the absolute temperature in degrees Kelvin (T = °C + 273), hence T is
about 300 at room temperature; K is Boltzmann’s constant (1.38 X 10 watt-sec/°C),
and q is the charge of an electron (1.60 X 107 coulomb). m is a constant whose
value is 1 for germanium and varies between 1 and 2 for silicon transistors.” Hence,
ro == 26/Iz (Is expressed in milliamperes) for a germanium transistor; which makes
re = 26 ohms at 1.0 ma, for example. One can thus see that r. changes with the dc
bias operating point and the ambient temperature.

Base Resistance, 1y,

The flow of current from the base terminal to the active region of the transistor
is by majority carriers (electrons). These electrons flow by the drift process, so that
there is an ohmic drop associated with this current. The resulting resistance is defined
as the base resistance, r». The geometry of this base current path (base resistance), is
very complex and can differ radically from one transistor structure to another.

Practically, this base resistance causes a power loss and a feedback path when
the base is common to input and output. It will be seen later in the high frequency
equivalent circuit analysis that since this resistance denies direct access to the intrinsic
base point b’ (in Figure 2.2), it also obstructs efforts to accomplish broad-band neu-
tralization. The base resistance also varies somewhat with temperature and bias,

Collector Resistance, r.
The small-signal collector resistance, r., can be defined as the ac slope of the
reverse biased collector junction at a particular voltage. This gives us

Ie = [%\IL:] 1. constant — *glz

This collector resistance is generally very high, in excess of 1 megohm, and is primarily
sensitive to bias.

Emitter Feedback Conductance, g..

This feedback conductance results from the fact, that an increase in collector volt-
age results in an increase in emitter current even though the emitter voltage is held
constant. The physical cause of this is the base-widening effect.® ® Schematically
this is represented as a small-signal current generator across the emitter junction. The
value of this current generator is proportional to the small-signal collector voltage,

and since it relates current to voltage, it will have the dimension of transconductance,
where

Lee = dIQ:I Ve constant

dv

Current Amplification Factor, a
The cumulative effect of three basic mechanisms, emitter efficiency, transport

factor, and collector efficiency results in the current amplification factor, a (see
Chapter 1).

The relationship is
a = %] Vc constant

This « varies with dc emitter current and collector voltage and generally has values

slightly smaller than unity. It is another parameter sensitive to bias and temperature
changes.

The first disadvantage of the generic equivalent circuit is that the use of the feed-
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back generator gecve is a poor choice since v. is not obtainable at the external terminals
of the transistor. Another disadvantage of this equivalent circuit is that it has tho
current generators which essentially present two extra circuit meshes to our analysis.

T-Equivalent Circuit (tee) _ o

This circuit has found widespread use in the literature due to its greater 51mpl1c1t.y.
It still maintains close touch with the physical transistor mechanisms and is eam%y
analyzed. One schematic representation of the T-equivalent circuit is shown in

Figure 2.3.

T-EQUIVALENT CIRCUIT (COMMON-BASE) WITH CURRENT GENERATOR
Figure 2.3

This particular representation has a current generator (ate) in t}.le colle'ctor ci'rcuit.
Although this current generator is in fact a third mesh, this circuit is relatively simple
and has the advantage of great resemblance to the physical mechanism. The e_lements
which comprise this circuit are identified with the branch of the circuit in which they
are located. Thus here again we find a base resistance 1v, an emitter resistance re and a
collector resistance re. It would be very confusing to identify these terms by ot.her
than these characteristic symbols. It must be understood, however, that these T-equiva-
lent terms and the symbols used for the generic or any other equivalent circuit are
not at all the same resistances. This is a very important factor and must be thoroughly
understood to avoid ghastly confusion. To understand these differences, let us rigor-
ously analyze both the generic and the T-equivalent circuits by writing their mesh
equations and equating corresponding coeflicients.

For the generic circuit shown in Figure 2.2, ve = (o ie — ic) re and hence we have

i (Te 4 Iv 4 Zoo Te Te @) +de (— T — Gec Te Te) = V2
fo (1o 4 GoTc) 4 de (— To —Te) = V2
For the T-equivalent circuit in Figure 2.3, we have
ie (re +rb) + ic (— rb) =WV1
. ie(rb+arc)+ic('—rc'—rb):V2
E(’iuating corresponding coefficients we obtain the following relationship between the
T-equivalent parameters and their generic counterparts.
m (tee) = Iv + Zec Te Te
ro (tee) = re — ocTo Te (1 — ao)
re (tee) = re (1 — gee To)
Qo — Loc Te
1 — Zecle

By carefully defined valid approximations, the following simplifications can be

made: first, in a good transistor a, is close to unity. We can thus define a new param-

e )

a (tee) =
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eter, beta (8), such that

_1_ 1
ﬁ_A_l~a.,

(The present standard terminology defines 8 as heo and « as he ).
If gee = _gP7 = ”7]:77

oA T /2Arc
then gec re = L:L:@
2A 2 2
and gee 1o = Ble — heere
or, 2r,

A typical value of the parameter 8 is approximately 50, corresponding to an alpha
(@o) of 0.98. The emitter resistance r. is rarely greater than 100 (r. == 26/Is, hence
above 0.25 ma r, will be less than 100 ohms). The collector resistance re is usually
very large, in the order of one or more megohms. Hence, we can further approximate

gee Te<1

Finally with these approximations, the simplified, yet sufficiently accurate tee-equiva-
lent parameters can be expressed as follows in terms of their generic counterparts:

Iy (tee) =TI -‘,—‘6—21;5

re (tee) = Lo

re (tee) =r.

a (tee) = ao
It is important to note that the base resistance r» in the tee-equivalent circuit is the
sum of the extrinsic base resistance and Early’s feedback term.®® Extrinsic base
resistance is generally of the order of several hundred ohms. The feedback term for
high alpha transistors may be several thousand ohms and dominates this expression.
Thus the r, of the tee-equivalent circuit does not reliably reflect the physical base
resistance value. Let us demonstrate this by a practical example of a typical PNP
germanium alloy junction transistor operated at a collector voltage of 5 volts, a
collector current of 1 ma, and at an ambient temperature of 25°C. The generic param-
eters of this unit are
KT
T qle
1o = 250 ohms (1, here is v/, the base spreading resistance )

. Te = 25 ohms (1. here is the diffusion resistance )

r. = 2 megohms
hene = a0 = 0.98 hence

he: l = l =
“= T _hm 10980

The equivalent tee-parameters of this same transistor are
ro e 25 12.5 ohms heo = 0.98 (re here is the “tee-equivalent
2 emitter resistance” )
re = 2.0 megohms hee = 50

I = 250 + 25‘?50 = 875 ohms

(1s here is the “tee-equivalent
base resistance”)
As one can plainly see there is very little resemblance between the generic r, of 250
ohms and the tee-equivalent value of 875 ohms.

The main shortcomings of both the generic and the tee equivalent circuits are

1 T e et e . N TN

that their elements are difficult, in some cases even impossible to measure directly.
The electrical engineer then resorts to another analytical concept, consisting of meas-
uring and analyzing the black-box parameters of the device, which avoids having to
use any of the internal parameters.

“BLACK-BOX ANALYSIS” OF THE FOUR-TERMINAL
LINEAR NETWORK

This concept consists of analyzing a device (or an entire circuit and/or a system)
by writing two simultaneous equations expressing the input and output voltages in
terms of the input and output currents. If the equations relating these currents and
voltage are known, everything that is needed in a linear network calculation can be
determined from them.

The transistor is a three-terminal device. One of these terminals will be used as
common, the other two as input and output. In view of the wealth of information
available on the analysis of four-terminal devices, however, (i.e., one pair of input
and one pair of output terminals) it is more convenient to analyze the transistor as a
four-terminal device. Figure 2.4 illustrates that the three-terminal network is just a
special case of the four-terminal network, in which the common terminal serves in
both the input and output portions of the circuit.

e

FOUR-TERMINAL LINEAR NETWORK REPRESENTATION
OF THE TRANSISTOR (A THREE-TERMINAL DEVICE)

Figure 2.4

OPEN CIRCUIT IMPEDANCE PARAMETERS (z-PARAMETERS)
The generalized equations for the input and output voltages of a black-box are
Vi = i1 Zu + 2 Z12
Vz:ilzzl—f-izZzz (23.)
The open circuit impedance parameters, by definition, require that to measure zu and
zz, the output be open-circuited; while for the measurement of z:» and z, the input
be open-circuited. Hence one can see that for the open-circuited output case, where
ie=0
zn =~ — input impedance
11
and
zn = ~2— forward transfer impedance
1
while for the open-circuited input case, where i = 0,

v .
Zi» = —= reverse transfer impedance
12
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and

Zop = ‘;—2: output impedance
2
The input and output currents in this case are independent variables.
All electrical properties, such as current gain, voltage gain, power gain, etc., can

b_e calgulated from these impedance parameters. The current gain A,, for example, is
given by

Ay =2
i
From equation (2a) it can be seen that vs = i; z + o Zs. Figure 2.4 shows that v. also
equals -
v = —i; Ry,
hence
—i Ry = i 2o -+ Iz Za»
and
Ax = iz— = “\Zm*
i1 Zoo + RL

. The z-parameters prove most useful to describe low impedance devices and/or
circuits. This is mainly due to the fact that when measuring high impedances, one’s
test equipment must present ultra-high impedances to the device under test in order
not to load it down. Hence for a low to medium impedance “to be measured” (up to
several thousand ohms) a one megohm driving impedance can synthesize a virtual
open-circuit. Another difficulty in the z-parameter measurement is that at higher
frequencies a true open circuit becomes even more difficult to achieve due to device
as well as stray test circuit, capacitances. '

SHORT CIRCUIT ADMITTANCE PARAMETERS (y-PARAMETERS)
The generalized equations for the input and output currents of the black-box are
I = Viyu 4 vayue (2b)
b=w Ya + vz Yoo
where vi and v are independent variables. Since these equations describe the short-

circuit admittance parameters it suffices to short-circuit the output (v; = 0) in order
to measure yu and yx. Thus

i .
yu = \71 = input admittance
1

and
iz
Va1 :7 = forward transfer admittance.
1
To measure the output parameters, it suffices to short-circuit the input (v, = 0).
Hence
i
Viz = vi = reverse transfer admittance
2
and

—d _ i
y= =~ = output admittance. . (2¢)

Once again, knowing these parameters, all other electrical properties of the black-
box.can be derived. The y-parameters prove most useful to describe high impedance
devices and/or circuits. This is due to the fact that it is easier to virtually short-circuit
a high impedance circuit than a low impedance one. It must be realized that when
one talks of open-circuit or short-circuit that this is only true with respect to ac signal
frequencies, and that the necessity of applying dc biases prevents the application of

50*

actual physical short or open circuits.

