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This Manual, like its preceding editions,
is useful to engineers, educators, students,
radio amateurs, hobbyists, and others who
are technically interested in bipolar tran-
sistors, MOS field-effect transistors, thyris-
tors, silicon rectifiers, and other solid-state
diodes. It provides detailed information on
the operation, technology, circuit applica-
tions, and testing of such devices, as well as
definitive characteristics and ratings on all
current RCA types.

This edition has been expanded and up-
dated to cover the latest developments in
solid-state device technology and applica-
tions. In addition, the technical data has
been grouped according to product types to
facilitate selection of the optimum device
for a particular application. A complete index
to specific devices is provided at the back of
the Manual. The popular Circuits Section has
also been augmented by several new types
of circuits, and circuits previously included
have been modified and updated as required
to reflect current practices in circuit design
and applications.
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Materials, Junctions,

OLID-STATE devices are small

but versatile units that can per-
form an amazing variety of control
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, solid-state devices
have many important advantages
over other types of electron devices.
They are very small and light in
weight (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, solid-state 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 ———>
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<«—— 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

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,

it 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
electron is then held very loosely by
the atom, as shown in Fig. 3, and

ELECTRON~PAIR
BON!

SEMICONDUCTOR
ATOMS

IMPURITY EXCESS
ATOM ELECTRON
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.,
its 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 is 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 is substituted in the
lattice structure. Although all the
valence electrons of the impurity
atom form electron-pair bonds with
electrons of neighboring semiconduc-
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
is increased and the resistivity is
reduced.

The vacancy or hole in the crystal
structure is 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 solid-state 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
-y +
ooooig;— E R —
0000 _————
0000 |8 | — — — —
8ooo,g§ (=== =
0 -
220! =3
HOLES 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

et ——————v
| S S —

IMAGINARY

+ 9PACE-CHARGE

EQUIVALENT
BATTERY

-+

Fig. 6—Potential gradient across space-
charge region.

is used merely to illustrate internal
effects; the potential it represents
is not directly measurable.) The
potential gradient causes a flow

ELECTRON FLOW

=

(o) REVERSE BIAS

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 voitage 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

sk
ol
{b) FORWARD BIAS

Fig. 7—Electron current flow in biased p-n junctions.
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p-type material are attracted toward
the megative 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-
ists 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
said 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 is quite high. Current in the
reverse-bias region is usually much
lower. Excessive voltage (bias) in
either direction should be avoided in
normal applications because exces-
sive currents and the resuiting high
temperatures may permanently dam-
age the solid-state device.

FORWARD
CURRENT
(MILLIAMPERES)

T

«+—REVERSE BIAS

FORWARD BIAS—»

URRENT
(MICROAMPERES)

REVERSE
lc

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

TYPES OF DEVICES

The simplest type of solid-state
device is the diode, which is repre-
sented 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 u ANODE

Fig. 9—Schematic symbol for a solid-
state 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 solid-state diode is the sili-
con rectifier. These devices are avail-
able in a wide range of current
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INPUT

SIGNAL (") 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 diode and other special types
(i.e., varactor, voltage-reference,
and compensating diodes) are de-
scribed in the section on Other
Solid-State Diodes.

When another layer is added to a
semiconductor diode to form three
layers (two junctions), a device is
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(c), electrons
flow from the collector to the emit-
ter. In other words, the direction of

dc 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 /7 \ COLLECTOR

BASE
(b} n~p-n TRANSISTOR

EMITTER /7 \ COLLECTOR

BASE

{c) p-n-~p TRANSISTOR

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

an n-p-n transistor the emitter is
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.
The field-effect transistor (FET)
is another type of solid-state de-
vice that is becoming increasingly
popular in electronie circuits. Funec-
tionally, this type of transistor dif-
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fers from the bipolar transistor in
that current flow through the de-
vice is controlled by variation of
the electric field established by a
control voltage rather than by vari-
ation of the current injected into
the base terminal. Field-effect tran-
sistors exhibit many of the electrical
characteristics of electron tubes, but
still retain the inherent advantages
of solid-state devices (e.g., small
size, low power consumption, and
mechanical ruggedness). On the
basis of structural and functional dif-
ferences, these devices are classified
as either junction-gate field-effect
transistors (JFET) or metal-oxide-
semiconductor field-effect transis-
tors (MOS/FET). Although in both
types the conduction current is con-
trolled by an electric field, the elec-
trical characteristics of these devices
differ significantly.

Fig. 12 shows the schematic sym-
bols for both n-channel and p-
channel junction-gate field-effect
transistors. The gate, source, and

DRAIN DRAIN
GATE GATE
SOURCE SOURCE
n- CHANNEL p-CHANNEL

Fig. 12—Schematic symbols for junction-
gate field-effect transistors (JFET).

drain electrodes of these devices are
equivalent to the base, emitter, and
collector electrodes, respectively, of
bipolar transistors. A signal voltage
applied to the gate electrode controls
the conductivity of the semiconduc-
tor layer immediately below the
gate, between the source and drain
terminals. The n-channel type,
which is analogous to an n-p-n bi-
polar transistor, is operated with

the drain at a positive potential
with respect to the source terminal.
In the schematic symbol, this type
is indicated by an arrow in the
gate lead that points into the de-
vice. The drain potential for the p-
channel type, which is analogous to
a p-n-p bipolar transistor, is nega-
tive with respect to the source termi-
nal. In the schematic symbol for
this type, the arrow in the gate lead
points away from the device.

Fig. 13 shows the schematic sym-
bols for both n-channel and p-chan-
nel versions of the basic classes of
MOS field-effect transistors, i.e.,
enhancement types and depletion
types. The arrow used in the sche-
matic symbol to indicate whether a
device is an n-channel type (points
inward) or a p-channel type (points
outward) is shown in thé lead from
the substrate terminal. The sub-
strate terminal is connected to the
semiconductor substrate (also re-
ferred to as the active “bulk’”) on
which the transistor is fabricated.

The technology for MOS field-
effect transistors is more versatile
than that for junction-gate types.
Specific categories of MOS field-
effect transistors have been designed
with unique characteristics that
make them ideal for linear (analog)
and digital applications. For ex-
ample, the depletion type is fre-
quently used in linear applications,
and the enhancement type is ideal
for digital applications. An enhance-
ment type of MOS field-effect tran-
sistor is equivalent to a ‘“normally
open” switch, as indicated in the
schematic symbol by the gaps in the
source-to-drain path. The depletion
type, however, is normally conduc-
tive and its source-to-drain path is
shown continuous in the schematic
symbol. The enhancement-MOS/
FET technology is being used in-
creasingly in the fabrication of
integrated circuits for digital appli-
cation, particularly for large-scale-
integration (LSI) circuits. A com-
prehensive description of MOS/FET
devices is given in the section on
MOS Field-Effect Transistors,
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DRAIN DRAIN
SUBSTRATE
VT T SUBSTRATE
SOURCE SOURCE
n-CHANNEL p-CHANNEL
DEPLETION TYPES
DRAIN DRAIN
SUBSTRATE SUBSTRATE
GATE GATE
SOURCE SOURCE
n=-CHANNEL p-CHANNEL

ENHANCEMENT TYPES

Fig. 13—Schematic symbols for metal-oxide-semiconductor field-effect transistors
(MOS/FET).

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 solid-state 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 s [« [+ Jo

(a)

DIAC
(b)

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
is a three-electrode, four-layer de-
vice, as shown in Fig. 15. The SCR

o—l p n p n I-—o
ANODE CATHODE
TERMINAL TERMINAL

(a) I GATE
TERMINAL

CATHODE

GATE
<CR

ANODE (CASE)

Fig. 15—Junction diagram (a) and sche-
matic symbol (b) for a silicon controlled
rectifier or 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
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pulse of sufficient magnitude is ap-
plied to the gate electrode. The
triac is 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

11

for either direction of voltage ap-
plied to the main terminals. The
schematic symbols for these thyris-
tor devices are also shown in Figs.
14, 15, and 16. A complete descrip-
tion of these devices is given in the
section on Thyristors.

MAIN
n TERMINAL |

MAIN
TERMINALZ‘ o 1l @
n

p

(a)

GATE
o TERMINAL

MAIN TERMINAL

TRIAC

(b)

GATE

MAIN TERMINAL 2
(CASE)

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

A 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 2
given current is greater in a high-
resistance element than in a low-
resistance element (P = I’'R), power
gain can be obtained in a structure
containing two such resistance ele-
ments if 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

ELECTRON ‘
FLOW

- l||+——L——-4[1 a2

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 in 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”
in 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 is 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 is 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 is diffused or graded, as

13

COLLECTOR
CONTACT

EMITTER

BASE
CONTACT

REGION
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{b) ALLOY-JUNCTION TYPE

EMITTER
DOT

DIFFUSED
BASE REGION

UNDIFFUSED BASE
R
COLLECTOR " MATERIAL
{c) DRIFT-FIELD TYPE
Fig. 18—Cross-sections of junction tran-
sistors.

shown in Fig. 18(¢). 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-junetion 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 is etched on one
side of the wafer in an intricate de-
sign to define the transistor emitter
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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 is
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

EMITTER METAL
BASE CONTACT EMITTER CONTACT

BASE METAL DIFFUSED EMITTER
DIFFUSED_—f - =
BASE > [ B =
/ PACKAGE
SOLDER
DIFFUSED COLLECTOR D TE

{LOW RESISTANCE) (HOMOGENOUS)

{a) SINGLE-DIFFUSED "*HOMETAXIAL'* TYPE

BASE CONTACT  EMITTER CONTACT
DIFFUSED EMITTER

METAL FiLM DIFFUSED BASE
CONTACT UNDIFFUSED
SOLDER COLLECTOR

(b} DOUBLE-DIFFUSED TYPE

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

- hermetically
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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
sealed enclosure. In
power transistors, the wafer is 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 grounded-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 circuit 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 niegohm, the
voltage or power gain in this type
of configuration may be in the order
of 1500.
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Fig. 21—Conunon-base circuit configura-
tion,

The direction of the arrows in Fig.
21 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,
it 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

is in the range of 20 to 5000 ohms,
and the output (collector-emitter)
impedance is about 50 to 50,000
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.

0.98I —

g

Fig. 22—Common-emitter  circuit

figuration.

con-

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, i.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



Bipolar Transistors

impedance of the transistor is high
and the output impedance low in
this connection, the voltage gain is
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

0.98T—»
«0.02T
+ B

o G es .

) ¥ 8
D I .
e RL n 2
[ q
St D

Fig. 23—Common-collector
figuration,

circuit  con-

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

HE 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 characteristics 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 dc potentials
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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 both 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.
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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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typical electrode currents in a
common-emitter circuit (a) under no-
signal conditions and (b) with a
one-microampere signal applied to
the base. The signal current of one
microampere in the base causes a
change of 49 microamperes (147-98)
in the collector current. Thus the ac
beta for the transistor is 49.

The cutoff frequency of a transis-
tor is defined as the frequency at

Ig=98uA
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Fig. 25—Transfer-characteristic curves.

particular circuit configuration. The
common-base forward current-trans-
fer ratio is 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 de alpha, there-
fore, is the ratio of the steady-state
collector current Ic to the steady-
state emitter current Ig:

1o 0981
a—-I—E— i

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 Ic to the
steady-state base current In:

1o 0981
TIn 0021

= 0.98

Because the ratios given above are
based on steady-state currents, they
are properly called dc alpha and
de 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

iy
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Fig. 26—Electrode currents under (a) no-
signal and (b) signal conditions.

N

which the value of alpha (for a
common-base circuit) or beta (for a
common-emitter circuit) drops to
0.707 times its 1-kHz value. The
gain-bandwidth product is the fre-
quency at which the common-
emitter forward current-transfer
ratio (beta) is equal to unity. These
characteristics provide an approxi-
mate indication of the useful fre-
quency range of the device, and
help to determine the most suitable
circuit configuration for a particular
application. Fig. 27 shows typical
curves of alpha and beta as functions
of frequency.

Extrinsic transconductance may
be defined as the quotient of a small
change in collector current divided
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Fig. 27—Forward current-transfer ratio as
a function of frequency.

by the small change in emitter-to-
base voltage producing it, under the
condition that other voltages remain
unchanged. Thus, if an emitter-to-
base voltage change of 0.1 volt causes
a collector-current change of 3 milli-
amperes (0.003 ampere) with other
voltages constant, the transconduct-
ance is 0.003 divided by 0.1, or 0.03
mho. (A “mho” is the unit of con-
ductance, and was named by spelling
“ohm” backward.) For convenience,
a millionth of a mho, or a micro-
mho (umho), is used to express trans-
conductance. Thus, in the example,
0.03 mho is 30,000 micromhos.
Cutoff currents are small steady-
state reverse currents which flow
when a transistor is biased into
non-conduction. They consist of
leakage currents, which are related
to the surface characteristics of the
semiconductor material, and satura-
tion currents, which are related to
the impurity concentration in the
material and which increase with in-
creasing temperatures. Collector-
cutoff current is the steady-state
current which flows in the reverse-
biased collector-to-base circuit when
the emitter-to-base circuit is open.
Emitter-cutoff current is the cur-
rent which flows in the reverse-
biased emitter-to-base circuit when
the collector-to-base circuit is open.
Transistor breakdown voltages de-
fine the voltage values between two
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specitied electrodes at which the crys-
tal structure changes and current
begins to rise rapidly. The voltage
then remains relatively constant over
a wide range of electrode currents.
Breakdown voltages may be meas-
ured with the third electrode open,
shorted, or biased in either the for-
ward or the reverse direction. For
example, Fig. 28 shows a series of
collector-characteristic curves for
different base-bias conditions. It can
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Fig. 28—Typical  collector-characteristic
curves showing location of various break-
down voltages.

be seen that the collector-to-emitter
breakdown voltage increases as the
base-to-emitter bias decreases from
the normal forward values through
zero to reverse values. The symbols
shown on the abscissa are sometimes
used to designate collector-to-emitter
breakdown voltages with the base
open Vimceo, with external base-to-
emitter resistance Vemcer, with the
base shorted to the emitter Vsmces,
and with a reverse base-to-emitter
voltage Vamcey.

As the resistance in the base-to-
emitter circuit decreases, the col-
lector characteristic develops two
breakdown points, as shown in Fig.
28. After the initial breakdown, the
collector-to-emitter voltage decreases
with increasing collector current
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until another breakdown occurs at a
lower voltage. This minimum collec-
tor-to-emitter breakdown voltage is
called the sustaining voltage.

In large-area power transistors,
there is a limiting mechanism
referred to as “second breakdown”.
This condition is not a voltage break-
down, but rather an electrically and
thermally regenerative process in
which current is focused in a very
small area of the order of the diam-
eter of a human hair. The very
high current, together with the volt-
age across the transistor, causes a
localized heating that may melt a
minute hole from the collector to the
emitter of the transistor and thus
cause a short circuit. This regenera-
tive process is not initiated unless
certain high voltages and currents
are coincident for certain finite
lengths of time.

In conventional transistor struec-
tures, the limiting effects of second
breakdown vary directly with the am-
plitude of the applied voltage and
inversely with the width of the base
region. These effects are most severe
in power transistors in which nar-
row base structures are used to
achieve good high-frequency re-
sponse. In RCA “overlay” power
transistors, a special emitter con-
figuration is used to provide greater
current-handling capability and mini-
mize the possibility of “hot spots”
occurring at the emitter-base junc-
tion. This new design extends the
range of power and frequency over
which transistors can be operated
before second breakdown begins to
limit performance.

