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Materials, Junctions,

EMICONDUCTOR devices are

small but versatile units that can
perform an amazing variety of con-
trol functions in electronic equipment.
Like other electron devices, they have
the ability to control almost instantly
the movement of charges of elec-
tricity. They are used as rectifiers,
detectors, amplifiers, oscillators,
electronic switches, mixers, and
modulators.

In addition, semiconductor devices
bave many important advantages
over other types of electron devices.
They are very small and light in
welght (some are less than an inch
long and weigh just a fraction of an
ounce). They have no filaments or
heaters, and therefore require no
heating power or warm-up time.
They consume very little power. They
are solid in construction, extremely
rugged, free from microphonics, and
can be made impervious to many se-
vere environmental conditions. The
circuits required for their operation
are usually simple.

SEMICONDUCTOR MATERIALS

Unlike other electron devices, which
depend for their functioning on the
flow of electric charges through a
vacuum or a gas, semiconductor de-
vices make use of the flow of current
In a solid. In general, all materials
may be -classified in three major
categories—conductors, semiconduc-
tors, and insulators—depending upon
their ability to conduct an electric

and Devices

current. As the name indicates, a
semiconductor material has poorer
conductivity than a conductor, but
better conductivity than an insulator.

The materials most often used in
semiconductor devices are germa-
nium and silicon. Germanium has
higher electrical conductivity (less

resistance to current flow) than
silicon, and is used in devices in-

tended for applications that require
low voltage drops at high currents
and In some small-signal transis-
tors. Silicon is more suitable for
high-power devices than germanium.
One reason is that it can be used at
much higher temperatures. In gen-
eral, silicon is preferred over ger-
manium because processing tech-
niques yield more economical devices.
As a result, today, silicon tends to
supersede germanium in almost
every type of application, including
the small-signal area, unless a very
low device voltage drop is required.

Resistivity

The ability of a material to con-
duct current (conductivity) is di-
rectly proportional to the number of
free (loosely held) electrons in the
material. Good conductors, such as
silver, copper, and aluminum, have
large numbers of free electrons; their
resistivities are of the order of a
few millionths of an ohm-centimeter.
Insulators such as glass, rubber, and
mica, which have very few loosely
held electrons, have resistivities of
several million ohm-centimeters.
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Semiconductor materials lie in the
range between these two extremes,
as shown in Fig. 1. Pure germanium
has a resistivity of 60 ohm-centi-
meters. Pure silicon has a consider-
ably higher resistivity, in the order
of 60,000 ohm-centimeters. As used
in semiconductor devices, however,
these materials contain carefully con-
trolled amounts of certain impurities

INCREASING RESISTIVITY ———>

0 ® 107° | 102 10°
OHM—=CM —+—+——+—+——+—+—F—+—+
COPPER  GERMANIUM SILICON GLASS

- INCREASING CONDUCTIVITY

Fig. 1—Resistivity of typical conductor,
semiconductors, and insulator.

which reduce their resistivity to
about 2 ohm-centimeters at room
temperature (this resistivity de-
creases rapidly as temperature rises).

Impurities

Carefully prepared semiconductor
materials have a crystal structure.
In this type of structure, which is
called a lattice, the outer or valence
electrons of individual atoms are
tightly bound to the electrons of ad-
jacent atoms in electron-pair bonds,
as shown in Fig. 2. Because such a

ELECTRON—-PAIR BONDS ATOMS

Fig. 2—Crystal lattice structure.

structure has no loosely held elec-
trons, semiconductor materials are
poor conductors under normal condi-
tions. In order to separate the elec-
tron-pair bonds and provide free
electrons for electrical conduction,

1t would be necessary to apply high
temperatures or strong electric fields.

Another way to alter the lattice
structure and thereby obtain free
electrons, however, is to add small
amounts of other elements having a
different atomic structure. By the ad-
dition of almost infinitesimal amounts
of such other elements, called “im-
purities”, the basic electrical proper-
ties of pure semiconductor materials
can be modified and controlled. The
ratio of impurity to the semicon-
ductor material is usually extremely
small, in the order of one part in
ten million.

When the impurity elements are
added to the semiconductor material,
impurity atoms take the place of
semiconductor atoms in the lattice
structure. If the impurity atoms
added have the same number of va-
lence electrons as the atoms of the
original semiconductor material, they
fit neatly into the lattice, forming
the required number of electron-pair
bonds with semiconductor atoms. In
this case, the electrical properties
of the material are essentially un-
changed.