In general, since the transistor turns out to exhibit low input impedances and
high output impedances, the use of z and y parameters becomes awkward, especially
at high frequencies. As a result the hybrid, or h, parameters have been found to pro-
vide the most useful tool in modern transistor circuit analysis. This is primarily due
to the fact that the h parameters are a combination of impedance and admittance
parameters ideally fitting the low input and high output impedances of the modern
transistor. As a result they are also the easiest parameters to measure at both low and
high frequencies. Another advantage is that the hu, ha, and ha terms approximate
the actual typical operating conditions even though the latter do not occur with either
input or output terminals shorted or open. (See Figures 2.8 and 2.9). For the
h-parameters, the black-box equations read

vi=h hu + Va h12
=1 h21 + Va hzz.
Hence when the output is short-circuited, (v. = 0),
hy = Y* = input impedance, (2d)

I
and

he: = 22 — forward transfer current ratio; (2e)
I

and with an open-circuited input circuit, (i = 0),

hi» — Y2 = reverse transfer voltage ratio,

)

and .
hs: = 22 = output admittance.

Vs

When going from the general four-terminal analysis to the specific transistor param-
eter work, it is usual to drop numeric subscripts such as hui, his, ha, and he in favor
of more descriptive letter subscripts. Therefore it has become customary for the first
subscript letter to indicate whether the particular parameter is an input, output, forward
transfer, or reverse transfer parameter; while the second subscript describes the tran-
sistor configuration. We will therefore refer to the common-emitter h-parameters as

hi. = common-emitter input impedance

hse = common-emitter forward current transfer ratio

h:e == common-emitter reverse voltage transfer ratio

hoe = common-emitter output admittance.
For the common-base parameters, these will be referred to as his, hss, hrs, and hon;
while the common-collector parameters will be hi., hse, hre, and hoe. '

h-PARAMETER EQUIVALENT CIRCUIT
From the h-parameter equations, one can derive three equivalent circuits, See
Figure 2.5 (A), (B) and (C).

T-EQUIVALENT CIRCUIT

Another useful equivalent circuit capable of describing the h-parameters is the
tee-equivalent which enables one to get a physical picture of the inside of the black-
box. In our previous discussion we saw that the tee-equivalent had certain shortcom-
ings. The main one was described as caused by the feedback term which made the
r» and 1. terms look considerably different than their physical values. This is due to
space charge layer widening as explained by Early.®®

In the h-parameter analysis, however, the output circuit is short circuited (v. = 0,
see equations (2d) and (2e)). In this specific instance, then, the feedback term dis-
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~ COLLECTOR
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HYBRID-EQUIVALENT CIRCUITS
Figure 2.5

(A)-COMMON-BASE
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o
o

(B)-COMMON-EMITTER
T-EQUIVALENT CIRCUITS

Figure 2.6
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(NUMERICAL VALUES ARE TYPICAL FOR THE 2N525 AT IMA, 5V)
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1 hib ) Te
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appears and the tee-equivalent parameters are equal to those of the physical circuit.
Hence in the circuits of Figure 2.6(A) and (B)
Alpha (a) is the fraction of the emitter current that becomes the collector cur-
rent and is typically 0.90-0.999.

re is the incremental diffusion resistance of the forward biased emitter-to-base
diode: r. = KT/qls = 26/Ig at room temperature,

1o is the ohmic resistance of the base contact plus that of the active base region.
7. is the incremental resistance of the reversed biased collector junction.

The common-base and common-emitter tee-equivalent circuits are shown in Figure
2.6(A) and (B).

The table in Figure 2.7 gives the equations as well as numerical values for the
h-parameters of a typical transistor in the three configurations. This table also gives
approximate conversion formulae between h-equivalent and T-equivalent parameters.

Figures 2.8(A) through 2.8(H) illustrate the graphical data of the h-parameters
as obtained on the Tektronix 575 Transistor Curve Tracer.

Knowing any one set of established parameters, the others may be worked out,
or more conveniently, obtained from Figure 2.9.
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NOTE: A REPRESENTS THE DETERMINANT (A, =2, Z,,—2Z;, Z}5)
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BASIC AMPLIFIER STAGE

How do the actual dynamic transistor parameters such as iy, rour, Ai, Av, PG, etc.,
relate to the h-parameter measurements? Well, of course, when the source and load
terminations simulate those of the measurement conditions of the h-parameters then
iy = hu, Tour = 1/hs, etc. Figure 2.10 illustrates the black-box of a basic amplifier
stage.

BLACK-BOX T ouT ~ R

BLACK-BOX REPRESENTATION OF BASIC AMPLIFIER CIRCUIT
Figure 2.10

To keep this analysis general, in order to be able to apply it to all three transistor
configurations we return to the use of h-parameters with numeric subscripts.

Tt has already been established that when Rr = 0 (short circuited output) the input
resistance rixy = hu. For high values of load resistance, however, hi can be significantly
different than rmv as can be seen by Figure 2.11. This follows from a matrix analysis
of the h-parameters® which result in the following equations:

— (h11+AhRL) 2f
"= (1 + ha Re) (2
_ _(h" 4+ Re)
Tour = (2 J hn Eg)
A B ha
il - (l +h22RL)
G= (Y ) h? Ry
¥ <i1 TN (1 +h22 RL) (hu + AP RL)

where
* AP s the determinant of h, A" = (hu hez — ha hue)

INPUT RESISTANCE (r)
Figure 2.11 shows that for high values of load resistance (Ru/re>1)
v = ha — hlﬁ%)

In terms of tee-parameters Iy = Iv - Ie == Ib.

In the common-base and common-collector configurations, the input impedance in-
creases for increasing R, due to negative values of hay (hev) and hae (h¢e) as opposed
to positive values for haxe (hee).

OUTPUT RESISTANCE (rour)
Similarly, for high values of source resistance it has previously been established
that the output admittance is equal to the h-parameter value of hss, hence when

R; = w0,

Tour = T

22
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But for low values of source resistance, when

R =0,
Tour = hl!' = ‘1
A}‘l h‘)z _ (bl? h?l)
hau
Figure 2.12 illustrates the behavior of rour as a function of Re.
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= 100 Ehm (T
5 y v 22
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/e T T T T T T T T T —
07 7 107 107 17 1 o' 0% 103 0f 0° | NUMERICAL
R T T T T T T T FOR TYPICAL
00 K 10K I00K IM  IOM TRANSISTOR
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Figure 2.11
1OM T T
Tout COMMON - BASE
r
M ¢
100K

r(1/B+r /ry) COMMON-EMITTER —|

Tour™ fe T re/B

OUTPUT RESISTANCE ( rOuT] IN OHMS

10K z
/ rc/ﬁ
. )
1K va i
/ h2e
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o+ 1/ COl:AMONl-COLL‘ECTOIT
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R /r T T T T T - —
y e : ——
9 0% 1074 102 102 10! 1 10 102 103 10* 0°
Rg . ; . , —
100 1000 K I0KQ IMQ

OUTPUT RESISTANCE AS A FUNCTION OF SOURCE RESISTANCE
Figure 2.12

As the source resistance is increased the output resistance (royr) goes towards its
open-circuited-input value of 1/hs. For low source resistances, the common-base and
common-emitter values of rour are identical and equal to re (1/8 -+ ro/r»). It should be
noted, once again, that when departing from the h-parameter test conditions which
stipulate that the output be short-circuited with respect to signal (Ry = 0), and the
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input be open-circuited with respect to signal (R; = o0 ), the tee-equivalent values
of 1, re, and re (see limit conditions on Figures 2.11 and 2.12) are definitely affected
by Early’s feedback term and hence are not the generic values.

One other very important factor to note from these figures is that both the input
and output resistances vary the least when the transistor is used in the common-emitter
configuration.

100

,~ COMMON- COLLECTOR'

=z
=] ] I
[ - COMMON-EMITTER
E 10 N
> =
= COMMON-BASE \
[ a
z
w
o
[
3 ol
10 100 K 10K 100K IM
1/8
RL/rC — - - — T —r
10 10 10 102 0" 1

CURRENT AMPLIFICATION VS. LOAD RESISTANCE
Figure 2.13

CURRENT AMPLIFICATION (A:)
The forward current transfer ratio with the output short-circuited (R = 0) is
Ai = hrn —_ i
11
At the other extreme, when R = o0, i = 0 and the current amplification factor or
forward current transfer ratio, as it is more exactly defined, is equal to zero. Figure
2.13 shows the typical behavior of A; with variations of load resistance.