The curves at the left of Fig. 28
show typical collector characteristics
under normal forward-bias condi-
tions. For a given base input current,
the collector-to-emitter saturation
voltage is the minimum voltage re-
quired to maintain the transistor in
full conduction (i.e., in the satura-
tion region). Under saturation con-
ditions, a further increase in forward
bias produces no corresponding in-
crease in collector current. Saturation
voltages are very important in switch-

ing applications, and are usually
specified for several conditions of
electrode currents and ambient tem-
peratures.

Reach-through (or punch-through)
voltage defines the voltage value at
which the depletion region in the
collector region passes completely
through the base region and makes
contact at some point with the emit-
ter region. This “reach-through”
phenomenon results in a relatively
low-resistance path between the
emitter and the collector, and causes
a sharp increase in current. Punch-
through voltage does not result in
permanent damage to a transistor,
provided there is sufficient impedance
in the power-supply source to limit
transistor dissipation to safe values.

BIASING

For most non-switching applica-
tions, the operating point for a par-
ticular transistor is established by
the quiescent (de, no-signal) values
of collector voltage and emitter cur-
rent. In general, a transistor may be
considered as a current-operated de-
vice, i.e., the current flowing in the
emitter-base circuit controls the
current flowing in the collector cir-
cuit. The voltage and current values
selected, as well as the particular
biasing arrangement used, depend
upon both the transistor character-
istics and the specific requirements
of the application.

As mentioned previously, biasing
of a transistor for most applications
consists of forward bias across the
emitter-base junction and reverse
bias across the collector-base junc-
tion. In Figs. 21, 22, and 23, two
batteries were used to establish bias
of the correct polarity for an n-p-n
transistor in the common-base, com-
non-emitter, and common-collector
circuits, respectively. Many varia-
tions of these basic circuits can also
be used. (In these simplified de cir-
cuits, inductors and transformers are
represented only by their series re-
sistance.)
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A simplified biasing arrangement
for the common-base circuit is shown
in Fig. 29. Bias for both the collector-
base junction and the emitter-base

(b)

Fig. 29—Biasing network for common-base
circuit for (a) n-p-n and (b) p-n-p
transistors.

junction is obtained from the single
battery through the voltage-divider
network consisting of resistors R.
and Ri.. (For the n-p-n transistor
shown in Fig. 29(a) the emitter-base
junction is forward-biased because
the emitter is negative with respect
to the base, and the collector-base
junction is reverse-biased because
the collector is positive with respect
to the base, as shown. For the p-n-p
transistor shown in Fig. 29(b), the
polarity of the battery and of the
electrolytic bypass capacitor C; is
reversed.) The electron current I
from the battery and through the
voltage divider causes a voltage drop
across resistor R. which biases the
base. The proper amount of current
then flows through R, so that the cor-
rect emitter potential is established
to provide forward bias relative to
the base. This emitter current estab-
lishes the amount of collector current
which, in turn, causes a voltage drop
across R.. Simply stated, the voltage
divider consisting of R. and Rs: es-
tablishes the base potential; the base
potential essentially establishes the
emitter potential; the emitter poten-
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tial and resistor R. establish the
emitter current; the emitter current
establishes the collector current; and
the collector current and R, establish
the collector potential. R. is bypassed
with capacitor C, so that the base is
effectively grounded for ac signals.

A single battery can also be used
to bias the common-emitter circuit.
The simplified arrangement shown
in Fig. 30 is commonly called “fixed
bias”. In this case, both the base and
the collector are made positive with
respect to the emitter by means of
the battery. The base resistance Rs
is then selected to provide the desired
base current Iz for the transistor
(which, in turn, establishes the de-
sired emitter current Ix), by means
of the following expression:

VBB - VBE

Is

where Vgs is the battery supply volt-
age and Var is the base-to-emitter
voltage of the transistor.

In the circuit shown, for example,
the battery voltage is six volts. The

Ry =

200000 SRe
OHMS
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Fig. 30—"“Fixed-bias" arrangement for
common-emitter circuit.

value of Ry was selected to provide
a base current of 27 microamperes,
as follows:

6 — 0.6

Re = o7 %107

= 200,000 ohms

The fixed-bias arrangement shown
in Fig. 30, however, is not a satis-
factory method of biasing the base
in a common-emitter circuit. The
critical base current in this type of
circuit is very difficult to maintain
under fixed-bias conditions because
of variations between transistors
and the sensitivity of these devices
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to temperature changes. This prob-
lem is partially overcome in the “self-
bias” arrangement shown in Fig. 31.

[og O

Fig. 31—*Self-bias” arrangement for com-
mon-emitter circuit.

In this circuit, the base resistor is
tied directly to the collector. This
connection helps to stabilize the oper-
ating point because an increase or
decrease in collector current pro-
duces a corresponding decrease or
increase in base bias. The value of
Rr is then determined as described
above, except that the collector volt-
age Ver is used in place of the sup-
ply voltage Vgs:

VCE - VBE
Is

3—-06 90
T x10° — ,000 ohms
The arrangement shown in Fig. 31
overcomes many of the disadvan-
tages of fixed bias, although it re-
duces the effective gain of the circuit.

In the bias method shown in Fig.
32 the voltage-divider network com-
posed of R, and R. provides the

Ry =

+
= Ves

O- - -0
Fig. 32—Bias network using voltage-
divider arrangement for increased
stability.

required forward bias across the
base-emitter junction. The value of

the base bias voltage is determined
by the current through the voltage
divider. This type of circuit provides
less gain than the circuit of Fig. 31,
but is commonly used because of its
inherent stability.

The common-emitter circuits shown
in Figs. 33 and 34 may be used to
provide stability and yet minimize
loss of gain. In Fig. 33, a resistor

O c O
Fig. 33—Bias network using emitter sta-
bilizing resistor.

R; is added to the emitter circuit,
and the base resistor R, is returned
to the positive terminal of the bat-
tery instead of to the collector. The
emitter resistor Ry provides addi-
tional stability. It is bypassed with
capacitor Ce. The value of Cg de-
pends on the lowest frequency to be

amplified.

In Fig. 34 the R:R; voltage-divider
network is split, and all ac feedback
currents through R.: are shunted to
ground (bypassed) by capacitor C..

Rz Rg

Rl%
o - et

Fig. 34—Bias network using split voltage-
divider network.

The value of Rs; is usually larger

than the value of R.. The total re-

sistance of R. and R; should equal

the resistance of R, in Fig. 32.

In practical circuit applications.
any combination of the arrange-
ments shown in Figs. 31, 32, 33, and
34 may be used. However, the sta-
bility of Figs. 31, 32, and 34 may be
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poor unless the voltage drop across
the load resistor R: is at least one-
third the value of the supply volt-
age. The determining factors in the
selection of the biasing circuit are
usually gain and bias stability (which
is discussed later).

In many cases, the bias network
may include special elements to com-
pensate for the effects of variations
in ambient temperature or in sup-
ply voltage. For example, the therm-
istor (temperature-sensitive resis-
tor) shown in Fig. 35(a) is used to
compensate for the rapid increase
of collector current with increasing

SUPPLY SUPPLY

VOLTAGE VOLTAGE

8- B-
b
BIAS BIAS

VOLTAGE —C voLTacE

% opiooE

THERMISTOR

(a) (b)

Fig. 35—Bias networks including (a) a
thermistor and (b) a voltage-compensating
diode.

temperature. Because the thermistor
resistance decreases as the tempera-
ture increases, the emitter-to-base
bias voltage is reduced and the col-
lector current tends to remain con-
stant. The addition of the shunt and
series resistances provides most ef-
fective compensation over a desired
temperature range.

The diode biasing network shown
in Fig. 35(b) stabilizes collector cur-
rent for variations in both tempera-
ture and supply voltage. The for-
ward-biased diode current determines
a bias voltage which establishes the
transistor idling current (collector
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current under no-signal conditions).
As the temperature increases, this
bias voltage decreases. Because the
transistor characteristic also shifts
in the same direction and magnitude,
however, the idling current remains
essentially independent of tempera-
ture. Temperature stabilization with
a properly designed diode network is
substantially better than that pro-
vided by most thermistor bias net-
works. Any temperature-stabilizing
element should be thermally close to
the transistor being stabilized.

In addition, the diode bias current
varies in direct proportion with
changes in supply voltage. The re-
sultant change in bias voltage is
small, however, so that the idling
current also changes in direct pro-
portion to the supply voltage. Sup-
ply-voltage stabilization with a diode
biasing network reduces current
variation to about one-fifth that ob-
tained when resistor or thermistor
bias is used for a germanium tran-
sistor and one-fifteenth for a silicon
transistor.

The bias networks of Figs. 30
through 34 are generally used in
class A circuits. Class B circuits
normally employ the bias networks
shown in Fig. 35. The bias resistor
values for class B circuits are gen-
erally much lower than those for
class A circuits. )

BIAS STABILITY

Because transistor currents tend
to increase with temperature, it is
necessary in the design of transistor
circuits to include a “stability fac-
tor” to keep the collector-current
variation within tolerable values un-
der the expected high-temperature
operating conditions. The bias sta-
bility factor SF is expressed as the
ratio between a change in steady-
state collector current and the cor-
responding change in steady-state
collector-cutoff current.

For a given set of operating volt-
ages, the stability factor can be cal-
culated for a maximum permissible
rise in steady-state collector current
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from the room-temperature value,
as follows:

gp — Jews = Lo

Leso: — Icso

where Ic; and Icpo: are measured at
25°C, Icno- is measured at the maxi-
mum expected ambient (or junction)
temperature, and Icm.x is the maxi-
mum permissible collector current
for the specified collector-to-emitter
voltage at the maximum expected
ambient (or junction) temperature
(to keep transistor dissipation within
ratings).

The calculated values of SF can
then be used, together with the ap-
propriate values of beta and r.’ (base-
connection resistance), to determine
suitable resistance values for the
transistor circuit. Fig. 36 shows
equations for SF in terms of resist-
ance values for three typical circuit
configurations. The maximum value
which SF can assume is the value of
beta. Although this analysis was
originally made for germanium tran-
sistors, in which the collector satura-
tion current Ic, is relatively large,
the same type of analysis may be ap-
plied to interchangeability with beta
for silicon transistors.

COUPLING

Three basic methods are used to
couple transistor stages: trans-
former, resistance-capacitance, and
direct coupling.

The major advantage of trans.
former coupling is that it permits
power to be transferred from one
impedance level to another. A
transformer-coupled common-emitter
n-p-n stage is shown in Fig. 37. The
voltage step-down transformer T,
couples the signal from the collector
of the preceding stage to the base of
the common-emitter stage. The volt-
age loss inherent in this transformer
is not significant in transistor cir-
cuits because, as mentioned pre-
viously, the transistor is a current-
operated device. Although the voltage
is stepped down, the available cur-
rent is stepped up. The change in
base current resulting from the
presence of the signal causes an al-
ternating collector current to flow
in the primary winding of trans-
former T. and a power gain is ob-
tained between T, and T..

This use of a voltage step-down
transformer is similar to that in the
output stage of an audio amplifier,
where a step-down transformer is

R3
R3
Rg R3
. 2 | m
T o O~ T
= R
‘|’+ o Ry Rs Ry
sr=’s(R'+R2" _ B{Ri+Req) sp-BPHQ)
R2'+B R Req +8 R| a+8P
R2'=Rp+ rp' R4 Rs Q=R2'(R3+R4q+Rs5)+R4qRs5
Rea=R2 + e +Rs P=Rj (R3+R4+R5)+R3Rs
U
Ra'zRp + 1y R2'=R2 +rp

Fig. 36—Bias-stability-factor equations for three typical circuit configurations.
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normally used to drive the loud-
speaker, which is also a current-
operated device.

The voltage-divider network con-
sisting of resistors R, and R. in Fig.
37 provides bias for the transistor.

T2

E OUTPUT

C3

<
\L
4

+
=C2 RE% Vas
Fig. 37—Transformer-coupled

emitter stage.

b
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common-

The voltage divider is bypassed by
capacitor C, to avoid signal attenua-
tion. The stabilizing emitter resistor
Ri: permits normal variations of the
transistor and circuit elements to be
compensated for automatically with-
out adverse effects. This resistor R
is bypassed by capacitor C.. The
voltage supply Van is also bypassed,
by capacitor Ci, to prevent feedback
in the event that ac signal voltages
are developed across the power sup-
ply. Capacitors C: and C. may nor-
mally be replaced by a single
capacitor connected between the emit-
ter and the bottom of the secondary
winding of transformer T, with little
change in performance.

Cc

C

o—
RB] £

RL‘
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The use of resistance-capacitance
coupling usually permits some econ-
omy of circuit costs and reduction
of size, with some accompanying
sacrifice of gain. This method of
coupling is particularly desirable in
low-level, low-noise audio amplifier
stages to minimize hum pickup from
stray magnetic fields. Use of resist-
ance-capacitance (RC) coupling in
battery-operated equipment is usu-
ally limited to low-power operation.
The frequency response of an RC-
coupled stage is normally better than
that of a transformer-coupled stage.

Fig. 38 shows a two-stage RC-
coupled circuit using n-p-n transis-
tors in the common-emitter config-
uration. The method of bias is similar
to that used in the transformer-
coupled circuit of Fig. 37. The major
additional components are the col-
lector load resistances R:; and R
and the coupling capacitor C.. The
value of C. must be made fairly
large, in the order of 2 to 10 micro-
farads, because of the small input
and load resistances involved. (It
should be noted that electrolytic ca-
pacitors are normally used for cou-
pling in transistor audio circuits.
Polarity must be observed, therefore,
to obtain proper circuit operation.
Occasionally, excessive leakage cur-
rent through an electrolytic coupling
capacitor may adversely affect tran-
sistor operating currents.)

Impedance coupling is a modified
form of resistance-capacitance cou-

pling in which inductances are used

gne
Reo E

\
g
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Fig. 38—Two-stage resistance-capacitance coupled circuit.
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to replace the load resistors. This
type of coupling is rarely used ex-
cept in special applications where
supply voltages are low and cost is
not a significant factor.

Direct coupling is used primarily
when cost is an important factor.
(It should be noted that direct-
coupled amplifiers are not inherently
de amplifiers, i.e., that they cannot
always amplify dc signals. Low-
frequency response is usually limited
by other factors than the coupling
network.) In the direct-coupled am-
plifier shown in Fig. 39, resistor
R: serves as both the collector load
resistor for the first stage and the
bias resistor for the second stage.
Resistors R, and R. provide circuit
stability similar to that of Fig. 32
because the emitter voltage of tran-
sistor Q: and the collector voltage of
transistor Q. are within a few tenths
of a volt of each other.

Q
4 c

a pronounced effect on the gain
and power-output capabilities of
transistors. As a result, physical as-
pects such as layout, type of chassis,
shielding, and heat-sink considera-
tions are important in the design of
high-frequency amplifiers and os-
cillators.