When the impurity atom has one
more valence electron than the semi-
conductor atom, however, this extra
electron cannot form an electron-
pair bond because no adjacent va-
lence electron is available. The excess
clectron is then held very loosely by
the atom, as shown in Fig. 3, and

SEMICONDUCTOK
ATOMS

ELECTRON-PAIR

EXCESS

l
L7 ELECTRON

ATOM

Fig. 3—Lattice structure of n-type
material.
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requires only slight excitation to
break away. Consequently, the pres-
ence of such excess electrons makes
the material a better conductor, i.e.,
1ts resistance to current flow is
reduced.

Impurity elements which are added
to germanium and silicon crystals to
provide excess electrons include ar-
senic and antimony. When these ele-
ments are introduced, the resulting
material is called n-type because the
excess free electrons have a negative
charge. (It should be noted, however,
that the negative charge of the elec-
trons 1s balanced by an equivalent
positive charge in the center of the
impurity atoms. Therefore, the net
electrical charge of the semiconduc-
tor material is not changed.)

A different effect is produced when
an Impurity atom having one less
valence electron than the semicon-
ductor atom 1is substituted in the
lattice structure. Although all the
valence electrons of the impurity
atom form electron-pair bonds with
electrons of neighboring semiconduec-
tor atoms, one of the bonds in the
lattice structure cannot be completed
because the impurity atom lacks the
final valence electron. As a result, a
vacancy or ‘“hole” exists in the lat-
tice, as shown in Fig. 4. An electron
from an adjacent electron-pair bond
may then absorb enough energy to
break its bond and move through the
lattice to fill the hole. As in the

ELECTRON—-PAIR
BONDS

SEMICONDUCTOR
ATOMS

N

IMPURITY/ VACANCY
ATOM (HOLE)

Fig. 4—Lattice structure of p-type
material.
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case of excess electrons, the presence
of ‘“holes” encourages the flow of
electrons in the semiconductor ma-
terial; consequently, the conductivity
1s increased and the resistivity is
reduced.

The vacancy or hole in the crystal
structure 1s considered to have a
positive electrical charge because it
represents the absence of an electron.
(Again, however, the net charge of
the crystal is unchanged.) Semi-
conductor material which contains
these “holes” or positive charges is
called p-type material. P-type mate-
rials are formed by the addition of
aluminum, gallium, or indium.

Although the difference in the
chemical composition of n-type and
p-type materials is slight, the differ-
ences In the electrical characteristics
of the two types are substantial, and
are very important in the operation
of semiconductor devices.

P-N JUNCTIONS

When n-type and p-type materials
are joined together, as shown in Fig.
5, an unusual but very important
phenomenon occurs at the interface

p-n JUNCTION
p~TYPE MATERIAL | n-TYPE MATERIAL
L ‘" +I l
Q000 &,
oooo!d> 1 — — — _
0000 &> | — — — —
oooo.gi | — — — —
0P OISR | — — ~
|

HOLES |~7—~ ELECTRONS

SPACE-~CHARGE REGION

Fig. 5—Interaction of holes and electrons
at p-n junction.

where the two materials meet (called
the p-n junction). An interaction
takes place between the two types
of material at the junction as a re-
sult of the holes in one material and
the excess electrons in the other.
When a p-n junction is formed,
some of the free electrons from the
n-type material diffuse across the
junction and recombine with holes in
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the lattice structure of the p-type
material; similarly, some of the holes
in the p-type material diffuse across
the junction and recombine with free
electrons in the lattice structure of
the n-type material. This interaction
or diffusion is brought into equilib-
rium by a small space-charge region
(sometimes called the transition re-
gion or depletion layer). The p-type
material thus acquires a slight nega-
tive charge and the n-type material
acquires a slight positive charge.
Thermal energy causes charge car-
riers (electrons and holes) to diffuse
from one side of the p-n junction to
the other side; this flow of charge
carriers is called diffusion current.
As a result of the diffusion process,
however, a potential gradient builds
up across the space-charge region.
This potential gradient can be repre-
sented, as shown in Fig. 6, by an
imaginary battery connected across
the p-n junction. (The battery symbol

JUNCTION

b—ﬂ-————-—-ﬂ

ri—-—-o—--— ——— e— e
4

MAGINARY
SPACE — CHARGE
EQUIVALENT
BATTERY

!
+

Fig. 6—Potential gradient across

charge region.

space-

is used merely to illustrate internal
effects; the potential it represents
is not directly measurable.) The
potential gradient causes a flow
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of charge carriers, referred to as
drift current, in the opposite direc-
tion to the diffusion current. Under
equilibrium conditions, the diffusion
current is exactly balanced by the
drift current so that the net current
across the p-n junction is zero. In
other words, when no external cur-
rent or voltage is applied to the p-n
junction, the potential gradient forms
an energy barrier that prevents fur-
ther diffusion of charge carriers
across the junction. In effect, elec-
trons from the n-type material that
tend to diffuse across the junction are
repelled by the slight negative charge
induced in the p-type material by the
potential gradient, and holes from
the p-type material are repelled by
the slight positive charge induced in
the n-type material. The potential
gradient (or energy barrier, as it is
sometimes called), therefore, pre-
vents total interaction between the
two types of materials, and thus
preserves the differences in their
characteristics.