From Figure 2.13 it can be seen that the current amplification A, is equal to beta
(B8) in both the common-emitter and common-collector configurations up to the point
when Ri becomes comparable to r./8. The only difference is that their sign is different,
as the common-emitter configuration does not exhibit a phase reversal between the
input and output currents, hence we have A; = -+hse. In the common-collector con-
figuration A; = —h¢, while in the common-base configuration A, = —hs.

VOLTAGE AMPLIFICATION (A.)

The voltage amplification factor for both the common-base and common-emitter
configuration is about the same and is equal to r./rs for high values of load resistance
(see Figure 2.14). In the common-collector configuration, A, = 1.

MAXIMUM POWER GAIN

It is obvious that no power gain can be obtained in either the open or short-
circuited conditions, as either the input or output power would be zero. Hence there
exists a maximum value of power gain, which is given by

PGuax :$
( Vha hee 4+ VA")?

at a value of Ry, given by
_ 71']11
Re= "N, o
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VOLTAGE AMPLIFICATION FACTOR (A.) AS A FUNCTION OF R.
Figure 2.14 '

Figure 2.15 illustrates the behavior of a typical transistor. One can plainly see that the
highest gain configuration is the common-emitter, with common-base second, and
common-collector the lowest. It is also apparent that the power gain optimizes at
different values of load resistance (Rv) for the three configurations.
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POWER GAIN VS. LOAD RESISTANCE'
Figure 2.15

TRANSDUCER GAIN

This gain is defined as the ratio of the output power to the maximum power avail-
able from the source. Thus it is a very useful figure of merit for specific source and
load resistance conditions. The transducer gain is

TG — TR _ 4iRiR;, _ 4A°RLR,
eg2/4Rg (V1—|—i1 Rg)2 (TIN+Rg)2

(2g)
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MAXIMUM POWER GAIN (MPG) :

From equation (2g) it becomes apparent that there are optimum values of source
and load resistances for which maximum power gain is obtained. These optimum
terminations are found to match the input and output resistances of the transistor.
When terminated such that R; = riv and Ru = rour, the transistor is said to be image-
matched, which is the condition of maximum (low frequency) power gain.

The table in Figure 2.16 gives the equations and typical values to determine such
electrical properties as input resistance, output resistance, current gain and maximum
power gain in the image-matched condition for the three configurations.

In practical low-frequency applications, the image-matched condition is not used
very often as it generally entails the use of input and output matching transformers.
In most applications, DC or RC coupling is used because of the lower component cost.
This presents the transistor with rather restrictive source and load terminations. Con-
sider a chain of n-transistor stages. Since the input impedance of each stage is a func-
tion of its load (see equation (2f) ), a computation of the input impedance of any one
stage would require the computation of the input impedance of all the stages following
it. It can be shown, that except for the last few stages, the input impedance of each
stage becomes nearly equal to that of the stage preceding it. Such a stage is called an
iterative stage.

The iterative input impedance may be computed by setting R = riv. Note that this
condition is virtually equal to the output-short-circuited condition of the h-parameter
measurements since the ratio of Rw/r. is smaller than 1 X 107 (see Figure 2.11).
Hence our calculations show that

common-emitter input resistance is rine == hje
common-base input resistance is rivw == hip
common-collector input resistance is rixe = —hec/hoe.

In general, for an n-stage amplifier, all but the last stage may be considered itera-
tive for the CE and CB connections, while all but the last two stages of a CC chain
are iterative. Since Ry = rv, the iterative power gain is given by

Pcnemuve = 1*2: RL e (i)?’ = —L
i2® riv ir (1 + he Ry)?
Substituting the iterative input impedance for Ry,
PGor aterativer == (hae)? =< 32.8db
PGcr terativer == (hap)? = 0db
PG(:C(nemtive) =1=0 db

From the above, it can be concluded that only the common-emitter configuration
offers any gain in the iterative amplifier case. The common-base configuration only
offers a lower input impedance and higher output impedance, while the common-
collector connection offers high input and low output impedances. Hence the latter
two connections are rarely used and only in cases where special terminations are of
paramount importance. An example design of an image-matched amplifier is illustrated
in Figure 2.17.

Resistors R1 and R2 form a bias voltage divider to provide the dc base bias
voltage. R3 provides the emitter potential to fix a dc operating point. Since the choice
of bias components is the subject of the next chapter we will ignore the dc design
considerations here and concern ourselves only with the signal operation of this stage.
Hence capacitors C1 and C2 will be considered ac short circuits at all signal frequen-
cies of interest, and points A and B are ac grounds. Transformers T1 and T2 match
R to riv and Ru to rour, giving us an “image-matched” amplifier. The only discrepan-
cies between the calculated maximum available power gain and the gain obtained in

s ]
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T2

\ 4 +

Figure 2.17 EXAMPLE OF IMAGE-MATCHED AMPLIFIER STAGE

this circuit can be found in the transformer insertion losses ( efficiencies). Figure 2.16
describes the calculations of the properties of such a stage.

R2 R4
c3
Cl
Rq 2 R=R =1 =hig
Ry= R = " = Mie RI I
R3
—® L L +

1

Figure 2.18 EXAMPLE OF ITERATIVE AMPLIFIER STAGE

In the design of an iterative stage (see Figure 92.18), all capacitors are considered
ac short circuits again, while resistors R1, R2, R3 and R4 are primarily there to provide
a stable dc operating point. Here Ro is equal to the input resistance of the next stage
which is identical (by our definition of iterative) to that of our example amplifier.
The source resistance Rg is equal to the circuit output resistance of the previous stage
which again means it is equal to the output resistance of our example. In our iterative
stage, the rin is equal to hi. which is typically 1400 ohms. Hence Ru and Rg are also
1400 ohms. Although rour here can be calculated (as per Figure 2.16) to be about
45 K, the need to provide a dc collector load resistance (R4) of small enough resistance
to stay in the linear bias region makes the effective circuit rour equal to R4. Usually
this resistance will not be too much larger than hi.. As a result the typical calculated
iterative power gain of 32.8 db must be adjusted to account for the power losses in R4
(and, of course, the small losses in the dc bias network components). .

As might be expected from the earlier discussion, h-parameters vary with opers_altmg
point. Specification sheets often carry curves showing variation of the small-signal
parameters with bias current and voltage. Such curves are shown in Figure 2.19. Thfese
are specifically for the 2N525 and are plotted with respect to the values at an operating
point defined by a collector potential of 5 volts and an emitter current of 1 ma.

Suppose, for example, the typical value of he is required for the 2N525 at I. = 0.5
ma and Ve = 10 volts. From Figure 2.7 the typical value of he, at 1 ma and 5 volts is
0.6 X 107 mhos. From Figure 2.19 the correction factor at 0.5 ma is 0.6 and the correc-
tion factor at 10 volts is 0.75. Therefore,

hov (0.5 ma, 10 volts) = 0.6 X 107° X 0.6 X 0.75
= 0.27 X 107 mhos.
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Once the h-parameters are known for the particular bias conditions and configura-
tion being used, the performance of the transistor in an amplifier circuit can be found
for any value of source or load impedance.

Figure 2.20 gives the equations for determining the input and output impedances,
current, voltage, and power gains of any black-box, including the transistor, when any
set of its four-pole parameters (z, y, a, h, or g) are known or have been calculated.

z y h g a
T h
2 A 47,7y Y2zt A" +h yy 922 +71 ay 7y +ap, '
i
722+ 2y & 4yn ha2+y &% +gizy | amzitaze
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PROPERTIES OF THE TERMINATED FOUR-TERMINAL NETWORK
Figure 2.20

Part 2 — High Frequency Considerations

ADDITION OF PARASITIC ELEMENTS TO THE LOW-FREQUENCY
EQUIVALENT CIRCUITS

JUNCTION CAPACITANCES

As soon as the transistor is operated outside its low-frequency range (generally
above audio frequencies), the presence of reactive components within the transistor
becomes apparent. The barrier layers separating the emitter and collector from the
base are regions containing strong electric fields. This implies that there are capaci-

TRANSISTOR T-EQUIVALENT CIRCUIT VALID FROM
LOW-THROUGH-MEDIUM FREQUENCIES

Figure 2.21
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tances associated with these regions. These are identified as barrier capacitances, also
sometimes referred to as junction, depletion layer, or transition capacitances (see
Chapter 1).

Figure 2.21 illustrates the addition of these capacitances to the low-frequency
T-equivalent circuit. The differences between this equivalent circuit and that in Figure
2.3 is that besides adding the junction capacitances C. and C., the base resistance 1’
(from b-b") and the emitter resistance r., are the generic values, with Early’s feedback
term accounted for by the addition of the internal generator hes’ ver. This manipula-
tion allows us to work with the feedback term independently and know that the emitter
diffusion resistance r. = KT/qIs and 1, = 1,’ (the physical value of the base spread-
ing resistance ).

There are actually two types of capacitances associated with any semiconductor
junction: transition capacitance (Cr) and diffusion capacitance (Cp).

Transition capacitance is due to the high electric field in the depletion region
caysed by the voltage across the barrier. Hence the transition capacitance is voltage
dependant. The diffusion capacitance is due to the current flowing through the deple-
tion region. Hence Cp is current dependant. The total junction capacitances (C. and
C.) are the sum of the transition (Cr) and diffusion (Cp) capacitances.