General Considerations

In general, high-frequency circuits
are constructed on material such as
brass or aluminum which is either
silver-plated or machined to increase
conductivity. The input and output
circuits are “compartmentalized” by
use of a milling operation. Copper-
clad laminated or printed circuit
boards facilitate soldering opera-
tions, and have been used satisfac-
torily at frequencies up to 400
MHz when the entire copper sur-
face was kept intact and used for
the ground plane.

E Rz
AN

Fig. 39—Two-stage

Because so few circuit parts are
required in the direct-coupled ampli-
fier, maximum economy can be
achieved. However, the number of
stages which can be directly coupled
is limited. Temperature variation of
the bias current in one stage may be
amplified by all the stages, and
severe temperature instability may
result.

HIGH-FREQUENCY OPERATION

At frequencies of 100 MHz or
more, the effects of stray capaci-
tances and inductances, ground
paths, and feedback coupling have

direct-coupled circuit.

Because even a short lead pro-
vides a large impedance at high fre-
quencies, it is necessary to keep all
high-frequency leads as short as pos-
sible. This precaution is especially
important for ground connections
and for all connections to bypass ca-
pacitors and high-frequency filter
capacitors. It is recommended that
a common ground return be used for
each stage, and that short, direct
connections be made to the common
ground point. The emitter lead es-
pecially should be kept as short as
possible.

In many cases, problems of oscil-
lation and regenerative feedback are
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caused by unwanted ground currents
(i.e., ground-circuit feedback cur-
rents). An effective solution is to
isolate the ac signal path from the
dc path so that the signal does not
pass through the power supply by
way of the power leads. In a multi-
stage amplifier, the power leads
should enter the circuit at the high-
est power stage to minimize the
amount of signal on the common
power path. Lower-frequency oscil-
lations can be minimized by use of
a large capacitor across the power-
supply terminals. High-quality feed-
through capacitors should also be
used as the power-lead connections.

Particular care should be taken
with the lead dress of the input and
output circuits of high-frequency
stages so that the possibility of stray
coupling is minimized. Unshielded
leads connected to shielded compo-
nents should be dressed close to the
chassis. (In high-gain audio ampli-
fiers, these same precautions should
be taken to minimize the possibility
of self-oscillation.)

Feedback effects may occur in ra-
dio or television receivers as a result
of coupling between stages through
common voltage-supply circuits. Fil-
ters find an important use in mini-
mizing such effects., They should be
placed in voltage-supply leads to
each transistor to provide isolation
between stages,

Capacitors used in transistor rf
circuits, particularly at high frequen-
cies, should be mica or ceramic. For
audio bypassing, electrolytic capaci-
tors are required.

In highifrequency stages having
high gain,| undesired feedback may
occur and produce harmful effects on
circuit performance unless shielding
is used. The output circuit of each
stage is usually shielded from the
input of the stage, and each high-
frequency stage is usually shielded
from other [high-frequency stages. It
is also desirable to shield separately
each unit | of the high-frequency
stages. For| example, each if and rf
coil in a superheterodyne receiver
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may be mounted in a separate shield
can. Baffle plates may be mounted
on the ganged tuning capacitor to
shield each section of the capacitor
from the other section.

The shielding precautions required
in a circuit depend on the design of
the circuit and the layout of the
parts. When the metal case of a
transistor is grounded at the socket
terminal, the grounding connection
should be as short as possible to min-
imize lead inductance. Many transis-
tors have a separate lead connected
to the case and used as a ground
lead; where present, these leads are
indicated in the outline diagrams.

Transistor Requirements

The important performance ecri-
teria in rf power-amplifier circuits
are power output, power gain, and
efficiency. Transistors to be used
for power amplification must deliver
power efficiently with sufficient gain
in the frequency range of inter-
est.

Power Output—The power-output
capability of a transistor is de-
termined by the current- and volt-
age-handling capabilities of the
device in the frequency range of
interest. The current-handling cap-
ability of the transistor is limited
by its emitter periphery and the re-
sistivity of the epitaxial layer. The
voltage-handling capability of the
device is limited by the breakdown
voltages which are, in turn, limited
by the resistivity of the epitaxial
layer and by the penetration of the
junction.

Fig. 40 shows a typical family of
de collector characteristics with base
current as a parameter. The highest
breakdown voltage is that of the
collector-to-base junction Visricno;
the lowest voltage is that of the

- collector-to-emitter junction with the

base open Vmcro. Breakdown volt-
ages may vary anywhere between
these two values depending on how
the base is biased with respect to
the emitter or on the resistance be-
tween the emitter and the base, The
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Fig. 40—Collector current as a function
of collector-to-emitter voltage for a
typical rf transistor.

static Vceo and Vero values are re-
lated by the following equation:

VCBO
VCEO = (1 T hrs)'/"
where hre is the static forward-

current transfer ratio and n is an
empirical number that varies from
2.5 to 4 for n-p-n silicon transistors.
When rf input is applied, the break-
down voltage is substantially higher
than the dc or static value observed
in the Vceo mode. Substitution of
fr/f for hre in the equation for
Veeo yields the following result:

VCBO

cho(l‘f) [(f'r/f) + 1]1/1-
where fr is the dynamic gain-band-
width product and f is the frequency
of operation. This equation indi-
cates an increase in the breakdown
characteristic from the Vcro value
under de conditions to a value that
approaches Vcee at operating fre-
quencies equal to or greater than
fr.

Another parameter which limits
the power-handling capability of
the transistor is the saturation volt-
age. The rf value of the saturation
voltage Vcresam is  significantly
greater than the dc¢ value because
the active area is less at high fre-
quencies than at de.

In general, all rf power transis-
tors have operating voltage restric-
tions, and only current-handling
capability differentiates power tran-
sistors from small-signal units. At
high current levels, the emitter cur-
rent of a transistor is concentrated
at the emitter-base edge; therefore,
transistor current-handling capabil-
ity can be increased by the use
of emitter geometries which have
high emitter-periphery-to-emitter-
area ratios and by the use of im-
proved methods of growing collector
substrate material. Transistors in-
tended for large-signal applications
should be designed so that the peak
currents do not cause base widen-
ing, a condition that would limit the
current-handling capability of the
device. Base widening is severe in
transistors in which the collector
side of the collector-base junction
has a lower carrier concentration
and higher resistivity than the base
side of the junction. However, the
need for low-resistivity material in
the collector to handle high currents
without base widening severely
limits the breakdown voltages. As
a result, epitaxial layers of differ-
ent resistivity are ,often used for
different operational voltages.

Large-Signal Power Gain—The
power gain of a transistor power
amplifier is determined by the dy-
namic fr, the dynamic input imped-
ance, and the collector load imped-
ance; the collector load impedance
depends on the required power out-
put and the collector voltage swing.
The power gain, P.G., of a transis-
tor power amplifier may be ex-
pressed in many forms. The simplest
one is as follows:

_ (/) Ry
4 Re (Zun)

P.G

where Ry, is the real part of the col-
lector parallel-equivalent-load im-
pedance determined by the required
power output, and Z,, is the dynamic
input impedance when the collector
load impedance is Z..
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The equation for power gain
shows that for high-gain operation
large-signal or power transistors
should hq,ve a high current gain
which ren}ains constant as the large-
signal current level is varied. In
other worfis, transistors suitable for
large-signpl operation must provide
current gain under large-current-
swing conditions. Constant current
gain for varied current level can be
achieved with shallow diffusion tech-
niques.

The dymamic input impedance of
the transiFtor pellet varies consider-
ably under large-signal operation as
compared [to small-signal operation.
The resistive part of the input im-
pedance iq inversely proportional to
the area of the transistor and, there-
fore, to {he power output of the
device. The package parasitic induct-
ance has a significant effect on the
input impedance. A simple represen-
tation of |a common-emitter equiv-
alent transistor input circuit at uhf
and microwave frequences is shown
in Fig. 41| The large-signal R, and
Lin are different from the small-
signal values; therefore, their exact
quantitative analysis is difficult. The

Zin T Rp

Fig. 41—Equivalent input circuit of an
rf power transistor.

input impedance Z, can be expressed
as follows

wr
Zin = (r» forLe) +j (wLe-" re)

w

where wr = 2xfr, w = 27f, and L. is

the emitter parasitic inductance.
The parasitic emitter inductance

also has a significant effect on power
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gain, as indicated by the following
relation:

(f2/£)* Ru

PG =
4 (I‘b + wTLe)
The effect of the emitter parasitic
inductance is to reduce the power
gain,

Efficiency—Transistor efficiency is
determined with the device operat-
ing under signal-bias conditions. The
collector-to-base junction is reverse-
biased, and the emitter-to-base
junction is forward-biased partially
with the input drive signal. The col-
lector efficiency of a transistor rf
amplifier is defined as the ratio of the
rf power output at the frequency
of interest to the dc input power.
Therefore, high efficiency implies
that circuit loss is minimum and that
the ratio of the transistor output, the
parallel equivalent resistance, and
its collector load resistance are maxi-
mum. Thus, the transistor parameter
which limits the collector efficiency
is output admittance. The output ad-
mittance of a transistor pellet con-
sists of two parts: an output ca-
pacitance C., and an equivalent
parallel output resistance which ap-
proaches 1/wr C, at microwave fre-
quencies under small-signal condi-
tions. In a common-emitter circuit,
Cwv is essentially the output capaci-
tance because the impedance level
at the base is low relative to the
impedance level at the transistor
output. The output capacitance rep-
resents effectively the transistor
junction capacitance in series with
a resistance. If the collector re-
sistivity is increased, the effective
output capacitance and the collector-
base breakdown voltage are both
increased. In a power transistor,
variations in junction and epitaxial
thickness cause variations in Cos
with Vcg, as shown in Fig. 42. Thus,
the dynamic output capacitance is
a function of voltage swing and
power level. It can be shown that
the average C, under maximum volt-
age swing is equal to 2C.,, where



30 RCA Transistor, Thyristor, & Diode Manual

Cob is measured at the voltage value
of Ver. For a first approximation,
the large-signal output resistance
can be assumed to be inversely pro-
portional to C.». Because the ratio
of the transistor output resistance
to its collector load resistance de-
termines the collector efficiency, a
transistor with high output resist-
ance and, therefore, low C. is es-
sential.

Vep* VeetVp sin wt

=]

¥
wt
Fig. 42—Collector-to-base capacitance as
a function of collector-to-base voltage for
a typical rf power transistor.

Another transistor parameter that
affects the efficiency of the device
is the dissipation capability. The
maximum power that can be dissi-
pated before thermal runway oc-
curs depends on how well internal
transistor heat is removed. The
amount of heat removed by con-
duction is an inverse function of
the thermal resistance. The total
thermal resistance is equal to the
sum of several thermal drops in
series: from the collector junction
to the back of the pellet, at the
pellet-solder interface, at the solder
connection to the case, from the
case to the heat sink, and from the
heat sink to the atmosphere or am-
bient. These drops are usually di-
vided into two major groups,
junction-to-case thermal resistance
8;.c and case-to-ambient thermal
resistance 6c... Generally, power
transistors are designed for mini-

mum junction-to-case thermal re-
sistance. The thermal resistance ¢,
expressed in degrees C per watt of
dissipation, may be calculated for
the various sections of total heat-
flow path as follows:

6 = L/KA

where L is the distance that the
heat travels in inches, A is the area
of the path in square inches, and K
is the material constant in W/°C-
inches. K is equal to 2.12 for silicon,
5.2 for beryllium oxide, 9.7 for cop-
per, and 3.1 for aluminum. For a
given length and width, the thermal
resistance can thus be calculated for
most geometries. It has been com-
mon practice to characterize the
transistor heat dissipation by the
average device thermal resistance.
The average junction-to-ambient
thermal resistance ¢;.. of a device
can be expressed as follows:

_(T,—Ty)

03-4 = = 8;-c + Gc-a (OC/‘V)
lelns

One of the problems in power
dissipation is that of complete
mounting of the pellet so that there
is no discontinuity in the bond be-
tween pellet and mounting. Consid-
erable care must be used in selection
of the mounting system. At present,
microwave power transistors are
mounted with gold-silicon mounting
systems. It should be pointed out
that the dissipation of a microwave
power transistor is .considerably
higher under rf operation than under
dec operation. The junction tempera-
ture at radio frequencies is more a
function of the average device dis-
sipation than of the peak dissipa-
tion. The dissipation of a microwave
power transistor is also a function
of the thermal time constant.

SWITCHING

Transistor switching applications
are usually characterized by large-
signal nonlinear operation of the
devices. The switching transistor is
generally required to operate in
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either of two states: on or off. In
transistor switching circuits, the
common-emitter configuration is by
far the most widely used.

Typical output characteristics for
an n-p-n transistor in the common-
emitter configuration are shown in
Fig. 43. These characteristics are
divided into three regions of opera-
tion, i.e., cutoff region, active region,
and saturation region.
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Fig. 43—Typical collector characteristic of
an n-p-n transistor showing three princi-
pal regions involved in switching.

In the cutoff region, both the
emitter-base and collector-base junc-
tions are reverse-biased. Under
these conditions, the collector cur-
rent is very small, and is comparable
in magnitude to the leakage current
Icro, Icey, or Icno, depending on the
type of base-emitter biasing used.

Fig. 44 is a sketch of the minority-
carrier concentration in an n-p-n
transistor. For the cutoff condition,
the concentration is zero at both
junctions because both junctions are
reverse-biased, as shown by curve
1 in Fig. 44.

In the active region, the emitter-
base junction is forward-biased and
the collector-base junction is reverse-
biased. Switching from the cutoff
region to the active region is ac-
complished along a load line, as
indicated in Fig. 43. The speed of
transition through the active region
is a function of the frequency-re-
sponse characteristics of the device.
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Fig. 44—Minority-carrier concentrations

in an n-p-n transistor: (1) in cutoff re-
gion, (2) in active region at edge of satu-
ration region, (3) in saturation region.

The minority-carrier concentration
for the active region is shown by
curve 2 in Fig. 44.

The remaining region of opera-
tion is the saturation region. In this
region, the emitter-base and collec-
tor-base junctions are both forward-
biased. Because the forward voltage
drop across the emitter-base junction
under this condition [Viur(sat)] is
greater than that across the collec-
tor-base junction, there is a net
collector-to-emitter voltage referred
to as Vcr(sat). It is evident that any
series-resistance effects of the emit-
ter and collector also enter into de-
termining Vcr(sat). Because the
collector is now forward-biased, ad-
ditional carriers are injected into
the base, and some into the collector.
This minority-carrier concentration
is shown by curve 3 in Fig. 44.

A basic saturated-transistor
switching circuit is shown in Fig.
45. The voltage and current wave-
forms for this circuit under typical

Ic
-—

+Vg

J1

Fig. 45—Basic saturated transistor switch-
ing circuit.
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base-drive conditions are shown in
Fig. 46. Prior to the application of
the positive-going input pulse, the
emitter-base junction is reverse-
biased by a voltage —Vaur(off) =
Vse. Because the transistor is in the
cutoff region, the base current Iz is
the reverse leakage current Iggy,
which is negligible compared with
Is;, and the collector current Ic is
the reverse leakage current Icery,
which is negligible compared with
Vee/Re. When the positive-going
input pulse V; is applied, the base
current Iz immediately goes positive.