CURRENT FLOW

When an external battery is con-
nected across a p-n junction, the
amount of current flow is determined
by the polarity of the applied voltage
and its effect on the space-charge
region. In Fig. 7(a), the positive ter-
minal of the battery is connected to
the n-type material and the negative
terminal to the p-type material. In
this arrangement, the free electrons
in the n-type material are attracted
toward the positive terminal of the
battery and away from the junction.
At the same time, holes from the

ELECTRON FLOW
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(b) FORWARD BIAS

Fig. 7—Electron current flow in biased p-n junctions.
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p-type material are attracted toward
the negative terminal of the battery
and away from the junction. As a
result, the space-charge region at the
junction becomes effectively wider,
and the potential gradient increases
until it approaches the potential of
the external battery. Current flow
is then extremely small because no
voltage difference (electric field) ex-
iIsts across either the p-type or the
n-type region. Under these condi-
tions, the p-n junction is said to be
reverse-biased.

In Fig. 7(b), the positive terminal
of the external battery is connected
to the p-type material and the nega-
tive terminal to the n-type material.
In this arrangement, electrons in the
p-type material near the positive ter-
minal of the battery break their
electron-pair bonds and enter the
battery, creating new holes. At the
same time, electrons from the nega-
tive terminal of the battery enter the
n-type material and diffuse toward
the junction. As a result, the space-
charge region becomes effectively
narrower, and the energy barrier de-
creases to an insignificant value. Ex-
cess electrons from the n-type mate-
rial can then penetrate the space-
charge region, flow across the junc-
tion, and move by way of the holes
In the p-type material toward the
positive terminal of the battery. This
electron flow continues as long as
the external voltage is applied. Un-
der these conditions, the junction is

sald to be forward-biased.

The generalized voltage-current
characteristic for a p-n junction in
Fig. 8 shows both the reverse-bias

and forward-bias regions. In the
forward-bias region, current rises
rapidly as the voltage is increased
and 1s quite high. Current in the
reverse-bias region is usually much
lower. Excessive voltage (bilas) 1in
either direction should be avoided in
normal applications because exces-
sive currents and the resulting high
temperatures may permanently dam-
age the semiconductor device.

CURRENT

FORWARD T
(MILLIAMPERES)

<+—REVERSE BIAS

FORWARD BIAS—»

CURRENT
(MICROAMPERES)

l REVERSE

Fig. 8—Voltage-current characteristic for
a p-n junction.

TYPES OF DEVICES

The simplest type of semiconduc-
tor device is the diode, which is rep-
resented by the symbol shown in Fig.
9. Structurally, the diode is basically
a p-n junction similar to those shown
in Fig. 7. The n-type material which
serves as the negative electrode is
referred to as the cathode, and the
p-type material which serves as the
positive electrode is referred to as
the anode. The arrow symbol used
for the anode represents the direc-
tion of “conventional current flow”;

n-TYPE p-TYPE
MATERIAL MATERIAL
O | O
CATHODE ANODE

Fig. 9—Schematic symbol for a semicon-
ductor diode.

electron current flows in a direction
opposite to the arrow.

Because the junction diode con-
ducts current more easily in one
direction than in the other, it is an
effective rectifying device. If an ac
signal is applied, as shown in Fig.
10, electron current flows freely dur-
ing the positive half cycle, but little
or no current flows during the nega.
tive half cycle.

One of the most widely used types
of semiconductor diode is the sili-
con rectifier. These devices are avail-
able in a wide range of current
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o

INPUT

SIGNAL ("\U) LOAD

Fig. 10—Simple diode rectifying circuit.

capabilities, ranging from tenths of
an ampere to several hundred am-
peres or more, and are capable of
operation at voltages as high as 1000
volts or more. Parallel and series
arrangements of silicon rectifiers
permit even further extension of cur-
rent and voltage limits. Characteris-
tics and applications of these devices
are discussed in detail in the section
on Silicon Rectifiers.