The collector capacitance C. is primarily made up of the transition capacitance
Crc as the diffusion capacitance is small in a reverse biased junction. The emitter
junction, being forward biased, will, on the other hand, primarily consist of the
diffusion component.

PARASITIC RESISTANCES
Base Spreading Resistance. r,’

The active portion of the base region of a transistor is not equipotential, but
exhibits an ohmic resistance to the flow of base current. This parasitic resistance is
called the base-spreading resistance, r,’. ( The term base-spreading resistance is due to
the shape of the base of an alloy junction transistor which “spreads out” as one
progresses from the center of the junction to the periphery of the transistor).® The

COLLECTOR

EMITTER

NOTE: Although the sheet resistivity is uniform in the base, the width of
the base is modulated (Early effect) causing resistance R1, R2, and R3 to
become effectively non-equal. Resistors R1 and R3 which are on the
periphery will be smaller than R2. The sum of R1, R2, and R3 make up
actual base spreading resistance rv’. Resistors R4 (material bulk or sheet
resistance) and R5 (base contact resistance) are in series with rv’. Even
though these are extrinsic resistances and are not collector modulated,
they are generally considered an integral part of rv’. It is then convenient
to call this term rwv’ (total resistance from b to b’). The non-shaded
portion of this figure is the active base region.

PHYSICAL DIAGRAM OF ALLOY-JUNCTION TRANSISTOR
BASE RESISTANCE

Figure 2.22
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prime in the nomenclature is due to the fact that r»" is defined as the resistance between
the external base contact and point b’ (see Figure 2.21) which is a point in the active
region of the transistor which cannot be reached. ( Sometimes this spreading resistance
is also designated as rwy” — or resistance from point b to b’.)

EMITTER LEAD BASE LEAD

COLLECTOR

EMITTER

(A) ALLOY JUNCTION (B) PLANAR PASSIVATED

CROSS SECTION VIEWS SHOWING DISTRIBUTED
NATURE OF r,” AND Cc

Figure 2.23

This base resistance is not purely resistive but takes on a distributed form (trans-
mission line) in many transistor structures. (See Figures 2.23 and 2.24.) In general,
however, in order not to excessively complicate the analysis, it will be assumed that
Iev’ is resistive. As will be seen later, rm,” is a most objectionable parameter, since it
contributes to the deterioration of transistor performance in many ways.

Leakage Conductance

In all transistors, there exists a certain amount of leakage current from collector
to base. This effect can be represented by a corresponding leakage conductance ge
connected in parallel with the collector capacitance. However, this leakage conductance
is extremely small for a reliable modern transistor and is therefore generally ignored.
At one time this leakage component was actually thought to be the collector conduc-
tance g.. Early ® suggested, however, that another phenomenon, presently called the
Early-effect, base-width-modulation, or space-charge-layer-widening was the cause of
the predominant portion of this collector conductance.

The Early-effect takes place in all transistors because the collector depletion region
extends into the base. The depth of this penetration, and hence the base width, depends
on the collector voltage. As a matter of fact, if the collector voltage is increased
sufficiently the depletion region can penetrate so deeply into the base region as to
reach all the way to the emitter causing punch-through, a condition describing the
fact that there isZan effective emitter-collector short-circuit. For small-signal voltages,
the effect will not be as drastic, but does cause added complexity in the equivalent
circuit. This added complexity was previously illustrated by the differences between
the “generic” and “effective” terms of r. and r, or if one wants to avoid confusion,
the use of the feedback generator term hi” ves.

There is also an effect on the collector resistance r. since the magnitudes of a and
B are functions of base width. This base width is effectively modulated by the signal
at the collector causing a modulation in the current amplification. Hence the output
port of the transistor feeds energy back to the input port and vice-versa, giving us both
a capacitive term Crc as well as a resistive term r. in the collector junction.
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hizs' Veb 4
b

rob =rp + R4 +R5 R4 + R5=EXTRINSIC

RESISTANCES

EQUIVALENT CIRCUIT WITH DISTRIBUTED r’
(ALLOY JUNCTION MODEL)

Figure 2.24

Extrinsic Resistances (r.’, .’ and r.")

As can be seen in Figures 2.23 and 2.24 there is some series resistance associated
with bringing the active base region out to the transistor’s external terminals (leads).
In the case of the base resistance in Figure 2.22 it is the sum of R4 and R5; specifically,
the sum of the resistances of the semiconductor base bulk-material, the contact resist-
ance at point B, and finally the resistance of the lead itself. The lead resistance will
generally be extremely small but both the bulk resistance and the contact resistance
can be appreciable. In high frequency transistors, having extremely small junctions,
such resistances can be as high as several hundred ohms. Generally such high values
are only found in series with the collector junction (collector saturation resistance),
since the collector region consists of high resistivity material in order to provide
reduced capacitance and increased voltage breakdown ratings. In the base and emitter
regions this extrinsic resistance is minimized by the use of relatively low-resistivity
material; hence, here a fraction of one ohm up to a few ohms is more typical.

In general, then, one might be tempted to neglect the extrinsic base and emitter
resistances. This can lead to serious errors in some transistor structures, however. In
some diffused-base transistors the base region is so small that it becomes difficult to
make a good, solid electrical contact to it, resulting in an increased .

In transistors with extremely small geometry, like some UHF transistors, the same
problem exists in the emitter contact, hence an increased r.” occurs. When operated
in the common-emitter connection this re’ acts like an unbypassed (internal) emitter
resistance and results in decreased gain and increased noise figure. Figure 2.25 shows
these extrinsic resistances in the total equivalent circuit of the transistor. This model
consists of the intrinsic* transistor and all extrinsic* elements such as the depletion
layer (or transition) capacitances Crz (Ce) and Crc (C.) as well as contact and bulk
resistances such as r.’, 1’ and r.’.

*Intrinsic and extrinsic are used here in their general meanings as “belonging to” or “not belonging
to”” the essence of the device.
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Lead Inductances

Up to this point, one only has the model of the transistor proper before it is placed
into a package. Leads must now be used to connect the transistor structure to the
header, hence the inclusion of inductances lie, liv and li.. The header itself is gener-
ally made of metal with tiny glass-passages for the leads, giving us lead-to-case and
lead-to-lead capacitances Cpen, Cove and Cpec. Emerging from the transistor case are
three leads, which can of course be cut very short to reduce the external lead in-
ductances lee, lev and lec.

As can be imagined, the lead inductances are very small, in the order of a few
nanohenries and therefore they only become important for operation in and beyond
the VHF band. At and above VHF these inductances act as tf chokes, having
appreciable impedance in some cases. For instance, the inductive reactance of 20 nh
at 500 mc is in excess of 62 ohms. If this inductance were situated in the emitter lead
connection, the effective increase in input impedance, and hence drop in gain, could
be appreciable. Let us assume that we operate below 50 mc, however, and that we
minimize the external lead inductance of the transistor (while we hope the manu-
facturer has reduced the internal lead inductances) then all transistor inductances
can be neglected in the calculations. Before we attempt to eliminate all stray re-
actances, however, let us say a word about the stray package capacitances.”

Header Capacitances

The TO-18 transistor package, presently extensively used for high frequency
transistors, typically exhibits about 0.5 pfd for Cyev, Cpve and Cpec. If one works with
high capacitance transistors, having Crz and Crc in excess of 5 pfd, this does not
represent an appreciable amount of added parasitic capacitance. For good high fre-
quency units (VHF and UHF transistors) having only 0.5 — 2 pfd of Cre and Cre,
these parasitic capacitances may become excessive. In a common-emitter VHF ampli-
fier, for instance, the collector-to-base package capacitance can add directly to the
transition capacitance. This adds feedback to the transistor since it returns a portion
of the output (collector) signal to the input (base) connection thereby making the
transistor more bilateral. External neutralization can generally eliminate this added
package capacitance since one has reasonably close access to points e/, b’”, ¢
assuming the external leads are cut short. This is unfortunately not quite the case
with the internal transition capacitances Crz and Crc. The latter are isolated from
points ¢, b”" and ¢” by r.’, r’ and r.’ making perfect unilateralization (signal flowing
only in the forward direction) very difficult to achieve.

In general, one can summarize the case for (or maybe we should really say —
against . ..) the parasitic reactances in the following manner: as the operating fre-
quency increases, all parasitic elements must be minimized, be they resistive as r.’, m’
and r.” or reactive as Cre and Crc; be they an integral part of the transistor or of the
package as all Cy’s and I's shown in Figure 2.25.

Part of this reduction can only be accomplished by the device manufacturer, as
only he can design both the device and its package for minimum parasitics. Part of
this reduction must be assumed by the user by making an educated choice of the
optimum device to be used for a given application at a given frequency, and how to
best connect it into the circuit. )

Therefore our first simplifying assumption is to neglect all device inductances,
which should not create appreciable inaccuracies below 200 mc if we cut external
lead lengths to a bare minimum. The second simplification is to lump the existing
extrinsic resistances in with their intrinsic relatives, hence rw’, re and r. are the lumped
sum of the various resistances in each branch of the structure. The third simplification
will be to lump the package and device capacitances. Such approximations will not
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give us the epitome of exactness but will allow us to predict the performance of our

circuit in the mid-frequency range (from above audio to the low VHF frequencies)
with reasonable accuracy.