INPUT Vg
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Ic 0% 10%
o e O
Ve wideetee! o—tg—silge

COLLECTOR-TO-~ o
EMITTER
VOLTAGE
VcE VCE(SM)
Fig. 46—Voltage and current waveforms

for saturated switching circuit shown in
Fig. 45.

The collector current, however, does
not begin to increase until some
time later. This delay in the flow
of collector current (ts) results be-
cause the emitter and collector
capacitances do not allow the emit-
ter-base junction to become forward-
biased instantaneously. These ca-
pacitances must be charged from
their original negative potential
[—Ver(off)] to a forward bias suf-
ficient to cause the transistor to
conduct appreciably. After the
emitter-base junction is sufficiently
forward-biased, there is an addi-
tional delay caused by the time re-
quired for minority carriers which
are injected into the base to diffuse
across the base and be collected at
the collector. This delay is usually
negligible compared with the delay

introduced by the capacitive com-
ponent. The collector and emitter ca-
pacitances vary with the collector-
base and emitter-base junction volt-
ages, and increase as the voltage
Ve goes positive. An accurate de-
termination of total delay time,
therefore, requires knowledge of the
nonlinear characteristics of these
capacitances.

When the collector current Ic be-
gins to increase, the transistor has
made the transition from the cutoff
region into the active region. The
collector current takes a finite time
to reach its final value. This time,
called rise time (t.), is determined
by the gain-bandwidth product (fr),
the collector-to-emitter capacitance
(Cc), and the static forward current-
transfer ratio (hez) of the transis-
tor. At high collector currents and/
or low collector voltages, the effect
of this capacitance on rise time is
negligible, and the rise time of col-
lector current is inversely propor-
tional to fr. At low currents and/or
high voltages, the effect of gain-
bandwidth product is negligible, and
the rise time of collector current is
directly proportional to the product
RcCe. At intermediate currents and
voltages, the rise time is propor-
tional to the sum (%=f:) 4+ RcCe.
Under any of the above conditions,
the collector current responds ex-
ponentially to a step of base current.
If a turn-on base current (Im) is
applied to the device, and the product
Imhe: is less than Vee/Re, the
collector current rises exponentially
until it reaches the steady-state
value Imhes. If Imhes is greater than
Vee/Re, the collector current rises
toward the value Iwhre. The tran-
sistor becomes saturated when I¢
reaches the value Ios (= Vee/Re).
At this point, Ic is effectively
clamped at the value Vcc/Re.

The rise time, therefore, depends
on an exponential function of the
ratio Ics/Is : hrr. Because the values
of hgg, fr, and C¢ are not constant,
but vary with collector voltage and
current as the transistor is switch-
ing, the rise time as well as the
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delay time is dependent on nonlinear
transistor characteristics.

After the collector current of the
transistor has reached a steady-state
value Ics, the minority-charge dis-
tribution is that shown by curve 3
in Fig. 44. When the transistor is
turned off by returning the input
pulse to zero, the collector current
does not change immediately. This
delay is caused by the excess charge
in the base and collector regions,
which tends to maintain the collec-
tor current at the Ics value until
this charge decays to an amount
equal to that in the active region
at the edge of saturation (curve 2
in Fig 44). (The time required for
this charge to decay is called the
storage time [(t.). The rate of charge
decay is dete{mined by the minority-
carrier lifetime in the base and col-
lector regions, on the amount of
reverse “turn-off” base current (I.),
and on the oyverdrive “turn-on” cur-
rent (Is) which determined how
deeply the ‘Kransistor was driven
into saturation. (In non-saturated
switching, there is no excess charge
in the base region, so that storage
time is negljgible.)

When the stored charge (Qs) has
decayed to Fhe point where it is
equal to that at the edge of satura-
tion, the transistor again enters the
active region and the collector cur-
rent begins to decrease. This fall-
time portion |of the collector-current
characteristic is similar to the rise-
time portion| because the transistor
is again in jthe active region. The
fall time, hqwever, depends on Ig.,
whereas the rise time was dependent
on Is. Fall time, like rise time, also
depends on fr and Ce.

The approximate values of In,
Is2, and Ics for the circuit shown in
Fig, 45 are given by:

Vo|— Vipn — Vii(sat)

=T

In: — &5 + VnE(Sat)
Rs

Ies = k = ch(sat)
Re
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Switching Characteristics

The electrical characteristics for
a switching transistor, in general,
differ from that for a linear-ampli-
fier type of transistor in several
respects. The static forward current-
transfer ratio hre and the saturation
voltages Vce(sat) and Vgs(sat) are
of fundamental importance in a
switching transistor. The static for-
ward current-transfer ratio deter-
mines the maximum amount of
current amplification that can be
achieved in any given circuit, satu-
rated or non-saturated. The satura-
tion voltages are necessary for the
proper dc design of saturated cir-
cuits. Consequently, hre is always
specified for a switching transistor,
generally at two or more values of
collector current. Vcg(sat) and
Vse(sat) are specified at one or
more current levels for saturated
transistor applications. Control of
these three characteristics deter-
mines the performance of a given
transistor type over a broad range
of operating conditions. For non-
saturated applications, Vce(sat) and
Vse(sat) need not be specified. For
such applications, it is important to
specify Vee at specific values of col-
lector current and collector-to-emit-
ter voltage in the active region.

Because the collector and emitter
capacitances and the gain-bandwidth
product influence switching time,
these characteristics are specified for
most switching transistors. The col-
lector-base and emitter-base junction
capacitances are usually measured
at some value of reverse bias and
are designated C., and C», respec-
tively. The gain-bandwidth product
(fr) of the transistor is the fre-
quency at which the small-signal
forward current-transfer ratio (he)
is unity. Because this characteristic
falls off at 6 dB per octave above
the corner frequency, fr is usually
controlled by specifying the hr. at
a fixed frequency anywhere from
1/2 to 1/10 fr. Because Cob, Cu,
and fr vary nonlinearly over the
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operating range, these characteris-
tics are generally more useful as
figures of merit than as controls for
determining switching speeds. When
the switching speeds in a particular
application are of major importance,
it is preferable to specify the re-
quired switching speeds in the de-
sired switching circuit rather than
C.,h, Cn;, and f-r.

The storage time (t.) of a tran-
sistor is dependent on the stored
charge (Qs) and on the driving cur-
rent employed to switch the tran-
sistor between cutoff and saturation.
Consequently, either the stored
charge or the storage time under
heavy overdrive conditions should
be specified. Most recent transistor
specifications require that storage
time be specified.

Because of the dependence of the
switching times on current and volt-
age levels, these times are deter-
mined by the voltages and currents
employed in circuit operation.

Dissipation, Current, and
Voltage Ratings

Up to this point, no mention has
been made of dissipation, current,
and voltage ratings for a switching
transistor. The maximum continuous
ratings for dissipation and current
are determined in the same manner
as for any other transistor. In a
switching application, however, the
peak dissipation and current may be
permitted to exceed these continuous
ratings depending on the pulse dura-
tion, on the duty factor, and on the
thermal time constant of the tran-
sistor.

Voltage ratings for switching
transistors are more complicated.
In the basic switching circuit shown
in Fig. 45, three breakdown voltages
must be considered. When the tran-
sistor is turned off, the emitter-base
junction is reverse-biased by the
voltage Vir(off), (i.e., Vss), the
collector-base junction by Vee -+
Vun, and the emitter-to-collector
junction by + Vcc. To assure that
none of the voltage ratings for the

transistor is exceeded under ‘“off”

conditions, the following require-
ments must be met:
The minimum  emitter-to-base

breakdown voltage Vmmess must be
greater than Vge(off).

The minimum collector-to-base
breakdown voltage Vumeso must be
greater than Ve 4 Vae(off).

The minimum collector-to-emitter
breakdown voltage Vamern. must be
greater than Vee.

Vewmeso and Vameso are always
specified for a switching transistor.
The collector-to-emitter breakdown
voltage Vmmcro is usually specified
under open-base conditions. The
breakdown voltage BVcen. (the sub-
script “RL” indicates a resistive
load in the collector circuit) is gen-
erally higher than Vewmeeo. The re-
quirement that Vewmcro be greater
than Ve is overly pessimistic. The
requirement that Vsmcen, be greater
than Vee should be used wherever
applicable.

Coupled with the breakdown volt-
ages are the collector-to-emitter and
base-to-emitter transistor leakage
currents. These leakage currents
(Icev and Isev) are particularly im-
portant considerations at high oper-
ating temperatures. The subscript
“V” in these symbols indicates that
these leakage currents are specified
at a given emitter-to-base voltage
(either forward or reverse). In the
basic circuit of Fig. 41, these cur-
rents are determined by the follow-
ing conditions:

I('x-:\'l Ver
Im-:vf Ve

In a switching transistor, these leak-
age currents are usually controlled
not only at room temperature, but
also at some higher operating tem-
perature near the upper operational
limit of the transistor.

VCC
Vnn(Off) = —Vun

Inductive Switching

Most inductive switching circuits
can be represented by the basic
equivalent circuit shown in Fig. 47.
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This type of circuit requires a rapid
transfer of energy from the switched
inductance to the switching mechan-

Vee

TRANSISTOR
UNDER TEST

Fig. 47—Basic equivalent circuit for in-
ductive switching circuit.

ism, which may be a relay, a tran-
sistor, a commutating diode, or
some other device. Often an accurate
calculation of the energy to be dis-
sipated in the switching device is
required, particularly if that device
is a transistor. If the supply voltage
is low compared to the sustaining
breakdown voltage of the transistor
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breakdown (Es/v) rating curves.
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and if the series resistance of the in-
ductor can be ignored, then the en-
ergy to be dissipated is *% LI° This
type of rating for a transistor is
called “reverse-bias second break-
down.” The energy capability of a
transistor varies with the load in-
ductance and base-emitter reverse
bias. A typical set of ratings which
now appears in RCA published data
is shown on Fig. 48.

SAFE-OPERATING-AREA
RATINGS

During normal circuit operation,
power transistors are often required
to sustain high current and high
voltage simultaneously. The capa-
bility of a transistor to withstand
such conditions is normally shown
by use of a safe-operating-area
rating curve. This type of rating
curve defines, for both steady-state
and pulsed operation, the voltage-
current boundaries that result from
the combined limitations imposed by
voltage and current ratings, the
maximum allowable dissipation, and
the second-breakdown (I:/.) capa-
bilities of the transistor.

If the safe operating area of a
power transistor is limited within
any portion of the voltage-current
characteristics by thermal factors
(thermal impedance, maximum junc-
tion temperatures, or operating case
temperature), this limiting is defined
by a constant-power hyperbola
(I = KV~') which can be represented
on the log-log voltage-current curve
by a straight line that has a slope
of —1.

The energy level at which second
breakdown occurs in a power tran-
sistor increases as the time duration
of the applied voltage and current
decreases. The power-handling capa-
bility of the transistor also increases
with a decrease in pulse duration
because the thermal mass of the
power-transistor chip and associated
mounting hardware imparts an in-
herent thermal delay to a rise in
junction temperature.
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Fig. 49 shows a forward-bias
safe-area rating chart for a typical
silicon power transistor, the RCA-
2N 3585. The boundaries defined by
the curves in the safe-area chart
indicate, for both continuous-wave
and nonrepetitive-pulse operation,
the maximum current ratings, the
maximum collector-to-emitter for-
ward-bias avalanche breakdown-
voltage rating [VaM = 1, which is
usually approximated by Vero(sus)],
and the thermal and second-break-
down ratings of the transistors.

As shown in Fig. 49, the thermal
(dissipation) limiting of the 2N3585
ceases when the collector-to-emitter
voltage rises above 100 volts during
dc operation. Beyond this point, the
safe operating area of the transis-
tor is limited by the second-break-
down ratings. During pulsed opera-
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Fig. 49—Safe-area rating chart for the
2N3585 silicon power transistor.

tion, the thermal limiting extends
to higher values of collector-to-
emitter voltage before the second-
breakdown region is reached, and
as the pulse duration decreases,
the thermal-limited region increases.

If a transistor is to be operated
at a pulse duration that differs from
those shown on the safe-area chart,
the boundaries provided by the safe-
area curve for the next higher pulse
duration must be used, or the tran-
sistor manufacturer should be con-
sulted. Moreover, as indicated in
Fig. 49, safe-area ratings are norm-
ally given for single nonrepetitive
pulse operation at a case tempera-
ture of 25°C and must be derated
for operation at higher case tem-
peratures and under repetitive-pulse
or continuous-wave conditions.

Fig. 50 shows temperature derat-
ing curves for the 2N3585 safe-area
chart of Fig. 49. These curves show
that thermal ratings are affected
far more by increases in case tem-
perature than are second-breakdown
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Fig. 50—Sufe-area temperature-derating
curves for the 2N3585 silicon power
transistor.

ratings. The thermal (dissipation-
limited) derating curve decreases
linearly to zero at the maximum
junction temperature of the tran-
sistor [T;(max) = 200°C]. The sec-
ond-breakdown (I./,-limited) tem-
perature derating curve, however,
is less severe because the increase
in the formation of the high current
concentrations that cause second
breakdown is less than the increase
in dissipation factors as the tem-
perature increases.
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Because the thermal and second-
breakdown deratings are different,
it may be |necessary to use both
curves to determine the proper de-
rating factor for a voltage-current
point that pecurs near the break-
point of the thermal-limited and
second-breakdown-limited regions on
the safe-area curve. For this condi-
tion, a derating factor is read from
each derating curve. For one of
the readings, however, either the
thermal-limited section of the safe-
area curve must be extrapolated

upward in
breakdown-li
extrapolated

oltage or the second-
ited section must be
downward in voltage,

depending upon which side of the

voltage br
current point

kpoint the voltage-
is located. The smaller

of the collegtor-current values ob-

tained from

he thermal and second-

breakdown deratings must be used

as the safe

For pulsed
factor shown
plied to the
the safe-areq
derating, the
ture Tc(eff)
by the averag
T;(av). The
perature is

T, (av)

This approact

rating.

operation, the derating
in Fig. 50 must be ap-
appropriate curve on
rating chart. For the
effective case tempera-
may be approximated
re junction temperature
average junction tem-
determined as follows:

=Tc+ Par (6;-¢)

1 results in a conserva-

tive rating fq

of the transi
determinatio
putation of

r the pulsed capability
tor. A more accurate
can be made by com-
actual instantaneous

junction temperatures. (For more
detailed information on safe-area
ratings and |temperature derating
the reader should refer to the RCA

Power Circuits Manual,

Series SP-51,
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the case of high-speed devices. The
most obvious precaution against such
damage is humidity control in stor-
age and operating areas. In addi-
tion, it is desirable that transistors
be stored and transported in metal
trays rather than in polystyrene
foam ‘“snow”. During testing and
installation, both the equipment and
the operator should be grounded,
and all power should be turned off
when the device is inserted into the
socket. Grounded plates may also
be used for stockpiling of transis-
tors prior to or after testing, or for
use in testing ovens or on operating
life racks. Further protection against
static charges can be provided by
use of partially conducting floor
planes and non-insulating footwear
for all personnel.