Several variations of the basic
junction diode structure have been
developed for use in special applica-
tions. One of the most important of
these developments is the tunnel
diode, which is used for amplifica-
tion, switching, and pulse generation.
This special diode is described in the
section on Other Semiconductor
Diodes.

When another layer is added to a
semiconductor diode to form three
layers (two junctions), a device 1s
produced which provides power or
voltage amplification. The resulting
device is called a bipolar transistor.
The three regions of the device are
called the emitter, the base, and the
collector, as shown in Fig. 11(a). In
normal operation, the emitter-to-
base junction is biased in the for-
ward direction, and the collector-to-
base junction in the reverse direction.

Different symbols are used for
n-p-n and p-n-p transistors to show
the difference in the direction of cur-
rent flow in the two types of devices.
In the n-p-n transistor shown in Fig.
11(b), electrons flow from the emit-
ter to the collector. In the p-n-p tran-
sistor shown in Fig. 11(¢), electrons
flow from the collector to the emit-
ter. In other words, the direction of
de electron current is always oppo-
site to that of the arrow on the

emitter lead. (As in the case of semi-
conductor diodes, the arrow indicates
the direction of ‘“conventional cur-
rent flow” in the circuit.)

The first two letters of the n-p-n
and p-n-p designations indicate the
respective polarities of the voltages
applied to the emitter and the
collector in normal operation. In

EMITTER BASE COLLECTOR

(a) FUNCTIONAL DIAGRAM

EMITTER COLLECTOR
"

BASE

(b) n-p-n TRANSISTOR

EMITTER /~ \ COLLECTOR

&)

BASE

(c) p-n-p TRANSISTOR

Fig. 11—Functional diagram and sche-
matic symbols for bipolar transistors.

an n-p-n transmitter the emitter 1s
made negative with respect to both
the collector and the base, and the
collector is made positive with re-
spect to both the emitter and the
base. In a p-n-p transistor, the emit-
ter is made positive with respect to
both the collector and the base, and
the collector is made negative with
respect to both emitter and base.
The transistor, which is a three-
element device, can be used for a
wide variety of control functions, in-
cluding amplification, oscillation, and
frequency conversion. A complete
description of the fabrication, elec-
trical characteristics, and basic cir-
cuits of bipolar transistors is given
in the section on Bipolar Transistors.
A relatively new type of transistor
is called the MOS field-effect tran-
sistor. The structural diagrams of
the enhancement type and the de-
pletion type in Fig. 12 show the
gate, source, and drain electrodes,
which are equivalent to the base,
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GATE

INSULATION
(Si02)
DRAIN

...........

\\ \—~SUBSTRATE
\
“— CHANNEL (a)

GATE INSULATION

(Si0o)
DRAIN

SOURCE

------
ol s

(b)

Fig. 12— MOS field-effect transistor struc-
tures: (a) depletion type, (b) enhancement

type.

emitter, and collector electrodes, re-
spectively, of a bipolar transistor.
The signal voltage applied to the
gate electrode is used to control the
conductivity of the semiconductor
layer immediately below the gate
and between the source and drain
layers. Because of their very high
input impedance and square-law
transfer characteristics, MOS tran-
sistors are especially suitable for
use as voltage amplifiers. Fig. 13
shows the schematic symbols which
indicate whether the transistor is

n-CHANNEL n-CHANNEL
DEPLETION TYPE ENHANCEMENT TYPE

D D
B B
G S G S

p ~-CHANNEL p -CHANNEL
DEPLETION TYPE ENHANCEMENT TYPE

D D
B B
G S G S

Fig. 13—Schematic symbols for MOS
transistors (G = gate, D = drain, B = ac-
tive bulk, § = source).

9

n-channel or p-channel, depletion-
type or enhancement-type. A full
description of these devices is given
in the section on MOS Field-Effect
Transistors.

When alternate layers of p-type
and n-type semiconductor materials
are arranged in a series array, vari-
ous types of thyristors can be pro-
duced. The term thyristor is the
generic name for semiconductor de-
vices that have electrical charac-
teristics similar to those of thyratron
tubes. The three basic types of thy-
ristors are the bidirectional trigger
diode called the diac, the reverse
blocking triode called the silicon
controlled rectifier or SCR, and the
bidirectional triode thyristor, called
the triac. The diac, shown in Fig.
14, is a two-electrode, three-layer
device having the same doping level
at both junctions and a ‘“floating”
base. The device conducts current in

o— o n | p }—oO

DIAC
(b)

5

Fig. 14—Junction diagram (a) and sche-
matic symbol (b) for a diac.