CONSIDERATIONS OF THE EQUIVALENT CIRCUIT

The variety of equivalent circuits used at medium and high frequencies, range
from the simple but not very accurate, to the accurate but very complex representation.
Neither extreme is very useful and one should therefore use a reasonably accurate but
analytically manageable equivalent circuit.

One of the most popular high-frequency equivalent circuits is the hybrid-=
common-emitter circuit of Giacolletto® Figure 2.26 illustrates this circuit which has
the advantage of closely tying the electrical parameters to the physical structure of the
device. Figure 2.26(A) shows the general form of this equivalent circuit, Figure
2.26(B) shows the high-frequency simplification of this equivalent circuit. Since the
bulk of small signal amplifier circuits use the transistor in the common-emitter con-
figuration, this equivalent circuit sees frequent use.
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NOTE: AT AND ABOVE VHF
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e A Relhy| =rpptrg.
(B) SIMPLIFICATION AT HIGH FREQUENCIES

I[P

(C) CHARACTERISTICS OF THE SHORT
CIRCUIT INPUT IMPEDANCE
VERSUS FREQUENCY.

HYBRID-= EQUIVALENT CIRCUIT
Figure 2.26

The base spreading resistance rw’ in this hybrid-= equivalent circuit, is the actual
base resistance appearing between the active region (point b’) and the external base
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contact (point b). The emitter conductance gy’. is not merely the reciprocal of the
emitter diffusion resistance (r.) here, but since the base current appears amplified by
hte in the emitter gu’c becomes 1/hee re. The emitter capacitance, however, is not
affected by this mechanism, thus Cy’. is approximately equal to the emitter diffusion
capacitance )
1
Ce - nftre

The hybrid-» collector conductance (ge') and capacitance (Ce’) are the afore-
mentioned Early-conductance (g.) and transition capacitance (Cxc) of the collector
junction. There remain two elements to consider in this equivalent circuit: collector to
emitter conductance, g..; and the current generator, gm vye.

Collector to Emitter Conductance (g..) .

As previously explained, it is generally more convenient to deal with an equivalent
circuit composed of mostly generic parameters and then account for Early’s base-
width modulation by a feedback generator (u v.) added in the emitter branch, In the
hybrid-w, we can take account of this feedback term, by inserting a conductance (gec.)
between the collector and emitter. This conductance will have a value of

i
oo o= & = £
Ve Te
since
fo = Yok
re
for constant vy’.. .

Current Generator (gm vs'o)
The value of this current generator depends on the internal base voltage vv'e. Thus,
gm is determined by a ic = gm vi’c which yields the transconductance

__ Qye
gm = —-
Vb e
since
fle 1
==
Vb e Te
a 1
Gm = — == gﬁﬁ
Ye Te IIN — TIpb

where gm is the intrinsic transconductance. Any internal series resistance or reactance
such as the extrinsic emitter resistance r.’ (or even an external unbypassed emitter
resistor), or the series-lead inductance in the emitter® will reduce the effective value
of transconductance which we shall define as gm’, where
r_ gm
o ST g (R %) (2
The intrinsic transconductance is constant over an appreciable frequency range.
At high frequencies, the emitter-to-base capacitance Cy’e effectively shunts gy’, thus
reducing gm and giving us a transconductance cut-off frequency (where gm is reduced
to .707 of its low frequency value). This frequency is

fom — Iv'e - Inp’ i
gm = s rm (21)
7T Ib e Cb e I'bb
In this equation ry’. :i’ = Iiv — Iy’
Zbv e
and Cb’e = 1

27 I'b’e fhre
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At high frequencies, the emitter lead inductance also starts reducing gm’ as the
following example shows. If gm == 1/re, gm == .04 mhos at 1 ma. Assuming a series in-
ductance of 10 nh and r.’ of 5 ohms, gn’ = .04/ 1 4 .04 (5 + j 6.28) = .03 mho.
The parasitic elemerts have reduced gm by 25% at 100 mc. Furthermore, if the tran-
sistor is operated at several milliamperes (Ig) the effect will be much more drastic
since gm is higher as current is increased. To summarize what has been illustrated so
far on the subject of transconductance

g is relatively constant from low through medium-frequencies.

gm has a cut-off frequency given by equation (2i) whose only reactive element
is Cb’e.

Total measured transconductance is the intrinsic transconductance (gm == 1/r¢)
modified by the extrinsic terms in series with the active device as illustrated by
equation (2h). Therefore the extrinsic emitter resistance, and any external
unbypassed emitter resistance as well as both internal and external emitter
inductances must be minimized for good high-frequency operation.

Transconductance enters into both the voltage and power gain equations in the
following manner:
Voltage Gain

Ay = gn Ry
2
Power Gain
Po = (gm")?riv Ry
4

Now let us reflect for a moment on the hybrid-= equivalent circuit and decide
what values its elements should have for good high-frequency operation.

Base spreading resistance v’ forms a low-pass filter with Cy'., hence both ruy’
and Cv’, must be reduced as much as possible.

Emitter capacitance Cy'. also shunts gv’. (see graph of hn versus frequency in
Figure 2.26(B)) thus reducing gm at high frequencies, hence once again Cv’.
should be minimized.

Transconductance is essentially equal to hee/riy == 1/re. The effective transcon-
ductance is reduced by extrinsic device and unbypassed external emitter re-
sistance and inductance. These latter must therefore be minimum, both in the
device and the external circuit.

Collector capacitance, Cxc, provides a feedback path between collector and
base (b’). A large collector capacitance increases the feedback with resulting
lack of stability (determined by the ratio of forward to reversed gain, the
so called loop gain).

At low-to-medium frequencies it suffices to know gm, riv and rour to equate voltage

. gain and power gain. As the transconductance cut-off frequency can be determined

from equation (2i), one can see when an appreciable error would result by using the
low-frequency gm value. The input and output impedance at low-to-medium fre-
quencies can be calculated (or measured) and from these one can calculate the power
gain, voltage gain, and stability factor. The input and output impedances will soon
start to be affected by their reactive components, however, and at medium frequencies
(in relation to the capabilities of the transistor) they will become complex and difficult
to determine analytically.
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As a matter of fact, the use of equivalent circuits is more useful to the device
designer than to the circuit designer. The former must optimize the structure for its
applications. The latter finds to his disappointment that the manufacturer does not
specify all the elements of the equivalent circuit. The reason for this, as the circuit
designer soon finds out, is that the elements of the various equivalent circuits are
difficult to measure accurately. In desperation both device and circuit designer gen-
erally turn to the black-box parameters (as these can be measured accurately). Plug-
ging the measured values into well established two-part analysis gives all the necessary
information for circuit design. Before we fully abandon the equivalent circuit tech-
niques, however, it should be noted that a full grasp of the equivalent circuit is useful,
if not necessary, to evaluate device limitations as well as to compare one device to
another. For example, two devices with equal input impedance may have appreciably
different values of hr., rw’ and r.’, thereby yielding radically different performances.

CONSIDERATIONS OF THE TRANSISTOR'S FREQUENCY
LIMITATIONS

GAIN-BANDWITH PRODUCT

When operated at low frequencies in the common emitter configuration the tran-
sistor exhibits a short-circuit current gain (Ri.<<<lrouvr) of hteo. This value may vary
in modern transistors from a low of 20 to a high of several hundred. As the signal
frequency is increased, the magnitude of h¢. decreases and its phase shift increases.
This is due to the fact that when carriers are injected into the base-emitter junction

w COLLECTOR
c T
o
"o
° i TBI BasE L o¢ shorT circurT
4
INPUT oL In,
SIGNAL
e EMITTER
—

VARIOUS TIME-CONSTANTS LIMITING THE GAIN-BANDWITH
PRODUCT OF THE TRANSISTOR

Figure 2.27

they will take a certain time to cross into the collector region. As a matter of fact,
if we look at a physical picture we see (Figure 2.27) that there are three* time con-
stants limiting the speed of the injected carriers®®: emitter time-constant r. Ce, collec-
tor time-constant r. Crc (since the collector is shorted to the emitter), and base transit-
time 7s.

Lindmayer et al® defines the sum of these three constants as the gain-bandwidth
product f., since it is the frequency at which |hs,| falls to unity, thus
—_— 1,
T 9w [7s 41 (Ce 4+ C.)]

*If the collector bulk resistance is appreciable a fourth time constant r¢” X Crc must be added.

f.
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It can be said that even if Co (Cv'e) and Ce (Crc) were made very small, the base
transit-time would still limit the frequency response of the transistor. Therefore one
must design high gain-bandwidth (f:) transistors with extremely thin base regions
and/or add an accelerating field into the base region. A good modern high-frequency
transistor might have

re Cv'e of 25 X 1 X 107
re Crc of 25 X 0.4 X 107
7 of 125 X 10™

Total time for carriers to reach collector = 0.160 nanoseconds

— 0.025 nanoseconds
= 0.010 nanoseconds

— 0.125 nanoseconds

v 1 _ _10kme
Hence fe =2 0 = 598 % 160 x 10

A large collector bulk resistance will add a fourth time-constant of r.’ Crc, which _if
r.’ = 100 ohms and Crc = 0.5 pfd gives the carriers another delay of 100 x 0.5 x 107
— 0.05 nanosecond, reducing fe to 760 mc. Thus a good high frequency transistor
should also exhibit low extrinsic collector series resistance (r."). In epitaxial transistors,
r.’ is small and this fourth time-constant can be made negligibly small.