Environmental temperature also
affects performance. Variations of as
little as 5 per cent can cause changes
of as much as 50 per cent in the
saturation current of a transistor.
Some test operators can cause
marked changes in measurements of
saturation current because the heat
of their hands affects the transistors
they work on. Precautions against
temperature effects include air-
conditioning systems, use of finger
cots in handling of transistors (or
use of pliers or “plug-in boards” to
eliminate handling), and accurate
monitoring and control of tempera-
ture near the devices. Prior to test-
ing, it is also desirable to allow
sufficient time (about 5 minutes) for
a transistor to stabilize if it has been
subjected to temperature much
higher or lower than normal room
temperature (25°C).

Although transient rf fields are
not usually of sufficient magnitude
to cause permanent damage to tran-
sistors, they can interfere with ac-
curate measurement of characteris-
tics at very low signal levels or at
high frequencies. For this reason,
it is desirable to check for such
radiation periodically and to elimi-
nate its causes. In addition, sensitive
measurements should be made in
shielded screen rooms if possible.
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Care must also be taken to avoid
the exposure of transistors to other
ac or magnetic fields.

Many transistor characteristics are
sensitive to variations in tempera-
ture, and may change enough at high
operating temperatures to affect cir-
cuit performance. Fig. 51 illustrates
the effect of increasing temperature
on the common-emitter forward cur-
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rent-transfer ratio (beta), the dc
collector-cutoff current, and the in-
put and output impedances. To avoid
undesired changes in circuit opera-
tion, it is recommended that tran-
sistors be located away from heat
sources in equipment, and also that
provisions be made for adequate heat
dissipation and, if necessary, for
temperature compensation.
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Fig. 51—Variation of transistor character-
istics with temperature.
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| MOS Field-Effect

l
[

FIELD-EFFECT transistors rep-
resent a unique and important
category of electronic components.
These devices combine many of the
desirable characteristics of electron
tubes with small size, low power
consumption, mechanical rugged-
ness, and other advantages inherent
in solid-state devices. For example,
these devices can provide a square-
law transfer characteristic that is
especially desirable for amplification
of multiple signals in rf amplifiers
that are required to exhibit excep-
tionally low cross-modulation effects.
In this section, the basic opera-
tion and structure of the various
types of field-effect transistors are
briefly described and compared. The
main emphasis, however, is placed
on metal-oxide-semiconductor field-
effect transistors, which are becom-
ing increasily popular in electronic-
circuit applications, particularly in
receiver rf-amplifier and mixer cir-
cuits. The fabrication, -electrical
characteristics, biasing, and basic
circuit configurations of these de-
vices are discussed, and the integral
gate-protection system developed for
dual-gate types is explained.

TYPES OF
FIELD-EFFECT TRANSISTORS

Field-effect transistors (FET’s)
derive their name from the fact that
current flow in them is controlled

Transistors

by variation of an electric field es-
tablished by application of a voltage
to a control electrode referred to as
the gate. In contrast, current flow
in bipolar transistors is controlled
by variation of the current injected
into the base terminal. Moreover,
the performance of bipolar transis-
tors depends on the interaction of
two types of charge carriers (holes
and electrons). Field-effect transis-
tors, however, are unipolar devices;
as a result, their operation is basic-
ally a function of only one type
of charge carrier, holes in p-
channel devices and electrons in n-
channel devices.

A charge-control concept can be
used to explain the basic operation
of field-effect transistors. A charge
on the gate (control electrode) in-
duces an equal, but opposite, charge
in a semiconductor layer, referred
to as the channel, located directly
beneath the gate. The charge in-
duced in the channel controls the
conduction of current through the
channel and, therefore, between the
source and drain terminals which
are connected to opposite ends of the
channel.

Discrete-device field-effect tran-
sistors are classified, on the basis of
their control-gate construction, as
either junction-gate types or metal-
oxide-semiconductor types. Although
both types operate on the basic prin-
ciple that current conduction is con-
trolled by variation of an electric
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field, the significant difference in
their gate construction results in
unique characteristics and advan-
tages for each type.

Junction-Gate Types

Junction-gate field-effect transis-
tors, which are commonly referred to
as JFET’s or, in popular parlance,
as JUG-FET’s, may be either n-
channel or p-channel devices. Fig. 52
shows the structure of an n-channel
junction-gate field-effect transistor,
together with the schematic symbols
for both n-channel and p-channel
versions of these devices. The struc-
ture for a p-channel device is iden-
tical to that of an n-channel device
with the exception that n- and p-
type semiconductor materials are
replaced by p- and n-type materials,
respectively.

In both types of junction-gate
devices, a thin channel under the
gate provides a conductive path be-
tween the source and drain termi-

GATE TERMINAL
| DRAIN TERMINAL

SOURCE
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Fig. 52—Junction-gate field-effect transis-

tor (JFET): (a) side-view cross section of

an n-channel device; (b) schematic symbols
for n- and p-channel devices.

nals with zero gate-bias voltage.
A p-n junction is formed at the
interface of the gate and the
source-to-drain layer. When this
junction is reverse-biased, current
conduction in the channel between
the source and drain terminals is
controlled by the magnitude of re-
verse-bias voltage, which if sufficient
can virtually cut off the flow of cur-
rent through the channel. If the
junction becomes forward-biased,
the input resistance (i.e., resistance
between the gate and the source-
to-drain layer) decreases sharply,
and an appreciable amount of gate
current flows. Under such condi-
tions, the gate loading reduces the
amplitude of the input signal, and
a significant reduction in power gain
results. This characteristic is a
major disadvantage of junction-gate
field-effect transistors. Another un-
desirable feature of these devices
is that the leakage currents across
the reverse-biased p-n junction can
vary markedly with changes in am-
bient temperature. This latter fac-
tor tends to complicate circuit de-
sign considerations. Nonetheless, the
junction-gate field-effect transistor
is a very useful device in many
small-signal-amplifier and chopper
applications.

Metal-Oxide-Semiconductor
Types

Figs. 53 and 54 show the struc-
tures and schematic symbols for both
enhancement and depletion types
of metal-oxide-semiconductor field-
effect transistors (MOS/FET'S). In
these devices, the metallic gate is
electrically insulated from the semi-
conductor surface by a thin layer of
silicon dioxide. These devices, which
are commonly referred to as MOS
field-effect transistors or, more sim-
ply, as MOS transistors, derive their
name from the tri-layer construction
of metal, oxide, and semiconductor
material. Another name sometimes
used for them is IGFET, which is an
acronym for insulated-gate field-
effect transistor. Insulation of the
gate from the remainder of the
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Fig. 53—Enhancement-type metal-oxide-

semiconductor field-effect transistor (MOS/

FET): (a) side-view cross section of an

n-channel device; (b) schematic symbols
of n- and p-channel devices.

transistor structure results in an
exceedingly high input resistance
(i.e., in the order of 10" ohms). It
should be realized that the metal
gate and the semiconductor channel
form a capacitor in which the oxide
layer serves as the dielectric insu-
lator.
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The marked differences in the
construction of enhancement and de-
pletion types of MOS field-effect
transistors, as is apparent from a
comparison of Figs. 53(a) and
54(a), results in significant differ-
ences in the characteristics of these
devices and, therefore, in the appli-
cations in which they are normally

employed. (The differences in the
OXIDE
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Fig. 54—Depletion-type metal-oxide-semi-

conductor  field-effect transistor (MOS/

FET): (a) side-view cross section of an

n-channel device; (b) schematic symbols
for n- and p-channel devices.
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characteristics of the two types of
MOS transistors are discussed sub-
sequently in the section on Electri-
cal Characteristics.)

Enhancement-Type Devices—As
indicated by the interruptions in the
channel line of the schematic sym-
bols shown in Fig 53(b), enhance-
ment-type MOS field-effect transis-
tors are characterized by the fact
that they have a “normally open”
channel so that no useful channel
conductivity exists for either zero
or reverse gate bias. Consequently,
this type of device is ideal for use in
digital and switching applications.
The gate of the enhancement type
of MOS field-effect transistor must
be forward-biased with respect to
the source to produce the active
charge carriers in the channel re-
quired for conduction. When suffi-
cient forward-bias (positive) volt-
age is applied to the gate of an
n-channel device, the region under
the gate changes from p-type to n-
type and provides a conduction path
between the n-type source and drain
regions. Similarly, in p-channel de-
vices, application of sufficient nega-
tive gate voltage draws holes into
the region below the gate so that
this channel region changes from
n-type to p-type to provide a source-
to-drain conduction path.

The technology for enhancement-
type MOS field-effect transistors is
making its greatest impact in the
fabrication of integrated circuits for
digital applications, particularly in
large-scale-integration (LSI) cir-
cuits.

Depletion-Type . Devices—Deple-
tion-type MOS field-effect transis-
tors are characterized by the fact
that, with zero gate bias, the thin
channel under the gate region pro-
vides a conductive path between the
source and drain terminals. In the
schematic symbols for these devices,
shown in Fig. 54(b), the channel line
is drawn continuous to indicate this
“normally on” condition. When the
gate is reverse-biased (negative
with respect to the source for n-

channel devices, or positive with re-
spect to the source for p-channel
devices), the channel can be depleted
of charge carriers; conduction in the
channel, therefore, can be cut off if
the gate potential is sufficiently
high.

A unique characteristic of deple-
tion-type MOS transistors is that
additional charge carriers can be
produced in the channel and, there-
fore, conduction in the channel can
be increased by application of for-
ward bias to the gate. No reduction
in power gain occurs under these
conditions, as is the case in junction-
gate field-effect transistors, because
the oxide insulation between the
gate and the source-to-drain layer
blocks the flow of gate current even
when the gate is forward-biased.

The diagram shown in Fig. 54(a)
illustrates the structure of a single-
gate depletion-type MOS field-effect
transistor. Depletion-type MOS field-
effect transistors that have two in-
dependent insulated gate electrodes
are also available. These devices of-
fer unique advantages and repre-
sent the most important category of
MOS field-effect transistors.

Fig. 55(a) shows a cross-sectional
diagram of an n-channel depletion-
type dual-gate MOS field-effect tran-
sistor. The transistor includes three
terminating (n-diffused) regions con-
nected by two conductive channels,
each of which is controlled by its
own independent gate terminal. For
convenience of explanation, the tran-
sistor is shown divided into two
units, Unit No. 1 consists of the
source, gate No. 1, channel No. 1,
and the central n-region which func-
tions as drain No. 1. These elements
act as a conventional single-gate
depletion-type MOS field-effect tran-
sistor for which unit No. 2 functions
as a load resistor. Unit No. 2 con-
sists of the central n-region, which
functions as source No. 2, gate No.
2, channel No. 2, and the drain, This
unit may also be used as an inde-
pendent single-gate transistor for
which unit No. 1 acts as a source
resistor. Fig. 55(b) shows the sche-
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Fig. 55—Dual-gate n-channel depletion-

type metal-oxide-semiconductor field-effect

transistor (MOS/FET): (a) side-view cross
section; (b) schematic symbol.

matic symbol for an n-channel dual-
gate MOS field-effect transistor.

Equivalent-circuit representations

of the two units in a dual-gate MOS
transistor are shown in Fig. 56.

vp Vo
OlID llo

I
Rz/g"
UNIT NO.2 ._I

Fig. 56—Equivalent-circuit representation
of the two units in a dual-gate MOS
ﬁelfi-eﬂect transistor.
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Current can be cut off if either gate
is sufficiently reverse-biased with
respect to the source. When one gate
is biased to cutoff, a change in the
voltage on the other gate is equiva-
lent to a change in the value of a
resistor in series with a cut-off
transistor.

The dual-gate MOS field-effect
transistor is analogous to a multi-
grid electron tube in its versatility
for circuit applications. The inde-
pendent pair of gates makes this
device attractive for use in rf ampli-
fiers, gain-controlled amplifiers, mix-
ers, and demodulators. In a gain-
controlled amplifier, the signal is
applied to gate No. 1, and the gain-
control voltage is applied to gate No.
2. This arrangement is recommended
because the forward transconduct-
ance obtained with gate No. 1 is
higher than that obtained with gate
No. 2. Moreover, unit No. 2 is very
effective for isolation of the drain
and gate No. 1. This unit provides
sufficient isolation so that the dual-
gate devices can be operated at fre-
quencies into the uhf range without
the need for neutralization. Ex-
amples of the use of dual-gate

"MOS field-effect transistors in cir-

cuit applications are shown in the
Circuits section of this Manual.

A gate-protection system which
can be incorporated as an integral
part of the transistor structure has
been developed for dual-gate MOS
transistors. In devices that include
this system, a set of back-to-back
diodes is diffused directly into the
semiconductor pellet and connected
between each insulated gate and the
source. (The low junction capaci-
tance of the small diodes represents
a relatively insignificant addition to
the total capacitance that shunts the
gate.) Fig. 57 shows a cross-sectional
diagram and the schematic symbol
for an n-channel dual-gate-protected
depletion-type MOS field-effect tran-
sistor.

The back-to-back diodes do not
conduct unless the gate-to-source
voltage exceeds + 10 volts typically.
The transistor, therefore, can handle
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Fig. 57—Dual-gate-protected n-channel depletion-type MOS field-effect transistor: (a) side-

view cross section; (b)

a very wide dynamic signal swing
without significant conductive shunt-
ing effects by the diodes (leakage
through the ‘“nonconductive” diodes
is very low). If the potential on
either gate exceeds + 10 volts typi-
cally, the upper diode {shown in Fig.
57(b)] of the pair associated with
that particular gate becomes con-
ductive in the forward direction and
the lower diode breaks down in the
backward (zener) direction. In this
way, the back-to-back diode pair
provides a path to shunt excessive
positive charge from the gate to the
source. Similarly, if the potential on
either gate exceeds —10 volts typi-
cally, the lower diode becomes con-
ductive in the forward direction and
the upper diode breaks down in the
reverse direction to provide a shunt
path for excessive negative charge
from the gate to the source. (The
diode gate-protection. technique is

schematic symbol.

described in more detail in the fol-
lowing section on Integral Gate
Protection).

Dual-gate-protected MOS transis-
tors can be connected so that func-
tionally they are directly equivalent
to a single-gate type with gate pro-
tection. This method of connection is
shown in Fig. 58.

INTEGRAL GATE PROTECTION

The advent of an integral sys-
tem of gate-protection in MOS field-
effect transistors has resulted in a
class of solid-state devices that ex-
hibits ruggedness on a par with
other solid-state devices that pro-
vide comparable performance. The
gate-protection system mentioned in
the preceding section offers protec-
tion against static discharge during
handling operations without the need
for external shorting mechanisms.
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Fig, 58—Connection of a dual-gate-protected MOS field-effect transistor (a) so
that it is functionally equivalent to a single-gate-protected MOS field-effect transis-
tor (b).

This system also guards against po-
tential damage from in-circuit tran-
sients. Because the integral gate-
protection system has provided a
major impact on the acceptability of
MOS field-effect transistors for a
broad spectrum of applications, it
is pertinent to examine the rudi-
ments of this system.