either direction after the applied
voltage exceeds a certain value called
the “breakover voltage.” The SCR
1s a three-electrode, four-layer de-
vice, as shown in Fig. 15. The SCR
behaves as a conventional rectifier
to block current flow in the reverse
direction and as a transistor switch
in the forward direction to first
block current and then conduct
through the device when a current
pulse of sufficient magnitude is ap-
plied to the gate electrode. The
triac i1s a three-electrode, five-layer
device, as shown in Fig. 16, which
exhibits the forward-blocking—
forward-conducting voltage-current
characteristic of the SCR structure
for either direction of voltage ap-
plied to the main terminals. The
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schematic symbols for these thyris-
tor devices are also shown in Figs.
14, 15, and 16. A complete descrip-

ANODE | | CATHODE
TERMINAL — TERMINAL

(a) <L GATE
TERMINAL

CATHODE

GATE
SCR

ANODE (CASE)

Fig. 15—Junction diagram (a) and sche-
matic symbol (b) for a silicon controlled
rectifier or SCR.

tion of these devices is given in the
section on Thyristors.

MAIN
MAIN TERMINAL |
TERMINALZ‘ . | N o O
O GATE
LU S W OTERMINAL

n

MAIN TERMINAL |

O
MAIN TERMINAL 2
(CASE)

Fig. 16—Junction diagram (a) and sche-
matic symbol (b) for a triac.
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Bipolar Transistors

p-n Junction biased in the re-

verse direction is equivalent to
a high-resistance element (low
current for a given applied volt-
age), while a junction biased in the
forward direction is equivalent to
a low-resistance element (high cur-
rent for a given applied voltage).
Because the power developed by a
given current is greater in a high-
resistance eiement than in a low-
resistance element (P = I°R), power
galn can be obtained in a structure
containing two such resistance ele-
ments 1f the current flow is not
materially reduced. A device con-
taining two p-n junctions biased in
opposite directions is called a junc-
tion or bipolar transistor.

Such a two-junction device is
shown in Fig. 17. The thick end layers
are made of the same type of mate-
rial (n-type in this case), and are
separated by a very thin layer of the
opposite type of material (p-type in
the device shown). By means of the

OUTPUT

npn!h

@ ﬁ
ELECTRON
§ FLOW
-+ -+
‘ AI————[IF

Fig. 17—An

n-p-n structure biased for
power gain.

external batteries, the left-hand (n-p)
junction is biased in the forward

direction to provide a low-resistance
Input circuit, and the right-hand
(p-n) junction is biased in the re-
verse direction to provide a high-
resistance output circuit.

Electrons flow easily from the left-
hand n-type region to the center p-
type region as a result of the forward
biasing. Most of these electrons dif-
fuse through the thin p-type region,
however, and are attracted by the
positive potential of the external bat-
tery across the right-hand junction.
In practical devices, approximately
95 to 99.5 per cent of the electron
current reaches the right-hand n-
type region. This high percentage of
current penetration provides power
gain 1n the high-resistance output
circuit and is the basis for transistor
amplification capability.

The operation of p-n-p devices is
similar to that shown for the n-p-n
device, except that the bias-voltage
polarities are reversed, and electron-
current flow is in the opposite direc-
tion. (Many discussions of semicon-
ductor theory assume that the ‘“holes”
iIn semiconductor material constitute
the charge carriers in p-n-p devices,
and discuss ‘“hole currents” for these
devices and ‘‘electron currents” for
n-p-n devices. Other texts discuss
neither hole current nor electron cur-
rent, but rather “conventional current
flow”’, which 1s assumed to travel
through a circuit in a direction from
the positive terminal of the external
battery back to its negative terminal.
For the sake of simplicity, this dis-
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cussion will be restricted to the con-
cept of electron current flow, which
travels from a negative to a positive
terminal.)

DESIGN AND FABRICATION

The ultimate aim of all tran-
sistor fabrication techniques is the
construction of two parallel p-n junc-
tions with controlled spacing between
the junctions and controlled impurity
levels on both sides of each junction.
A variety of structures has been
developed in the course of transistor
evolution.

The earliest transistors made were
of the point-contact type. In this
type of structure, two pointed wires
were placed next to each other on an
n-type block of semiconductor ma-
terial. The p-n junctions were formed
by electrical pulsing of the wires.
This type has been superseded by
junction transistors, which are fab-
ricated by various alloy, diffusion,
and crystal-growth techniques.