Let us plot hte, hew, and maximum available power gain (MAG) versus frequency
for a typical 2N918 UHF transistor.

e
e/hfeo MAG
[ 40db

1.0+
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0707 1 364y
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I
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—20db \ L fhee Sfhe £y fheFuax
“O.me 1.0me 10.0me 100.0mc iKmc 1.6Kmc  IOKmc

MAG, | hr. |, | he | VS. FREQUENCY OF TYPICAL UHF TRANSISTOR
Figure 2.28

The first deduction we can make is that there is an exact relationship between f:
and hreo (hreo X fhee = i), both values generally supplied by the transistor manu-
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facturer. Secondly at a frequency 5 times this beta cutoff frequency (fhs.), a 6
db/octave slope has been reached. Along this 6 db/octave slope the product of [hee|
and its corresponding frequency is a constant, defined as the so-called gain-bandwidth
product. The constant has the dimension of a frequency, is called f., and is attained
when |hee| = 1.

ALPHA AND BETA CUTOFF FREQUENCIES

We have seen in the gain-bandwidth discussion that the beta-cutoff frequency
(fhee) can be used as an aid to locate the proximity of the 6 db/octave slope. Actually,
modern transistor circuit analysis has done away with the formerly much used “alpha
cutoff frequency” (fhw) and “beta cutoff frequency” (fhs.)." As Pritchard pointed
out in an earlier editorial,"® the modern transistor is primarily frequency-limited by its
emitter, base, and collector time-constants, and may not be usable at fhey (as a matter
of fact, due to feedback, there may not even be an they). We shall therefore satisfy
ourselves to only define these two frequencies, and use fhy. only as an aid to locate
the end of the 6 db/octave slope. ‘

Alpha cutoff frequency is the frequency at which the common-base current gain «,
falls to 0.707 of its low frequency value (hemo). In modern transistors fhey is usually
somewhat above f.

Beta cutoff frequency is the frequency at which the common-emitter current gain B,
more recently identified as he., falls to 0.707 of its low frequency value (hteo).

Transconductance cutoff frequency fem is the frequency at which g falls to 0.707
of its low-frequency value, as previously seen in our discussion of the hybrid-= equiva-
lent circuit.

Maximum frequency of oscillation fm.: is the frequency at which the maximum
available unilateralized power gain (MAG) falls to unity. Looking at the equation for
MAG in Figure 2.28, it can be seen that as [hse| drops to unity there still is a power
gain given by roep/4ries (impedance ratio of output to input impedance). Hence fmax
will be generally higher than f.. fm.x is sometimes also referred to as the (power
gain)'? (bandwidth) product®™; stated as VPG X BW which gives us a 6 db
PG/octave slope, but should not be confused with f.. As a matter of fact, we can
draw some other interesting conclusions from the MAG equation. The series input-
impedance ri.es is the real part of hie, which as we approach f. (on the 6 db/octave
slope) is approximately equal to rw’, see Figure 2.26(B). The parallel output-impedance
Toep, 18 really the reciprocal of goe, (the real part of the output admittance yoep) and is
approximately equal to

Toep == ; 1
) 2 f¢ Cre . (21)
since

Ties = Iy (2k)

and |he|* = (%) (along the 6 db/octave slope)

(£) wie
£, 2r £, C

MAG = 1 = - < (to determine fmex, fo = fmax)

4rpy

f
orMAG &~—— ¢
8x f.2 (rbb’ CTC) (21)
therefore
fmnx == V7 ft
8 1o’ Crc (2m)
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Several conclusions can be drawn from the above equations: Providing one operates
the transistor in the 6 db/octave slope, which extends from f. back to about 5fhs., a
knowledge of

fe
hteo
Tvp %or at least the ry,” Crc product
TC

gives us a reasonable figure of merit of the transistor, as we can easily derive approxi-
mations for

ries ( see equation (2k))

Toep (S€€ €quation (2j))

MAG (see equation (21))

fmax (see equation (2m))
The manufacturer of high-frequency transistors will usually give the four required
parameters, as they can be measured (relatively) easily. It can be said that the high-
frequency performance of a transistor is primarily determined by the four parameters:
f, i’ Crc (Cv'c) and Cre (Cy'c). Crc imposes an upper limit on output impedance
(Toep), v’ @ low limit on input impedance (ries), Cre limits f¢ while f¢ in turn limits
[hee| at the operating frequency.

Figure 2.29 is a nomagram which relates the various parameters to make possible

a rapid determination of the maximum available unilateralized power gain (MAG) at
frequencies above 5fh¢. (with reduced accuracy down to fhr.).

Step 1 consists of placing a straight edge to join the values (generally specified
by the manufacturer) of f: and ro»” Crc and thereby locating fmax. In the example
on the nomogram an f. of 1 kmc and an ry’ Crc time-constant of 15 psec gives
an fuax of approximately 1.6 kmec.

Step 2 then consists of placing the straight edge on the operating frequency
(fo = 100 mc in the example) and joining f, with the fma.x determined in step 1
(1600 mc). The maximum available (unilateralized) power gain is then read off
the MAG scale. In our 100 mc example, the MAG is approximately 24.5 db.

THE USE OF BLACK-BOX PARAMETERS (hory)

One other method of high frequency characterization is to use two-port parameters,
considering the transistor simply as a black-box having one input and one output port.
This analysis is much more exact, since it uses the terminal properties of the tran-
sistor, rather than the internal parameters of an approximate equivalent circuit. This
method applies to any linear two-port active device and is amenable to matrix analysis.
The main disadvantage is the lack of direct relationship to the physical equivalent
circuit, although this is generally of little concern to the circuit designer. He finds the
use of black-box parameters attractive because the manufacturer gives them on his
high-frequency transistor specification sheets. Furthermore, both the manufacturer and
user can measure the black-box parameters more easily than the elements of the
equivalent circuits. The two-port parameters of the linear active network completely
describes its performance. It is thus possible to derive complete and accurate gain and
stability expressions at any frequency, “plug-in” the measured values of the parameters
and “crank-out” the results.

In general, any of the many sets of two-port parameters (z, g, h, y, a and b) could
be used. Because at high frequencies it is more convenient to measure the y-parameters,
the latter seem to be used predominately on manufacturer’s specification sheets. Refer-
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MAG | r.Coo f, | f,
db__| PICOSECONDS MEGACYCLES
33
324 2000 -
31
1.2
04,0 1500
291, 1200 -
28125 500
2743 800
26, 700 -
254 p 600 -
MA6524.5d§‘-;-' 5 MAX 5001
e MEGACYCLES 4501
237 400 -
27T 4000 - 3501
212 3000 - 39973000
0
19 20 - 1500
164 1500 3 k1200
25 1200 4 E (000 f, =IKme
17130 1000 - - 800
16 800 - - 600
- 40 600 ] - 500
15 i -
- 50 500 L ;gg
14+ 60 400 - - 250
470 . =
13470 300 - 200
21 100 250 1 120
L ] 120
+ti20 T:o £ 100
104150 |2g g Egg
91 500 100 A 50
o 80 ] - 40
- 250 1 - 30
77300 &7 25 2% d
:'— 400 40 ~ 20415
T s00 30 2
41600 251 (5
34700 207
, [ 800 15 4 12 1
L1000 | 10-
1 10

NOMOGRAM TO DETERMINE MAG AS A FUNCTION OF r,., Czc AND f,
Figure 2.29

ring back to equations (2b) and (2c), the four y-parameters are short-circuit param-
eters and are given as

yu = 22— input admittance
v

1
is .
ya = == forward transfer admittance
Vi

i .
V12 == ——= reverse transfer admittance

Va

Vo = ‘\112‘: output admittance

9

Any admittance y can be resolved into its components of conductance g, and sus-
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ceptance b, in the following format:
y=g+ib
hence the input admittance (common-emitter) is

Yiie = Yie = Eie + jble
Voie = Yie = Zte + jbre

Yize = Yre == Zre + jbre
V226 = Yoe = Zoe -+ jboe

The manufacturer’s specification sheet will generally show both the real and imagi-
nary components of the y-parameters at a given frequency and operating point (bias).
Sometimes there may be graphs of these parameters covering the frequency range for
which the transistor has been designed. The next step consists of determining from
these measured values the actual dynamic parameters of the transistor.

; output ac short-circuited

2 input ac short-circuited

CALCULATION OF INPUT ADMITTANCE (COMMON-EMITTER)

_ Yre Yre
YiNe = Yie — ——
Yoe + YL
where yr is the load admittance. Since the highest power gain is attained in the
conjugate match* condition, we will make
boe = —bo
hence
Yie Yre
oo + gr

CALCULATION OF OUTPUT ADMITTANCE (COMMON-EMITTER)

YiNe == Yie —

— Yie Yre
YouTe — Yoe — ————————
¢ ° Yie + Yo
where
ys = source admittance, if (gic + gs)>> (bse + bs),
then
Yrie Yre
YouTe = Yoe —
gie + g5

CALCULATION OF GAIN

Current gain = Yte Yr
Yie (YOe —+ yL) — Vte Yre
Voltage gain = ——Yf¢
Yo + Yoe
2
Power gain = ‘ _ Ve |® Br
Yoe + Yu | gv

To determine stability, the loop gain is calculated. This loop gain is essentially the
ratio of forward to reverse gain and hence should be as large as possible.