Fig. 59 shows a simple equivalent
circuit for a source of static elec-
tricity that can deliver a potential
eo to the gate input of an MOS

Rs o

T
Es ,.[ Cp
Fig. 59—Equivalent circuit for a source
of static electricity.

transistor. The static potential Es
stored in an “equivalent” capacitor
Cyn must be discharged through an
internal generator resistance Rs.
Laboratory experiments indicate
that the human body acts as a static
(storage) source with a capacitance
Cv ranging from 100 to 200 pico-
farads and a resistance Rs greater
than 1000 ohms. Although the upper
limits of accumulated static voltage
can be very high, measurements sug-
gest that the potential stored by the

human body is usually less than
1000 volts. Experience has also in-
dicated that the likelihood of dam-
age to an MOS transistor as a result
of static discharge is greater dur-
ing handling than when the device
is installed in a typical circuit. In
an rf application, for example, static
potential discharged into the an-
tenna must traverse an input circuit
that normally provides a large de-
gree of attenuation to the static
surge before it appears at the gate
terminal of the MOS transistor. The
ideal gate-protection signal-limiting
circuit is a configuration that allows
for a signal, such as that shown in
Fig. 60(a), to be handled without
clipping or distortion, but limits the
amplitude of all transients that ex-
ceed a safe operating level, as shown
in Fig. 60(b). An arrangement of
back-to-back diodes, shown in Fig.
60(c), meets these requirements for
protection of the gate insulation in
MOS transistors.

Ideally, the transfer characteris-
tic of the protective signal-limiting
diodes should have an infinite slope
at limiting, as shown in Fig. 61(a).
Under these conditions, the static
potential across Cy in Fig. 61(b) dis-
charges through its internal imped-
ance Rs into the load represented by
the signal-limiting diodes. The ideal
signal-limiting diodes, which have
an infinite transfer slope, would then



46 RCA Transistor, Thyristor, & Diode Manual

[ I

€in

() mmmmm i m e

{a) PASS THIS SIGNAL {b)CL!P THE PEAKS
GREATER THAN
(+) AND (-] IN
AMPLITUDE

() DRAIN

GATE

ésouncs

(c) BACK-TO-BACK DIODES PROTECT
GATE INSULATION

Fig. 60—MOS gate-protection requirements
and a solution.

limit the voltage present at the gate
terminal to its knee value, ea. The
difference voltage e, appears as an
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Fig. 61—Transfer characteristic of protec-
tive diodes (a), and resulting waveforms in
equivalent circuit (b).

IR drop across the internal imped-
ance of the source R., i.e,e. = E. —
es where E, is the potential in the
source of static electricity and e. is
the diode voltage drop. The instan-
taneous value of the diode current is
then equal to e./R.. During physical
handling, practical peak values of
currents produced by static-electric-
ity discharges range from several
milliamperes to several hundred mil-
liamperes.

Fig. 62 shows a typical transfer
characteristic curve measured on a
typical set of back-to-back diodes
used to protect the gate insulation
in an MOS field-effect transistor that
is nominally rated for a gate-to-
source breakdown voltage of 20 volts.
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Fig. 62—Typical diode transfer character-
istic measured with I-microsecond pulse
width at a duty factor of 4 x 10-%.

The transfer-characteristic curves
show that the diodes will constrain
a transient impulse to potential val-
ues well below the =+20 volt limit,
even when the source of the tran-
sient surge is capable of delivering
several hundred milliamperes of cur-
rent. (These data were measured
with 1-microsecond pulses applied
to the protected gate at a duty-
factor of 4 x 107°).

FABRICATION

The fabrication techniques used to
produce MOS transistors are similar
to those used for modern high-speed
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silicon bipolar transistors. The start-
ing material for an n-channel tran-
sistor is a lightly doped p-type
silicon wafer. (Reversal of p-type
and n-type materials referred to in
this description produces a p-chan-
nel transistor.) After the wafer is
polished on one side and oxidized in
a furnace, photolithographic tech-
niques are used to etch away the
oxide coating and expose bare sili-
con in the source and drain regions.
The source and drain regions are
then formed by diffusion in a furnace
containing an n-type impurity (such
as phosphorus). If the transistor is
to be an lenhancement-type device,
no channe] diffusion is required. If
a depletion-type transistor is de-
sired, an n-type channel is formed
to bridge the space between the dif-
fused source and drain.

The wafer is then oxidized again
to cover the bare silicon regions,
and a second photolithographic and
etching step is performed to remove
the oxide in the contact regions.
After metal is evaporated over the
entire wafer, another photolitho-
graphic and etching step removes all
metal not needed for the ohmic con-
tacts to the source, drain, and gate.
The individual transistor chips are
then mechanically separated and
mounted on individual headers, con-
nector wires are bonded to the metal-
ized regions, and each unit is her-
metically séaled in its case in an
inert atmosphere. After testing, the
external leads of each device are
physically shorted together to pre-
vent electrostatic damage to the
gate insulation during branding and
shipping.

ELECTRICAL
CHARACTERISTICS

The basic eurrent-voltage relation-
ship for an MOS transistor is shown
in Fig. 63. With a constant gate-to-
source voltage (e.g., Vas = 0), the
resistance of the channel is essen-
tially constant, and current varies
directly with drain-to-source voltage
(Vos), as illystrated in region A-B.
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The flow of drain current (In) pro-
duces an IR drop along the channel.
The polarity of this drop is such as
to oppose the field produced within
the gate oxide by the gate bias. As
the drain voltage is increased, a
point is reached at which the IR
drop becomes sufficiently high so that
the capability of the gate field to
attract enough carriers into the
channel to sustain a higher drain-
current is nullified. When this con-
dition occurs (in the proximity of
point B in Fig. 63), the channel is
essentially depleted of carriers (i.e.,
becomes “constricted”), and drain
current increases very much more
slowly with further increases in
drain-to-source voltage Vus. This
condition leads to the description of
region B-C as the “pinch-off” region
because the channel “pinches off”
and the drain current (I,s) tends to
saturate at a constant value. Beyond
point C, the transistor enters the
“breakdown” region (also known as
the “punch-through” region), in
which unrestricted current flow and
damage to the transistor result if
current flow is not limited by the
external circuit.

le____ PINCH-OFF__
f REGION
- ' '
© | |
= |
= | |
o
& | (CONSTANT Vgs) |
o | I
z | |
& |
o ! |
| ]
. {
A B c

DRAIN- TO-SOURCE VOLTAGE (Vpg )

Fig. 63—Basic current-voltage relationship
for an MOS transistor.

MOS transistors are especially
useful in high-impedance voltage
amplifiers when they are operated
in the “pinch-off” region. The direct
variation in their channel resistance
(Region A-B in Fig. 63) makes them
very attractive for use in voltage-
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controlled resistor applications, such
as the chopper circuits used in con-
nection with some types of dc am-
plifiers.

Typical output characteristic
curves for n-channel MOS transistors
are shown in Fig. 64. The resem-
blance of these curves to the basic
curve shown in Fig. 63 should be
noted. (For p-channel transistors,
the polarity of the voltages and the
direction of the current are re-
versed.) Typical transfer character-
istics for n-channel single-gate
MOS transistors are shown in Fig.
65. (Again, voltage polarities and
current direction would be reversed
for p-channel devices.) The threshold
voltage (Vru) shown in connection
with the enhancement-type transis-
tor illustrates the “normally-open”
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Fig. 64—Typical output-characteristic
curves for n-channel MOS transistors.

J ENHANCEMENT TYPE

THRESHOLD
+ VOLTAGE

(V1)

(CONSTANT
Vvps!

DRAIN CURRENT (Ip)

YRS W W W S S

GATE-TO- SOURCE

VOLTAGE (Vgg)

DEPLETION TYPE

1+ o
=
T«
r oz
w
o
£3 {CONSTANT
o vops!
=]
<
[
o
Y W GRS TR W S R |

GATE-TO-SOURCE VOLTAGE (Vgg)

Fig. 65—Typical transfer characteristics
for n-channel MOS transistors.

source-drain characteristic of the
device. In these transistors, conduc-
tion does not begin until Ves is in-
creased to a particular value. Fig. 66
shows typical drain-current curves

° ]
/GATE-NO.Z—TO—

SOURCE VOLTS =0.5

}//\’
10
® /
/
"

DRAIN CURRENT ~ mA
IS
-\
\

—.0

=1.5
o

-3 -2 -1 0o 1 2
GATE~NO. | =TO-SOURCE VOLTAGE —V

Fig. 66—Drain current of a dual-gate MOSs

transistor as a function of gate-No. I-to-

source voltage for several values of gate-
No. 2-to-source voltage.
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for a dual-gate device as a function
of gate No. 1-to-source voltage for
several values of gate No. 2-to-
source voltage.

BIASING TECHNIQUES
FOR SINGLE-GATE
MOS TRANSISTORS

The bias required for operation of
a single-gate MOS transistor can
be supplied by use of a self-bias
(source-bias) arrangement, from a
supply of fixed bias, or, preferably,
by a combination of these methods.
Fig. 67 illustrates each of the three
biasing techniques.

The design of a self-bias circuit
is relatively simple and straight-
forward. For example, if a 3N128
MOS transistor is to be operated
with a drain-to-source voltage Vops
of 15 volts and a small-signal trans-
conductance gr of 7400 micromhos,

(+)

(=)

Ry
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conductance. The source voltage Vs,
the source resistance Rs, and the de
supply voltage Vi can then be readi-
ly calculated, as follows:

Vs = V(} _ V(;s = 1.1 volts
Rs = Vs/In = 1.1/5 = 220 ohms
Vb= Vs 4 Va=15 4 1.1
= 16.1 volts

The self-bias arrangement is satis-
factory for some applications. A par-
ticular source resistance, however,
must be selected for each device if
a specified drain current is required
because the drain-current character-
istics of individual devices can vary
significantly from the typical values,
The dashed-line curves in Fig. 68(b)
define the “high” and “low” limits
for the characteristics of the 3N128
MOS transistor. For example, the
zero-bias drain current Ipss can vary
from a low value of 5 milliamperes

(+) +) (+)
IID R lID
'
(+)
Ry Rg

(b} (€}

Fig. 67—Biasing arrangements for single-gate MOS transistors: (a) self-bias circuit;
(b) fixed bias supply; (c) combination of self bias and fixed bias.

the drain current I, required for
the specified value of transconduct-
ance is first obtained from published
curves, such as those shown in Fig.
68(a). Next, the gate-to-source volt-
age requireq for this value of drain
current is determined from another
published curve, such as the solid-
line curve shown in Fig. 68(b). These
curves indicate that the drain current
should be 5 milliamperes and that
the gate-to-source voltage should
be —1.1 volts for the specified values
of drain-to-source voltage and trans-

to a high value of 25 milliamperes,
a range of 20 milliamperes. Use of
a source resistor of 220 ohms, as
calculated in the preceding example,
reduces the range of the drain
current between “high” and “low”
3N128 transistors operated in self-
bias circuits from 20 milliamperes
to about 4 milliamperes. A reduction
of about 5 to 1 in the range of Ipss
values among individual devices can
be achieved, therefore, by a judicious
choice of the proper value of source
resistance.
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Fig. 68—Operating characteristics for ‘the
RCA-3N128 MOS transistor: (a) forward
transconductance as a function of drain
current; (b) drain current as a function of
gate-to-source voltage.

Fixed-bias-supply systems, such
as that shown in Fig. 68(b), are
generally unattractive for use with
MOS transistors for two main rea-
sons. First, this type of system is
undesirable because it requires the
use of a separate, negative-voltage
power supply. Second, as shown by
the curves in Fig. 68(b), for a fixed
bias supply of 1.1 volts, drain cur-
rent would be 14 milliamperes for a
“high” 3N128 transistor and would
be cut off for a “low” device. Con-
sequently, if an external bias sys-
tem is used provisions must be
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made for adjustment of the bias
voltage if a specific drain current
is required for a particular device.

The combination bias system
shown in Fig. 67(c) is the most
effective arrangement when an ap-
plication requires a specific drain
current despite the range of drain-
current characteristics encountered
among individual devices. Fig. 69
shows two families of characteristic
curves developed empirically for the
combination bias system shown in
Fig. 67(¢c). The family of curves on
the left is pertinent for operation at
a drain current of 5 milliamperes.
For operation at a drain current of
10 milliamperes, the family of curves
on the right should be used.

If a drain current of 5 milliam-
peres is desired, the pertinent curves
in Fig. 69 show that, for a source
resistance of 1000 ohms, a bias sys-
tem can provide this value of cur-
rent within 1 milliampere (as indi-
cated by projections of lines a and b
to the abscissa), despite a range of
5 to 25 milliamperes in the value of
Iiss for individual devices. A drain
current I, of 5 milliamperes, how-
ever, develops a self bias of —5 volts
across the 1000-ohm source resistor
Rs, and the transistor will be cut
off unless sufficient positive bias is
applied across the input resistors
(R. and R.) to establish the correct
operating point. The positive bias
voltage can be obtained from the
positive drain supply Vun so that
there is no need for a separate bias
supply. For a drain-to-source volt-
age Vs of 15 volts, a drain current
I, of 5 milliamperes, a gate-to-source
voltage Vas of —1.1 volts, and a
source resistance Rs of 1000 ohms,
the circuit parameters for the com-
bination bias system shown in Fig.
67(c) can be calculated as follows:

Vs = ILRs = (0.005) (1000)
= 5 volts
Vu:VG§+Vg:—ll+5
= 3.9 volts
Vnn = Vs + Vs =15 + 5
= 20 volts

Vion/Ve = (Ri 4+ R:)/R. = 20/3.9

=5.12
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Fig. 69—Drain current I, as a function of zero-bias drain current Ipgg for several
values of source resistance Rg.

The lower limits for the values
of the input resistors R: and R. are
determined on the basis of the maxi-
mum permissible loading of the in-
put circuit. The resistance that cor-
responds to this value is set equal
to the equivalent value of the paral-
lel combination of the two resistors.
For example, if the total resistance
in shunt with the input circuit is to
be no less 'than 50,000 ohms, the
values of R{ and R: are calculated
as follows:

Fig. 70—Circuit used to eliminate input-
circuit loading in rf-amplifier applications.

RlR:/(Rl + R:) = 50,000
(Ri 4 Re) /R = 5.12

Therefore, Ri = 256,000 ohms and
R: = 62,000 ohms.

In rf-circuit applications, the ef-
fects of input-circuit loading can be
circumvented by use of the circuit
arrangement shown in Fig. 70.

BIASING TECHNIQUES
FOR DUAL-GATE
MOS TRANSISTORS

The following example illustrates
the techniques used to provide the
bias required for operation of a dual-
gate MOS transistor. This example
assumes a typical application in
which a 3N140 dual-gate MOS tran-
sistor is required to operate with a
drain-to-source voltage Vus of 15
volts and a forward transconduct-
ance g of 10,500 micromhos. (The
techniques described for the 3N140
transistor are also applicable to dual-
gate-protected MOS transistors.)
The characteristic curves for the
3N140, shown in Fig. 71(a), indicate
that the desired value of transcon-
ductance can be obtained for a gate
No. 1-to-source voltage Vgs of —0.45
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volt and a gate No. 2-to-source volt-
age Vgs of +4 volts. The curves
in Fig. 71(b) show that for these
conditions the drain current I, is 10
milliamperes.
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Fig. 71—Operating characteristics for the

RCA-3N140 dual-gate MOS transistor:

(a) forward transconductance as a function

of gate-No. I-to-source voliage; (b) drain

current as a function of gate-No. I-to-
source voltage.