In grown-junction transistors, the
impurity content of the semiconduc-
tor material i1s changed during the
growth of the original crystal ingot
to provide the p-n-p or n-p-n regions.
The grown crystal is then sliced
into a large number of small-area
devices, and contacts are made to
each region of the devices. Fig. 18(a)
shows a cross-section of a grown-
junction transistor.

In alloy-junction transistors, two
small “dots” of a p-type or n-type
impurity element are placed on op-
posite sides of a thin wafer of n-type
or p-type semiconductor material,
respectively, as shown in Fig. 18(b).
After proper heating, the impurity
“dots” alloy with the semiconductor
material to form the regions for the
emitter and collector junctions. The
base connection in this structure is
made to the original semiconductor
wafer.

The drift-field transistor is a mod-
ified alloy-junction device in which
the impurity concentration in the
base wafer 1s diffused or graded, as
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ic) DRIFT-FIELD TYPE
Fig. 18—Cross-sections of junction
sistors.

tran-

shown in Fig. 18(c¢). Two advantages
are derived from this structure:
(a) the resultant built-in voltage or
“drift field” speeds current flow, and
(b) the ability to use a heavy im-
purity concentration in the vicinity
of the emitter and a light concen-
tration in the vicinity of the col-
lector makes it possible to minimize
capacitive charging times. Both
these advantages lead to a substan-
tial extension of the frequency per-
formance over the alloy-junction
device.

The diffused-junction transistor
represents a major advance in tran-
sistor technology because increased
control over junction spacings and
impurity levels makes possible sig-
nificant improvements in transistor
performance capabilities. A cross-
section of a single-diffused ‘“home-
taxial” structure is shown in Fig.
19(a). Hometaxial transistors are
fabricated by simultaneous diffusion
of impurity from each side of a homo-
geneously doped base wafer. A mesa
or flat-topped peak 1s etched on one
side of the wafer in an intricate de-
sign to define the transistor emitter



Bipolar Transistors

and expose the base region for con-
nection of metal contacts. Large
amounts of heat can be dissipated
from a hometaxial structure through
the highly conductive solder joint
between the semiconductor material
and the device package. This struc-
ture provides a very low collector
resistance.

Double-diffused transistors have an
additional degree of freedom for
selection of the impurity levels and
junction spacings of the base, emit-
ter, and collector. This structure pro-
vides high voltage capability through
a lightly doped collector region with-
out compromise of the junction spac-
ings which determine device {fre-
quency response and other important
characteristics. Fig. 19(b) shows a
typical double-diffused transistor;
the emitter and base junctions are
diffused into the same side of the
original semiconductor wafer, which
serves as the collector. A mesa 1is
usually etched through the base re-
gion to reduce the collector area at
the base-to-collector junction and to
provide a stable semiconductor sur-
face.

Double-diffused planar transistors
provide the added advantage of pro-
tection or passivation of the emitter-
to-base and collector-to-base junction
surfaces. Fig. 19(c) shows a typical
double-diffused planar transistor. The
base and emitter regions terminate
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at the top surface of the semicon-
ductor wafer under the protection of
an insulating layer. Photolitho-
graphic and masking techniques are
used to provide for diffusion of both
base and emitter impurities in selec-
tive areas of the semiconductor
wafer.

In triple-diffused transistors, a
heavily doped region diffused from
the bottom of the semiconductor
wafer effectively reduces the thick-
ness of the lightly doped collector
region to a value dictated only by
electric-field considerations. Thus, the
thickness of the lightly doped or
high-resistivity portion of the col-
lector is minimized to obtain a low
collector resistance. A section of a
triple-diffused planar structure is
shown in Fig. 19(d).

Epitaxial transistors differ from
diffused structures in the manner in
which the various regions are fabri-
cated. Epitaxial structures are grown
on top of a semiconductor wafer in a
high-temperature reaction chamber.
The growth proceeds atom by atom,
and is a perfect extension of the
crystal lattice of the wafer on which
it is grown. In the epitaxial-base
transistor shown in Fig. 20(a) a
lightly doped base region is de-
posited by epitaxial techniques on a
heavily doped collector wafer of
opposite-type dopant. Photolitho-
graphic and masking techniques and
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Fig. 19—Cross-sections of diffused transistors.
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Fig. 20—Cross-sections of epitaxial tran-
sistors.

a single impurity diffusion are used
to define the emitter region. This
structure offers the advantages of
low collector resistance and easy
control of impurity spacings and
emitter geometry. A variation of
this structure uses two epitaxial
layers. A thin lightly doped epi-
taxial layer used for the collector
is deposited over the original heavily
doped semiconductor wafer prior to
the epitaxial deposition of the base
region. The collector epitaxial layer
is of opposite-type dopant to the
epitaxial base layer. This structure,
shown in Fig. 20(b), has the added
advantage of higher voltage ratings
provided by the epitaxial collector
layer.