Loop gain = Yte Yre
(yr + Yoe) (yr + ys)

if
(g1e + ga)>(bie 4+ ba) and (goe + gr) > (boe + br);
*A linear four-terminal network is conjugate matched if the generator is the complex conjugate (equal

magnitude — opposite sign or phase) of its input impedance and the load is the complex conjugate
of its output impedance.
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then the

loop gain = Yfe¥re
(g‘e + gS) (goe =+ gL)
MAG — vzl
4g1é Zoe

Assume a 2N918 transistor has the following specified parameters at 200 mc:
[yeel = gro 4+ bse = Re lyee + La |yre] = (20 + j50) 10~
gie = Ro |yis] =8 X 10® mho
Zoe = Re [Yool = 0.4 X 10 mho

then its MAG = - 2900 X 107 2900
4X8X10°x 04 % 10°  12.8

= 227 = 23.6 db

The loop gain would be very high, since Yre is minimized (perfect neutralization is not
feasible) in this neutralized condition. N aturally losses in tuned circuits, poorly
bypassed resistors, etc., would subtract from the MAG so that the actual circuit power
gain will be somewhat smaller than this “maximum” amount of power gain.

MEASUREMENT OF y-PARAMETERS

Short-circuit y-parameter measurements can be made by using simple bridge tech-
niques. Readily available commercial equipment such as the Boonton RX Meter*
(range 1-250 mc), the Wayne Kerr BSOI VHF Admittance Bridge (range 1-100 mc)
and the General Radio Immittance Bridge B-1601 (range 30-1500 mc) will do the jobj
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LARGE SIGNAL CHARACTERISTICS
AND TRANSISTOR CHOPPERS

CHAPTER

The large signal or d-c characteristics of junction transistors can be described in
many cases by the equations derived by Ebers and Moll.® These equations are useful
for predicting the behavior of transistors in bias circuits, switching circuits, choppers,
d-c amplifiers, etc. Some of the more useful equations are listed below for reference.
They apply with a high degree of accuracy to germanium and silicon junction tran-
sistors operated at low current and voltage levels.

PARAMETERS

The parameters used in the following large signal equations are listed below and
indicated in Figure 3.1.

PARAMETERS USED IN LARGE SIGNAL EQUATIONS
Figure 3.1

Teo Iceo Collector leakage current with reverse voltage applied to the collector,
and the emitter open circuited (Ico has a positive sign for NPN tran-
sistors and a negative sign for PNP transistors).

Iro Ieso Emitter leakage current with reverse voltage applied to the emitter,
and the collector open circuited (Igo has a positive sign for NPN
transistors and a negative sign for PNP transistors).

an Normal alpha, the d-c common base forward current transfer ratio
from emitter to collector with output short circuited (a has a positive
sign for NPN transistors and PNP transistors). In practice, best results
are obtained if the collector junction has a few tenths of a volt reverse
bias. Since a is a function of emitter current, the value at that particular
value of emitter or collector current should be used in the large signal
equations.

ar Inverted alpha, same as ax but with emitter and collector interchanged.

Ohmic resistance internal to the transistor and in series with the base,
emitter, and collector leads respectively.

Is, Ir, Ic D-C currents in the base, emitter, and collector leads respectively;
positive sense of current corresponds to current flow into the terminals.

’ ’ ’
Is, I'e, XYc

bo Bias voltage across eollector junction, i.e., collector to base voltage
exclusive of ohmic drops (across rs’, r¢’); forward bias is considered
a positive polarity.
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3 LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS Il

oE Bias voltage across emitter junction, i.e., emitter to base voltage exclu-
sive 'of ohmic drops (across ra’, re’); forward bias is considered a
positive polarity.

Ves, Ve, Vee Terminal voltages: emitter to base, collector to base, and collector to
a emitter respectively.
= KT 1/A = 26 millivolts at 25°C for n=1.
Electronic charge = 1.60 x 10~ coulomb.
Boltzmann’s constant — 1.38 x 10-% watt sec/°K.
Absolute temperature, degrees Kelvin = °C 4 273,

A constant of value between 1 and 2 (n tends to be nearly 1 for

germanium transistors and varies between 1 and 2 for silicon tran-
sistors).®

=2 3 x.a >

( hA can be detem.]ined from a semi-log plot of the junction forward characteristic
the seml-lc_)g scale is used for the current, while the linear scale is used for the volt-
age). A portion of the plot will be linear, from which A can be determined

A=l <%) (3a)

v'vhere AV is the corresponding change in voltage for a Al change in current on the
linear portion of the plot. This is shown in Figure 3.2 for the emitter-base junction of
a germanium alloy and a silicon planar transistor. Curves are shown for the case of an
oper.l collector and for the case of a one volt reverse bias of the collector-base junction
Notice that the slope is different for these two cases. The best correlation betweer;
theory and practice results when the A obtained with the reverse bias is used.®

Vl
0160 |- 060
= Vegg = 4
B 0140 s
2 ’ 0.58
o —
mn
2 @
a o120 =
S os6 N
m
s g
[e]
0100 osa
54 &
3
>
008
052
o,oeL
M 050

1000

Ie, pA

Ves VS. I, FOR A GERMANIUM ALLOY AND A SILICON
) PLAN
TRANSISTOR AS A FUNCTION OF AN OPEN CIRCUITED ORAR
REVERSE BIASED COLLECTOR JUNCTION

Figure 3.2
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BASIC EQUATIONS
The basic equations which govern the operation of transistors under all conditions
of junction bias are

~axlgo = arlco (3b)

Te=—— 120 (eage 1) 4 oo enge 1y (3¢)
1 — anar 1 — ana:

lo=+ —%Te0  (eape 1) Teo  (eape _1) (3d)
1 — ana: 1 — ana:

IE+IB+IC:0 (36)

The above equations are written for the direction of current flow shown in Figure 3.1
and the sign of Iro and Ico as given above under Parameters. The three possible areas
of transistor operations are: 1) one junction forward biased and one junction reverse
biased (active), 2) both junctions forward biased (saturated), 3) both junctions
reverse biased (cutoff).

ACTIVE OPERATION

The transistor behaves as an active device if one junction is forward biased and
the other is reverse biased. Under normal operation, the collector is reverse biased so
¢c in equations (3c) and (3d) is negative. If this bias exceeds a few tenths of a volt,
ed¢pc <1, and it can be eliminated from the equations. The collector current can then
be solved in terms of the leakage currents, current gains, and emitter-base potential,
thus giving the large signal behavior of the device.

SATURATED OPERATION

The transistor can be operated in the normal (grounded emitter) or the inverted
(grounded collector) connection as seen in Figure 3.3. The equations which are devel-
oped for each respective configuration will be labeled “normal” and “inverted.” The
directions of base, collector, and emitter current respectively are taken as into the
transistor. Where a current flows out of the transistor, it is to be given a minus sign.
When a (=) sign proceeds the equation, the plus applies to a PNP transistor while
the minus applies to an NPN transistor.

Cc E
T - TIszL.
oo, |
B B
1g Ig
E C

(a) Normal (b) Inverted
THE NORMAL AND INVERTED CONNECTIONS

’ Figure 3.3

The transistor in saturation can be represented by an equivalent circuit as shown
in Figure 3.4. r¢’ and 15’ are the collector and emitter bulk or body resistances from
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the junction to the terminals. The collector to emitter voltage due to transistor action,
¢, is determined by the connection:
I (1 — aN)
1 ax l:l I ]

l—l— (l—al)
T ]

an —h—(l—‘“)
(Inverted) drc = (=) % In %1 o ar )%'l
+ — an

Notice that equation (3g) can be obtained from (3f) by replacmg Ic by Is, ax by ar in
the numerator, and a: by ax in the denominator. If the ratio of load current to base drive,

Is I:
T °F ﬁis very small or zero, equations (3f) and (3g) respectively reduce to

(Normal) Vee = (F)

(3f)

(3g)

(Normal) pee~ (=) — lIna (3h)
(Inverted) prc ~ (=) % In ax (31)
c E
b
o A
re e
bee Pec
Iyre Ipre
re' re'
E c
(a) (b) NORMAL (c) INVERTED
CONNECTION CONNECTION

EQUIVALENT COLLECTOR-EMITTER CIRCUIT OF
A SATURATED TRANSISTOR

Figure 3.4
Thus the collector to emitter voltage or “offset voltage” becomes (for an npn transistor)
(Normal) Veg = — 1Tln ar + I 18’ (3j)
4
(Inverted) Ve = — %ln an + Is rc’ (3k)

Since ax and ar are functions of base drive, the offset voltage will change as Is is

varied. This is shown in Figure 3.5 which shows the inverted connection offset voltage
of a planar epitaxial transistor as a function of base current. From zero, the offset
voltage decreases with increasing base drive because ax is increasing. At some base
drive, the offset voltage becomes a minimum, Above this, the offset voltage becomes
a linear function of Is since the Is r¢’ drop predominates. The slope of Vgc vs. Is
curve in this region (with Ig = 0) gives r¢’. Likewise, by operating the transistor
in the normal connection (with Ic = 0) the slope of Vcg vs. Is curve at the higher
values of base current (Is > 1 ma) gives rg’.
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0.8

06

o.ﬁ
o.aL__—-'

Vgc, mv

SLOPE=r;=.08Q

o 1.0 2?0 3.0
Ig ma
Vec VS. Is FOR 2N2192
Figure 3.5

Since a1 < ax for most transistors, the offset voltage of the inverted connection
will be less than that of the normal connection. Thus in low level chopper circuits, the
inverted connection is always used. Examination of equations (3f) and (3g) shows
that the sign of ¢ox and ¢ec can be made to reverse by forcing a load current from
collector to emitter for a PNP transistor and from emitter to collector for a NPN tran-
sistor. Thus, the emitter to collector terminal voltages Vgc or Ver can be made zero.