Fig. 72 shows a biasing arrange-
ment that can be used for dual-gate
MOS field-effect transistors. For the
application being considered, the

vVaGe
(REVERSE) 4
AGC

Rage é Ry % R3

i

Fig. 72—Typical biasing circuit for dual-
gate MOS field-effect transistors.

shunt resistance for gate No. 1 is
assumed to be 25,000 ohms. Gate No.
2 is operated at rf ground (by means
of adequate bypassing) and is biased
with a fixed dc potential. Empirical
experience with dual-gate MOS tran-
sistors has shown that a source re-
sistance of approximately 270 ohms
provides adequate self-bias for the
transistor for operation from the
proposed dc supply voltage. For this
value of source resistance, the re-
maining parameters of the bias cir-
cuit are obtained from the following
calculations:

Vs = IuRs = (0.010) (270)

= +42.7 volts

Va = Vs + Vs = (—045)
+ (42.7) = +2.25 volts

V(:'.' = V(;gs + V.\' pem (+40) + (+27)
= 46.7 volts

Vnu = Vus + Vs = (+15) + (+27)
= +417.7 volts

The values of the voltage-divider
resistances required to provide the
appropriate voltage at each gate are
determined in a manner similar to
that described for single-gate MOS
transistors. The value calculated for
R: is 197,000 ohms, that for R. is
28,600 ohms, and the ratio Ri/R: is
11.67.

The circuit shown in Fig. 72 is
normally used in rf amplifier appli-
cations. In this circuit, the signal
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voltage is applied at point “a”
through appropriate input circuitry.
If the age feature is not employed,
(e.g. in mixer circuits), the resistor
Riec is disconnected at point “b.”
In a mixer application, the local os-
cillator signal is injected at point
“b.’,

GENERAL CIRCUIT
CONFIGURATIONS

There are three basic single-stage
amplifier configurations for MOS
transistors; common-source, com-
mon-gate, and common-drain. Each
of these configurations provides cer-
tain advantages in particular appli-
cations.

The common-source arrangement
shown in Fig. 73 is most frequently
used. This configuration provides a

Fig. 73—Basic common-source circuit for
MOS field-effect transistors.

high input impedance, medium to
high output impedance, and voltage
gain greater than unity. The input
signal is applied between gate and
source, and the output signal is
taken between drain and source. The
voltage gain without feedback, A,
for the common-source circuit may
be determined as follows:

14 Tou RI.
Tos + RL

where g, is 'the gate-to-drain for-
ward transconductance of the tran-
sistor, r., is the common-source
output resistance, and R. is the ef-
fective load resistance. The addition
of an unbypassed source resistor to
the circuit of Fig. 78 produces nega-
tive voltage feedback proportional
to the output current. The voltage

A=
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gain with feedback, A’, for a com-
mon-source circuit is given by

Eta Toa RI.
Yo, + (€1s Tou + 1) Rs 4+ Re

where Rs is the total unbypassed
source resistance in series with the
source terminal. The common-source
output impedance with feedback, Z.,
is increased by the unbypassed
source resistor as follows:

Zo = Tos + (gh rol+1) RS

The common-drain arrangement,
shown in Fig. 74, is also fre-
quently referred to as a source-fol-
lower. In this configuration, the in-
put impedance is higher than in the
common-source configuration, the
output impedance is low, there is no
polarity reversal between input and
output, the voltage gain is always
less than unity, and distortion is
low. The source-follower is used in
applications which require reduced
input-circuit  capacitance, down-
ward impedance transformation, or
increased input-signal-handling ca-
pability. The input signal is effec-
tively injected between gate and
drain, and the output is taken be-
tween source and drain. The circuit
inherently has 100-per-cent negative

A =

S
VIN RS%
O 1
Fig. 74—Basic common-drain (or source-

follower) circuit for MOS transistors.

voltage feedback;
given by

its gain A’ is

— ~‘—Rs -
Tet1 1
- R

" s + .
Because the amplification factor (u)
of an MOS transistor is usually much
greater than unity, the equation for

Al
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gain in the source-follower can be
simplified as follows:

. Eits Rs
T 14 g Rs

For example, if it is assumed that
the gate-to-drain forward transcon-
ductance g« is 2000 micromhos
(2 x 10" mho) and the unbypassed
source resistance Rs is 500 ohms,
the stage gain A’ is 0.5. If the same
source resistance is used with a
transistor having a transconductance
of 10,000 micromhos (1 x 10~ mho),
the stage gain increases to 0.83.

When the resistor Ro is returned
to ground, as shown in Fig. 74, the
input resistance R of the source-
follower is equal to Rc. If Re is re-
turned to the source terminal, how-
ever, the effective input resistance
R/ is given by

AI

_ Lo
=1-a

where A’ is the voltage amplifica-
tion of the stage with feedback. For
example, if Re is one megohm and
A’ is 0.5, the effective resistance
R/ is two megohms.

If the load is resistive, the effec-
tive input capacitance C, of the
source-follower is reduced by the in-
herent voltage feedback and is
given by

C’ =cg + (1 —A") ¢

where cg« and c,. are the intrinsic
gate-to-drain and gate-to-source ca-
pacitances, respectively, of the MOS
transistor. For example, if a typical
MOS transistor having a cg of 0.3
picofarad and a ce. of 5 picofarads
is used, and if A’ is equal to 0.5,
then C/ is reduced to 2.8 picofarads.

The effective output resistance
R, of the source-follower stage is
given by

Ry

Tos Rs

Rn’ = (g:. YTou + f) Rs+l:

where 1., is the transistor common-
source output resistance in ohms.
For example, if a unit having a
gate-to-drain forward transconduc-

tance g of 2000 micromhos and a
common-source output resistance
ro» of 7500 ohms is used in a source-
follower stage with an unbypassed
source resistance Rs of 500 ohms, the
effective output resistance R.’ of the
source-follower stage is 241 ohms.

The source-follower output ca-
pacitance C., may be expressed as
follows:

1—-A
Co’ = Cas ~+ Cia (T)

where cas and cg are the intrinsic
drain-to-source and gate-to-source
capacitances, respectively, of the
MOS transistor. If A’ is equal to
0.5 (as assumed for the sample
input-circuit calculations), C.’ is re-
duced to the sum of cas and cqga.

The common-gate circuit, shown
in Fig. 75, is used to transform
from a low input impedance to a

O -O
VIN RL2 Vour
- 6 -+
O——i——4——i- o)

Fig. 75—Basic common-gate circuit for

MOS transistors.

high output impedance. The input
impedance of this configuration has
approximately the same value as the
output impedance of the source-fol-
lower circuit. The common-gate cir-
cuit is also a desirable configuration
for high-frequency applications be-
cause its relatively low voltage gain
makes neutralization unnecessary in
most cases. The common-gate volt-
age gain, A, is given by

S (g{l Tos + l) RL -
= (guTos+ 1) Re+ res + Ru

A

where R is the resistance of the
input-signal source. For a typical
MOS transistor (ge+ = 2000 mi-
cromhos, r.. = 7500 ohms) and
with R;, = 2000 ohms and Re¢ = 500
ohms, the common-gate voltage gain
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is 1.8. If the value of Rq is doubled,
the voltage gain is reduced to 1.25.

TECHNICAL FEATURES

It is apparent from the preceding

discussions that MOS field-effect
transistory exhibit a number of
technical |features that result in

unique performance advantages in
circuit applications such as mixers,
product detectors, remote gain-con-
trol circujts. balanced modulators,
choppers, ?lippers, and gated ampli-
fiers. These features include:

1. An e?ctremely high input re-
sistance and a low input capaci-
tance—as result, MO transistors
impose viqtually no loading on an
age voltage source (i.e., virtually no
agc power|is required) and have a
wide age yange capability.

2. A wide dynamic range—MOS
transistors, therefore, can handle
positive and negative input-signal
excursions | without diode-current
loading.

3. Cross-modulation effects and
spurious response that are substan-
tially less than those of other types
of electronic devices—the cross-
modulation | characteristics of dual-
gate transistors actually improve as
the device approaches cutoff.

4. Zero qffset voltage—this fea-
ture is espegially desirable for chop-
per applications.

5. An exceptionally high forward
transconductance.

6. Negatiye temperature coeffi-
cient for the drain current—*“thermal
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runaway,” therefore, is virtually im-
possible.

7. A very low gate leakage cur-
rent that is relatively insensitive to
temperature variations.

8. Very low oscillator feed-
through in dual-gate mixer circuits.

9. Dual-gate transistors can pro-
vide good gain in common-source
amplifiers into the uhf range with-
out neutralization.

HANDLING CONSIDERATIONS

MOS field-effect transistors, like
high-frequency bipolar transistors,
can be damaged by exposure to ex-
cessive voltages. The gate oxide in-
sulation is susceptible to puncture
when subjected to voltage in excess
of the rated value. The very high
resistance of the oxide insulation
imposes a negligible load on electro-
statically generated potentials and,
therefore, provides an ineffective dis-
charge path for sources of static
electricity. As discussed earlier, the
integral gate-protection system in-
corporated into some types of dual-
gate MOS transistors is highly ef-
fective in the protection of these
devices against the effects of electro-
static charges. Special precautions,
however, must be taken in the hand-
ling and application of other types
of MOS transistors that do not con-
tain the integral gate protection.
The discussion of MOS Transistors
in the section on Testing and Mount-
ing outlines the special handling pro-
cedures recommended for such de-
vices.
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Thyristors

HE term thyristor is the generic

name for solid-state devices
that have characteristics similar to
those of thyratron tubes. Basically,
this group includes bistable solid-
state devices that have two or
more junctions (three or more semi-
conductor layers) and that can be
switched between conducting states
(from OFF to ON or from ON to
OFF) within at least one quad-
rant of the principal voltage-cur-
rent characteristic. Reverse-blocking
triode thyristors, commonly called
silicon controlled rectifiers (SCR’s),
and bidirectional triode thyristors,
usually referred to as triacs, have
three electrodes and are switched
between states by a current pulse
applied to the gate terminal. The
bidirectional trigger diode, commonly
called a diac, has only two electrodes.
This device has no gate electrode but
may be switched from an OFF state
to an ON state for either polarity
of applied voltage. The discussions
in this section deal primarily with
the SCR and the triac, their opera-
tion, electrical characteristics, and
ratings. A brief description is also
given of the operation of the diac
and its chief function in triac phase-
control circuits.

SILICON CONTROLLED
RECTIFIERS

A silicon controlled rectifier (SCR)
is basically a four-layer p-n-p-n de-
vice that has three electrodes (a
cathode, an anode, and a control
electrode called the gate). Fig. 76
shows the junction diagram, prin-
cipal voltage-current characteristic,
and schematic symbol for an SCR.

o—f p|n p {0 J—0
ANODE CATHODE
TERMINAL TERMINAL

GATE
(o) ITERMINAL

] QUADRANT 1
ANODE {+)
N HOLDING CURRENT I
ON" STATE:
REVERSE-
TERROCING | | BreaxoveR vouTace
" ¥ v
N REVERSE "OFF" STATE
BREAXKDOWN
VOLTAGE
{b)
QUADRANT IIL
ANODE (=)
CATHODE
GATE
SCR

(¢
ANODE (CASE)

Fig. 76—(a) Junction diagram, (b) princi-
pal voltage-current characteristic, and (c)
schematic symbol for an SCR thyristor.

Fig. 76(b) shows that under for-
ward-bias conditions (anode positive
with respect to cathode) the SCR
has two states. At low values of
forward bias, the SCR exhibits a
very high impedance; in this for-
ward-blocking or OFF state, a small
forward current, called the forward
OFF-state current, flows through
the device. As the forward bias is
increased, however, a voltage point
is reached at which the forward cur-
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rent increases rapidly and the SCR
switches to the ON state. This value
of voltage is called the breakover
voltage. When the SCR is in the
ON state, the forward current is
limited primarily by the impedance
of the external circuit.

Under reverse bias (anode nega-
tive with respect to cathode), the
SCR exhibits a very high internal
impedance, and only a small amount
of current, called the reverse block-
ing curreqt, flows through the de-
vice. This current remains very
small and the device remains in
this OFF state unless the reverse
voltage exceeds the reverse-break-
down-voltage limitation. At this
point, the reverse current increases
rapidly, and the SCR undergoes
thermal runaway, a condition that
normally causes irreversible damage
to the device. The value of reverse
breakdown voltage differs for in-
dividual SCR types, but is approxi-
mately 10q volts greater than the
forward breakover voltage for most
types. Under forward-bias condi-
tions, the breakover voltage of the
SCR can be controlled or varied by
application of a current pulse to the
gate electrode, as shown in Fig. 77.
As the amplitude of the gate current
pulse is increased, the breakover
voltage for the SCR decreases until
the curve closely resembles that of
a rectifier. In normal operation, the
SCR is operated with critical values
well below the breakover voltage and
is made to switch on by gate signals
of sufficient magnitude to assure that

(
i
|
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1
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7 i o v
Ig4 > I93> Igz> Igl-o
Fig. 77—Curvqs showing the forward-volt-

age characterif!ic: of a thyristor for dif-
ferent values of gate current.
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the device is switched to the ON
state at the instant desired.

After the SCR is triggered by
the gate signal, the current through
the device is independent of the gate
voltage or gate current. The SCR
remains in the ON state until the
principal current is reduced to a
level below that required to sus-
tain conduction.

Construction details of a typical
SCR pellet are shown in Fig. 78.

n-Typg GATE
EMITTER

CATHODE
ELECTRODE

ANODE
ELECTRODE

Fig. 78—Cross-section of a typical SCR
pellet.

The shorted-emitter construction used
in RCA SCR’s can be recognized by
the metallic cathode electrode in
direct contact with the p-type base
layer around the periphery of the
pellet. The gate, at the center of the
pellet, also makes direct metallic con-
tact to the p-type base so that the
portion of this layer under the n-type
emitter acts as an ohmic path for
current flow between gate and
cathode. Because this ohmic path is
in parallel with the n-type emitter
junction, current preferentially takes
the ohmic path until the IR drop in
this path reaches the junction thresh-
old voltage of about 0.8 volt. When
the gate voltage exceeds this value,
the junction current increases rapidly,
and injection of electrons by the n-
type emitter reaches a level high
enough te turm on the device.
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In addition to providing a precisely
controlled gate current, the shorted-
emitter construction also improves
the high-temperature and dv/dt
(maximum allowable rate of rise of
OFF-state voltage) capabilities of
the device.

The center-gate construction of the
SCR pellet provides fast turn-on and
high di/dt capabilities. In an SCR,
conduction is initiated in the cathode
region immediately adjacent to the
gate contact and must then propa-
gate to the more remote regions of
the cathode. Switching losses are in-
fluenced by the rate of propagation
of conduction and the distance con-
duction must propagate from the
gate. With a central gate, all regions
of the cathode are in close proximity
to the initially conducting region so
that propagation distance is signifi-
cantly decreased; as a result, switch-
ing losses are minimized.