The overlay transistor is a double-
diffused epitaxial device which em-
ploys a unique emitter structure. A
large number of separate emitters
are tied together by diffused and
metalized regions to increase the
emitter edge-to-area ratio and reduce
the charging-time constants of the
transistor without compromise of
current- and power-handling capa-
bility. Fig. 20(c¢) shows a section

through a typical overlay emitter
region.

After fabrication, individual tran-
sistor chips are mechanically sepa-
rated and mounted on individual
headers. Connector wires are then
bonded to the metalized regions, and
each unit is encased in plastic or a
hermetically sealed enclosure. In
power transistors, the wafer 1s us-
ually soldered or alloyed to a solid
metal header to provide for high
thermal conductivity and low-resis-
tance collector contacts, and low-
resistance contacts are soldered or
metal-bonded from the emitter or
base metalizing contacts to the ap-
propriate package leads. This pack-
aging concept results in a simple
structure that can be readily attached
to a variety of circuit heat sinks and
can safely withstand power dissipa-
tions of hundreds of watts and cur-
rents of tens of amperes.

BASIC CIRCUITS

Bipolar transistors are ideal cur-
rent amplifiers. When a small signal
current is applied to the input termi-
nals of a bipolar transistor, an am-
plified reproduction of this signal
appears at the output terminals.
Although there are six possible ways
of connecting the input signal, only
three useful circuit configurations
exist for current or power amplifi-
cation: common-base, common-emit-
ter, and common-collector. In the
common-base (or ground-base) con-
nection shown in Fig. 21, the signal
is introduced into the emitter-base
circuit and extracted from the collec-
tor-base circuit. (Thus the base
element of the transistor is common
to both the input and output cir-
cuits). Because the input or emitter-
base ecircuit has a low impedance
(resistance plus reactance) in the
order of 0.5 to 50 ohms, and the
output or collector-base circuit has
a high impedance in the order of
1000 ohms to one megohm, the
voltage or power gain in this type
of configuration may be in the order
of 1500.
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Fig. 2]1—Common-base circuit configura-
tion.

The direction of the arrows in Fig.
17 indicates electron current flow.
As stated previously, most of the cur-
rent from the emitter flows to the col-
lector; the remainder flows through
the base. In practical transistors,
from 95 to 99.5 per cent of the emit-
ter current reaches the collector. The
current gain of this configuration,
therefore, is always less than unity,
usually in the order of 0.95 to 0.995.

The waveforms in Fig. 21 repre-
sent the input voltage produced by
the signal generator e, and the out-
put voltage developed across the
load resistor R.. When the input
voltage is positive, as shown at AB,
1t opposes the forward bias produced
by the base-emitter battery, and thus
reduces current flow through the
n-p-n transistor. The reduced elec-
tron current flow through R. then
causes the top point of the resistor
to become less negative (or more
positive) with respect to the lower
point, as shown at A’'B’ on the out-
put waveform. Conversely, when the
input signal is negative, as at CD,
the output signal is also negative,
as at C’'D’. Thus, the phase of the
signal remains unchanged in this
circuit, i.e., there is no voltage phase
reversal between the input and the
output of a common-base amplifier.

In the common-emitter (or
grounded-emitter) connection shown
in Fig. 22 the signal is introduced
into the base-emitter circuit and ex-
tracted from the collector-emitter
circuit. This configuration has more
moderate input and output imped-
ances than the common-base circuit.
The input (base-emitter) impedance
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1s in the range of 20 to 5000 ohms,
and the output (collector-emitter)
impedance is about 50 to £0,000
ohms. Power gains in the order of
10,000 (or approximately 40 dB) can
be realized with this circuit because
it provides both current gain and
voltage gain.

Current gain in the common-
emitter configuration is measured be-
tween the base and the -collector,
rather than between the emitter and
the collector as in the common-base
circuit. Because a very small change
in base current produces a relatively
large change in collector current, the
current gain is always greater than
unity in a common-emitter circuit;
a typical value is about 50.

The input signal voltage under-
goes a phase reversal of 180 degrees
In a common-emitter amplifier, as
shown by the waveforms in Fig. 22.
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Fig. 22—Common-emitter circuit con-

figuration.