The transistor in either mode of operation will remain saturated as long as the
bracketed terms in the numerator or denominator of equations (3f) and (3g) remain
larger than one. Thus, the transistor behaves as a “closed switch,” and the load current
can flow through the transistor from collector to emitter or emitter to collector, depend-
ing upon the polarity of the load supply. If either the numerator or denominator term
which is bracketed becomes zero, the log becomes infinite and the transistor comes
out of saturation. Since ar < ax, it can be seen from equations (3f) and (3g), that both
the normal and inverted configurations will become unsaturated respectively at lower

I
ratios of - & TE if the load current passes from collector to emitter in a PNP tran-
B B
sistor, and from emitter to collector in an NPN transistor.
By differentiating equation (3f) and (3g) respectively with respect to I¢c and Ig,
and adding the bulk resistances, the dynamic impedance of the saturated transistor can

be found. If (l ; ay_ o ) ( 1 — e ) % are much less than 1, then
N

(Normal) Tan =~ L —lﬂ) + 18" + 1o’ (3n)
A Is a1

(Inverted) Ta =~ % I—I;‘:’a") + 18’ + 1o’ (3m)

and JTa _ ox (3n)
TaN ar

ifre’ + 1o’ <<l (1 —axax) .

A IB anN
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For base currents where the above inequality holds, the dynamic impedance is in-
versely proportional to the base current as shown in Figure 3.6. Also, the dynamic
impedance of the inverted connection is larger than that of the normal connection
since ay < ar. (This is in contrast to the offset voltage where it is smaller for the in-
verted mode than for the normal connection. )

100 T T T 1
. 1
=== === TRUE HYPERBOLIC FUNCTION —{
60 MEASURED
‘|\ —— — CALCULATED
40 \\\ DYNAMIC RESISTANCE, ry, OF A
\ 2N2192 TRANSISTOR AS A
“ T FUNCTION OF BASE DRIVE
20 \‘\\
g \
5 A\
g N
10 h I
-
8
[ \\ [
6 N
s
2
Figure 3.6 \ \
2 4 6 8 10 lL.2 .4 1.6 1.8 2.0

CUTOFF OPERATION

By reverse biasing both emitter and collector, equations (3b), (¢), and (d) can
be solved for the emitter and collector currents

(Normal) Ie = oo (1 —ar) (30)

l — AaNaI1

Ip — Iro (1 — ax)

1— aNax

(Inverted) (3p)

Equations (30) and (3p) indicate that with both junctions reverse biased, the col-
lector current will be less than Ico, and the emitter current will be less than Iro. Also,
the inverted connected will result in the lowest leakage current in the load. While this
is true for germanium transistors, it is not true for most silicon transistors. The reason
for this is that the alphas of the silicon transistor are almost zero at collector or emitter
currents given by the leakage currents. Leakage currents for well made signal planar
transistors at low voltages are below a nanoampere.

USEFUL LARGE SIGNAL RELATIONSHIPS

The relationships given with an asterisk * (opposite page) apply only to germanium
transistors and not to signal silicon transistors because of the reasons given in the pre-
ceding section of this chapter.
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COLLECTOR LEAKAGE CURRENT (lceo)*
For the direction of current low shown
I
Tcro Toro = 1 _Coay (SQ)
=V >-0.1voLT

Icro is the collector leakage current with the base open-circuited and is generally
much larger than Ico.

COLLECTOR LEAKAGE CURRENT ({lces)*

For the direction of current flow shown

I
Ices IC ES = co

—Vg>=0.1voLT 1 — axa: (3r)

Ices is the collector leakage current with the base shorted to the emitter and equals
the leakage current the collector diode would have if the emitter junction was not
present. Accurate values of ay and a1 for use in the equations in this section are best
obtained by measurement of Ico, Iceo and Icrs and calculation of ax and ar from equa-
tions (3q) and (3r). The value of Izo may be calculated from equation (3b).

COLLECTOR LEAKAGE CURRENT (lcgr)*

For direction of current flow shown

Vee>-O.VOLT (1 4 AlgoR) Ieo
T Tcer o 1 — axar + ARIgo (l—az\') (35)

Icer is the collector leakage current measured with the emitter grounded and a resistor
R between base and ground. The size of the resistor is generally about 10 K. From
equation (3s), it is seen that as R becomes very large, Icer approaches Iceo—equation
(3q). Similarly, as R approaches zero, Icsr approaches Icgs—equation (3r).

COLLECTOR LEAKAGE CURRENT — SILICON DIODE IN SERIES WITH EMITTER*

For direction of current flow shown

Vg >-08 VOLT Ie = (1 4+ AlgoR — a1AVyp) Ico

T I 1 — anar + ARIzo (1—an) (3t)

This circuit is useful in some switching applications where a low collector leakage
current is required and a positive supply voltage is not available for reverse biasing
the base of the transistor. The diode voltage Vp used in the equation is measured at a
forward current equal to the Ico of the transistor. This equation holds for values of Ic
larger than Ico.
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BASE INPUT CHARACTERISTICS
forIc =0

Ig
. VBE = In (RE + RB) + (
Vg

+1) (3u)

Ieo

L for Veg > —.1 volt

RE 1 IB ( —a\ax) ax (l—ax
Vs =
e IB<R"+ I — ax )+ T iy Tea) T T all—a) ] (3v)

A comparison of equations (3u) and (3v) indicates that they are approximately
equal if Rg is small and ax is smaller than a;. For this condition, the base input charac-
teristic will be the same whether the collector is reverse biased or open-circuited.

VOLTAGE COMPARATOR CIRCUIT

I for Vo = Ve

A s

DG e

If an emitter follower is overdriven such that the base current exceeds the emitter
current, the emitter voltage can be made exactly equal to the collector voltage. For
example, if a square wave with an amplitude greater than Vcc is applied to the base
of the transistor, the output voltage Vo will be a square wave exactly equal to V.
Equation (3w) gives the base current required for this condition and indicates that the
transistor should be used in the inverted connection if the required base current is to
be minimized. This circuit is useful in voltage comparators and similar circuits where
a precise setting of voltage is necessary.

JUNCTION TRANSISTOR CHOPPERS

Transistor choppers are used in the amplification of low level d.c. signals, as well
as in the conversion of d.c. signals to a synchronous a.c. voltage for driving the control
phase of two phase servo motors. The chopper converts the d.c. signal to a synchronous
a.c. voltage whose magnitude is proportional to that of the d.c. signal, and whose phase
relationship to the reference a.c. voltage is either zero or 180°, depending upon the
polarity of the d.c. voltage. This can best be seen by referring to Figure 3.7(A). The
chopper contacts close during the positive half cycle of the a.c. reference and open
during the negative half cycle. With the switch in position 1, the positive voltage Es is
tied to the resistor R as shown in Figure 3.7(B) during the positive half cycle of the
reference. During the negative half cycle of the reference, the chopper contacts are
open and the voltage across R is zero. The capacitor removes the d.c. level such that e,
is now an a.c. square wave which in phase with the reference a.c. If the switch is in
position 2, the negative voltage Es is applied to R during the positive half cycle of the
reference voltage, and as can be seen in Figure 3.7(C), the output is 180° out of
phase with the reference a.c.

Figure 3.8 shows a single transistor replacing the mechanical chopper. When the
base voltage is made positive with respect to the collector (NPN transistor), the tran-
sistor behaves as a closed switch, and the d.c. input voltage is connected to R. During
the half cycle of the reference voltage when the base is made negative with the supply,
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HALF-WAVE CHOPPER
Figure 3.7

the transistor behaves as an open switch, and the voltage across R is zero. However,
the transistor is not a perfect switch, and an error voltage and current are respectively
superimposed on the d.c. source. During the half cycle that the switch is closed, the
error voltage introduced by the transistor is »

Vo = .026 In ax + In rc’ (3x)
where ax is the normal alpha as defined at the beginning of this chapter and r¢’ is the
collector bulk or body resistance. The error current which is introduced when the
transistor is an open switch is

Ie; — Teso ar (1 — ax) (3y)

ax (1 — ax ai)

where o is the inverse alpha and Iceo is the leakage current as defined earlier in this
chapter.
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B REFERENCE ~
QI=G.E. 2N2192
OR 2N2195

Eg=5 VOLTS PEAK
SINE OR SQUARE WAVE.

SIMPLE SERIES TRANSISTOR CHOPPER
Figure 3.8

89




3 LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS

The error voltage introduced by the transistor during the “on” half cycle can be
minimized by using two transistors whose offset voltages cancel one another as shown
in Figure 3.9. The transistors must not only be matched at room temperature but
must track over the required ambient temperature extremes. This is no problem with
transistors such as the 2N2356 and the 2N3082 where two transistor pellets are
mounted in one header. The initial offset voltages are matched to 50 and 75 microvolts
respectively. Drifts of less than =100 microvolts over an ambient temperature of
—55 to 125°C are easily obtainable. The low drift results primarily from the low initial
offsets of each transistor (due to the very high ay and low r¢’) and to the negligible
temperature difference between the transistor pellets. Some of the important param-
eters of these chopper transistors is given in Table 3.1.

G.E. G.E. G.E. G.E.
TYPE NUMBER 2N2356 | 2N2356A | 2N3082 | 2N3083|  UNITS

BVceo 25 25 25 25 volts, min
_BVch — — 20 20 volts, min

BVgeso 7 7 10 10 volts, min

Differential Offset

Voltage, 25°C 50 - 75 — w volts, m