When the input voltage is positive,
as shown at AB, it increases the
forward bias across the base-emitter
junction, and thus increases the total
current flow through the transistor.
The increased electron flow through
R. then causes the output voltage
to become negative, as shown at
A'B’. During the second half-cycle
of the waveform, the process is re-
versed, l.e., when the input signal is
negative, the output signal is posi-
tive (as shown at CD and C'D’.)
The third type of connection, shown
in Fig. 23, is the common-collector
(or grounded-collector) -circuit. In
this configuration, the signal is intro-
duced into the base-collector circuit
and extracted from the emitter-
collector circuit. Because the input
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impedance of the transistor is high
and the output impedance low in
this connection, the voltage gain 1is
less than unity and the power gain
is usually lower than that obtained
in either a common-base or a com-
mon-emitter circuit. The common-
collector circuit is used primarily as
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Fig. 23—Common-collector circuit con-

figuration.

an impedance-matching device. As In
the case of the common-base circuit,
there is no phase reversal of the sig-
nal between the input and the output.

The circuits shown in Figs. 21
through 23 are biased for n-p-n tran-
sistors. When p-n-p transistors are
used, the polarities of the batteries
must be reversed. The voltage phase
relationships, however, remain the
same.

CHARACTERISTICS

THE term “characteristic” is used
to identify the distinguishing elec-
trical features and values of a tran-
sistor. These values may be shown
in curve form or they may be tabu-
lated. When the characteristies values
are given in curve form, the curves
may be used for the determination
of transistor performance and the
calculation of additional transistor
parameters.

Characteristics values are obtained
from electrical measurements of tran-
sistors in various circuits under cer-
tain definite conditions of current and
voltage. Static characteristics are ob-
tained with dc potentials applied to
the transistor electrodes. Dynamic
characteristics are obtained with an
ac voltage on one electrode under
various conditions of dec¢ potentials

on all the electrodes. The dynamic
characteristics, therefore, are indica-
tive of the performance capabilities
of the transistor under actual work-
ing conditions.

Published data for transistors in-

clude hoth electrode characteristic
curves and transfer characteristic
curves. These curves present the

same information, but in two differ-
ent forms to provide more useful
data. Because transistors are used
most often in the common-emitter
configuration, characteristic curves
are usually shown for the collector
or output electrode. The collector-
characteristic curve is obtained by
varying collector-to-emitter voltage
and measuring collector current for
different values of base current. The
transfer-characteristic curve is ob-
tained by varying the base-to-emitter
(bias) voltage or current at a speci-
fied or constant collector voltage,
and measuring collector current. A
collector-characteristic family of
curves is shown in Fig. 24. Fig. 25
shows transfer-characteristic curves
for the same transistor.

Y v -

TYPE 2N3053
FREE-AIR TEMPERATURE (Tgy)=25°C

\O .

* 5
6 |

— 4

——————————

V2

g e R
/ W L | |
200 #~ —+—1—2—
| | '
100f; "BASE _CURRENT
l (Ig)=|mA
R
0 2 4 6 8 10
COLLECTOR-TO-EMITTER VOLTS (Vcg)

COLLECTOR CURRENT (I o) MILLIAMPERES

92CS-12327T

Fig. 24—Collector-characteristic curves.

A measure of the current gain
of a transistor is its forward current-
transfer ratio, i.e., the ratio of the
current in the output electrode to
the current in the input electrode.
Because of the different ways In
which transistors may be connected
in circuits, the forward current-
transfer ratio is specified for a
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Fig. 25—Transfer-characteristic curves.

particular circuit configuration. The
common-base forward current-trans-
fer ratio 1is often called alpha
(or a), and the common-emitter for-
ward current-transfer ratio is often
called beta (or B).

In the common-base circuit shown
in Fig. 21 the emitter is the input
electrode and the collector is the
output electrode. The dc alpha, there-
fore, is the ratio of the steady-state
collector current I- to the steady-
state emitter current Ig:

XA = — = —— = ()98

In the common-emitter circuit
shown in Fig. 22, the base is the
input electrode and the collector is
the output electrode. The dc¢ beta,
therefore, is the ratio of the steady-
state collector current I. to the
steady-state base current Ig:

_lc 0981
1p 0.021

Because the ratios given above are
based on steady-state currents, they
are properly called dec alpha and
dc beta. It is more common, how-
ever, for the current-transfer ratio
to be given in terms of the ratio
of signal currents in the input and
output electrodes, or the ratio of
a change in the output current to
the input signal current which
causes the change. Fig. 26 shows

49

17

typical electrode currents in a
common-emitter circuit (a) under no-
signal conditions and (h) with a
one-microampere signal applied to
the base. The signal current of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>