TRIACS

Fig. 79 shows the junction dia-
gram, voltage-current characteris-
tic, and schematic symbol for a triac.
The triac, like the SCR, has three
electrodes; they are designated as
main terminal No.l, main terminal
No.2, and the gate. As shown in
Fig. 79(b), the triac exhibits the
same forward-blocking, forward-
conducting voltage-current charac-
teristic of the SCR, but for either
polarity of voltage applied to the
main terminals. Under forward bias
(main terminal No.2 positive with
respect to main terminal No.l) or
reverse bias (main terminal No.2
negative with respect to main termi-
nal No.l), the triac exhibits first a
forward-blocking (OFF) state, then
a forward-conducting (ON) state.
The point at which the device
switches states is the breakover volt-
age. Again like the SCR, the break-
over voltage of the triac can be
controlled or varied by application
of a positive or negative current
pulse to the gate electrode. As the
amplitude of the current pulse is
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Fig. 79—(a) Junction diagram, (b) princi-

pal voltage-current characteristic, and (c)
schematic symbol for a triac thyristor.

increased, the breakover point of
the triac is decreased. The triac can
therefore be considered as two SCR’s
connected in parallel and oriented
in opposite directions, as shown in
Fig. 80.

? MAIN TERMINAL 2

<
Q GATE

éMAlN TERMINAL 1

Fig. 80—A triac equivalent circuit: (wo
SCR’s in parallel and oriented in opposite
directions.

Construction of a typical RCA
triac pellet is shown in Fig. 81. In
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this device, the main-terminal-No. 1
electrode {|makes ohmic contact to a
p-type emitter as well as to an n-type
emitter. Similarly, the main-terminal-
No. 2 electrode also makes ohmic con-
tact to both types of emitters, but
the p-type emitter of the main-
terminal-No. 2 side is located opposite
the n-type emitter of the main-
terminal-No. 1 side, and the main-
terminal-No. 2 n-type emitter is op-
posite the main-terminal-No. 1 p-type
emitter. The net result is two four-
layer switches in parallel, but ori-
ented in opposite directions, in one
silicon pellet. This type of construc-
tion makes it possible for a triac
either to block or to conduct current
in either direction between main ter-
minal No. 1 and main terminal No. 2.

n-TYPE
o-TYPE EMITTER

EMITTER  GATE
n

MAIN-TERMINAL-No. 2
ELECTRODE

Fig. 81—Cross-section of a typical triac
pellet.

DIACS

A diac is a two-electrode, three-
layer bidirectional avalanche diode
which can be switched from the OFF
state to the ON state for either
polarity of applied voltage. Fig. 82
shows the junction diagram, voltage-
current characteristicc and sche-
matic symbgl for a diac.

This threq-layer trigger diode is
similar in construction to a bipolar
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Fig. 82—(a) Junction diagram, (b) volt-
age-current characteristic, and (c) sche-
matic symbol for a diac.

transistor. A diac differs from a
bipolar transistor in that the doping
concentrations at the two junctions
are approximately the same and
there is no contact made to the base
layer. The equal doping levels re-
sult in a symmetrical bidirectional
switching characteristic, as shown
in Fig. 82(b). When an increasing
positive or negative voltage is ap-
plied across the terminals of the
diac, a minimum (leakage) current
Loy flows through the device until
the voltage reaches the breakover
point Vo, The reverse-biased junec-
tion then undergoes avalanche break-
down and, beyond this point, the
device exhibits a negative-resistance
characteristic, ie., current through
the device increases substantially
with decreasing voltage.

Diacs are primarily used as trig-
gering devices in triac phase-control
circuits used for light dimming, uni-
versal motor-speed control, heat
control, and similar applications.
Fig. 83 shows the general circuit
diagram for a diac/triac phase-
control circuit. The magnitude and
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T

Fig. 83—General circuit diagram for a
diac/triac phase-control circuit.

duration of the current pulse ap-
plied to the gate of the triac are
determined by the value of phase-
shift capacitance C, the change in
voltage across and the dynamic im-
pedance of the diac, and the triac
gate impedance. The interaction of
all circuit impedances and the phase-
shift capacitance can best be repre-
sented by the curve of peak current
as a function of the capacitance
shown in Fig. 84.
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Fig., 84—Peak current as a function of
capacitance in a triac.

SCR AND TRIAC GATE
CHARACTERISTICS

Silicon controlled rectifiers and
triacs are ideal for switching ap-
plications. When the working volt-
age of the thyristor is below the
breakover point, the device is essen-
tially an open switch; above the
breakover voltage, the thyristor

switches to the ON state and is ef-
fectively a closed switch. The break-
over voltage can be varied or con-
trolled by injections of a signal at
the gate terminal.

The manufacturer’s specifications
indicate the magnitude of gate cur-
rent and voltage required to turn
on these devices. Gate characteris-
tics, however, vary from device to
device even among devices within
the same family. For this reason,
manufacturer’s specifications on gat-
ing characteristics provide a range
of values in the form of characteris-
tic diagrams. A diagram such as that
shown in Fig. 85 is given to define
the limits of gate currents and volt-
ages that may be used to trigger any
given device of a specific family. The
boundary lines of maximum and
minimum gate impedance on this
characteristic diagram represent the
loci of all possible triggering points
for thyristors in this family. The
curve OA represents the gate char-
acteristic of a specific device that is
triggered within the shaded area.

The magnitude of gate current and
voltage required to trigger a thyris-
tor varies inversely with junction
temperature. As the junction tem-
perature increases, the level of gate
signal required to trigger the thyris-
tor becomes smaller. Worst-case trig-
gering conditions occur, therefore, at

5
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Fig. 85—Gate-characteristics curves for a
typical RCA SCR.
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the minimum operating junction tem-
perature.

The gate nontrigger voltage Vgn.
is the maximum dc gate voltage
that may be applied between gate
and cathode of the thyristor for
which the device can maintain its
rated blocking voltage. This voltage
is usually specified at the rated
operating temperature (100°C) of
the thyristor. Noise signals in the
gate circuit should be maintained be-
low this level to prevent unwanted
triggering of the thyristor.

When very precise triggering of a
thyristor is desired, the thyristor
gate must be overdriven by a pulse
of current much larger than the de
gate current required to trigger the
device. The use of a large current
pulse reduces variations in turn-on
time, minimizes the effect of temper-
ature variations on triggering char-
acteristics, and makes possible very
short switching times.

The coaxial gate structure and the
“shorted-emitter” construction tech-
niques used in RCA thyristors have
greatly extended the range of limit-
ing gate characteristics. As a result,
the gate-dissipation ratings of RCA
thyristors are compatible with the
power-handling capabilities of other
elements of these devices. Advantage
can be taken of the higher peak-
power capability of the gate to im-
prove dynamic performance, increase
di/dt capability (maximum allowable
rate of rise of ON-state current),
minimize interpulse jitter, and re-
duce switching losses. This higher
peak-power capability also allows
greater interchangeability of thy-
ristors in high-performance appli-
cations.

The forward gate characteristics
for thyristors, shown in Fig. 86, in-
dicate the maximum allowable pulse
widths for various peak values of
gate input power. The pulse width
is determined by the relationship
that exists between gate power input
and the increase in the temperature
of the thyristor pellet that results
from the application of gate power.
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The curves shown in Fig. 86(a) are
for RCA SCR’s that have relatively
small current ratings (2N4101,
2N4102, and 40379 families), and
the curves shown in Fig. 86(b) are
for RCA SCR’s that have larger
current ratings (2N4103, 2N3873,

and 2N3899 families). Because
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Fig. 86—Forward gate characteristics for
pulse triggering of RCA SCR’s: (a) low-
current types; (b) high-current types.

the higher-current thyristors have
larger pellets, they also have greater
thermal capacities than the smaller-
current devices. Wider gate trigger
pulses can therefore be used on
these devices for the same peak value
of gate input power.

Because of the resistive nature of
the ‘‘shorted-emitter” construction,
similar volt-ampere curves can be
constructed for reverse gate voltages
and currents, with maximum allow-
able pulse widths for various peak-
power values, as shown in Fig. 87.
These curves indicate that reverse
dissipations do not exceed the maxi-
mum allowable power dissipation for
the device.

The total average dissipation
caused by gate-trigger pulses is the
sum of the average forward and re-
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verse dissipations. This total dissipa-
tion should be less than the Maxi-
mum Gate Power Dissipation Pax
shown in the published data for the
selected SCR. If the average gate
dissipation exceeds the maximum
published value, as the result of
high forward gate-trigger pulses
and transient or steady-state re-
verse gate biasing, the maximum al-
lowable forward-conduction-current
rating of the device must be re-
duced to compensate for the in-
creased rise of junction temperature
caused by the increased gate power
dissipation

The triac can be triggered in any
of four operating modes, as summa-
rized in Table I. The quadrant des-
ignations refer to the operating
quadrant on the principal voltage-
current characteristics, shown in Fig.
79 (either I or III), and the polarity
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Fig. 87—Reverse gate characteristics of
RCA SCR's: (a) low-current types; (b)
high-current types.

symbol represents the gate-to-main-
terminal-No. 1 voltage.

Table I——Triac Triggering
Modes

Gate-to-Main- Main-Terminal-No. 2-to- Operating

Terminal-No. 1 Main-Terminal-No. |  Quadrant
Voltaze Voitage
Positive Positive I(+)
Negative  Positive I(—)
Positive Negative III(+)
Negative  Negative I (—)

The gate-trigger requirements of
the triac are different in each operat-
ing mode. The I(+) mode (gate posi-
tive with respect to main terminal
No. 1 and main terminal No. 2 posi-
tive with respect to main terminal
No.-1), which is comparable to equiv-
alent SCR operation, is usually the
most sensitive. The smallest gate
current is required to trigger the
triac in this mode. The other three
operating modes require larger gate-
trigger currents. For RCA triacs, the
maximum trigger-current rating in
the published data is the largest
value of gate current that is required
to trigger the selected device in any
operating mode.

Gate Trigger Circuits

The gate sighal used to trigger an
SCR or triac must be of sufficient
strength to assure sustained for-
ward conduction. Triggering require-
ments are usually stated in terms
of dec voltage and current. Be-
cause it is common practice to
pulse-fire thyristors, it is also neces-
sary to consider the duration of
firing pulse required. A trigger pulse
that has an amplitude just equivalent
to the de requirements must be ap-
plied for a relatively long period of
time (approximately 30 microsec-
onds) to ensure that the gate signal
is provided during the full turn-on
period of the thyristor. As the am-
plitude of the gate-triggering signal
is increased, the turn-on time of the



Thyristor

thyristorlis decreased, and the width
of the gate pulse may be reduced.
When highly inductive loads are
used, the jnductance controls the cur-
rent-rise portion of the turn-on time.
For this type of load, the width of
the gate tpulse must be made long
enough tq assure that the principal
current rises to a value greater than
the latching-current level of the de-
vice. The |latching current of RCA
thyristors|is always less than twice
the holding current.

The application usually determines
whether simple or somewhat
sophisticated triggering circuit
should be |used to trigger a given
thyristor. Triggering circuits can be
as numerous and as varied as the
applications in which they are used;
this text discusses the basic types
only.

Many applications require that a
thyristor be switched full ON or full
OFF in a|manner similar to the
operation of a relay. Although higher
currents are handled by the thyristor,
only small trigger or gate currents
are required from the control circuit
or switch. The simplest method of
accomplishing this type of trigger-
ing is illustrated in Fig. 88.

Each circuit shows a variable re-
sistor in the gate circuit to control
the conduction angle of the thyristor.
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Fig. 88—Degreq of control over conduc-
tion angles whan ac resistive network is
used to trigger SCR’s and triacs.

The waveforrps indicating the de-
gree of contyol exercised by the
variable resisfance are also shown
in Fig. 88. With maximum resistance
in either cirquit, the thyristor is
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OFF. As the resistance is reduced
in the SCR circuit, a point is reached
at which sufficient gate trigger cur-
rent is provided at the positive peak
of the voltage wave (90 degrees) to
trigger the SCR ON. The SCR con-
ducts from the 90-degree point to
the 180-degree point for a total con-
duction angle of (180 — 90), or 90
degrees. In the triac circuit, as the
resistance is reduced, the gate cur-
rent increases until the triac is
triggered at both the peak positive
(90 degrees) and peak negative (270
degrees) points on the voltage wave.
The triac then conducts between 90
degrees and 180 degrees, and be-
tween 270 degrees and 360 degrees
for a total conduction angle of 180
degrees. The conduction angles of
both the SCR and the triac can be
increased by further reduction of
the resistance in the gate circuits.
For the SCR, the firing point is
moved back from 90 degrees toward
zero for a total conduction angle
approaching 180 degrees. The triac
firing points can also be moved
back from 90 degrees toward zero
for the positive half-cycle and from
270 degrees toward 180 degrees for
the negative half-cycle to obtain a
total conduction angle approaching
360 degrees. The resistor in the gate
circuit assures that the gate cur-
rent decreases to a negligible value
aftér the thyristor is fired.

An easier method of obtaining a
phase angle greater than 90 degrees
for half-wave operation is to use
a resistance-capacitance triggering
network. Fig. 89 shows the simplest
form of such networks for use with
an SCR and a triac. The thyristor
is in series with the load and in
parallel with the RC network. At
the beginning of each half-cycle
(positive half-cycle only for the
SCR), the thyristor is in the OFF
state. As a result, the ac volt-
age appears across the thyristor
and essentially none appears across
the load. Because the thyristor is
in parallel with the potentiometer
and capacitor, the voltage across the
thyristor drives current through the
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JRIAC

Fig. 89—RC triggering networks used for
phase-control triggering of thyristors.

potentiometer and charges the ca-
pacitor. When the capacitor voltage
reaches the breakover voltage of the
thyristor, the capacitor discharges
through the gate circuit and turns
the thyristor on. At this point, the
ac voltage is transferred from the
thyristor to the load R for the re-
mainder of the half-cycle. If the
potentiometer resistance is reduced,
the capacitor charges more rapidly,
and the breakover voltage is reached
earlier in the cycle; as a result,
the power applied to the load is in-
creased.

The gate trigger voltage can be
more closely controlled in simple
resistance or resistance-capacitance
circuits by use of a variety of special
triggering devices. These triggering
devices, including the diac, have a
smaller range of characteristics,
and are less temperature-sensitive.
Basically, a thyristor triggering
device exhibits a negative resistance
after a critical voltage is reached,
so that the gate-current require-
ment of the thyristor can be ob-
tained as a pulse from the discharge
of the phase-shift capacitor. Be-
cause the gate pulse need be only
microseconds in duration, the gate-
pulse energy and the size of the
triggering components are relatively
small. Triggering circuits of this

type employ elements such as
neon bulbs, diacs, unijunction tran-
sistors, and two-transistor switches.

Fig. 90 shows a light-dimming
circuit in which a diac is used to
trigger a triac. The voltage-current

LINE
VOLTAGE T

Fig. 90—A light-dimmer circuit in which
a diac is used to trigger a triac.

characteristic for the diac in this
circuit is shown in Fig. 91. The

magnitude and duration of the
gate-current pulse are determined
NEGATIVE
RESISTANCE
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+1 Vet
|
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Fig. 91-—Voltage-current characteristic for
triggering device shown in Fig. 90.

by the interaction of the capacitor
C,, the diac characteristics, and the
impedance of the thyristor gate.
Fig. 92 shows the typical shape of
the gate-current pulse that is pro-
duced.

CURRENT

TIME

Fig. 92—Typical gate-current waveform
for circuit shown in Fig. 90.
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SWITCHING
CHARACTERISTICS

The ratiqgs of thyristors are based
primarily upon the amount of heat
generated within the device pellet
and the ability of the device package
to transfer the internal heat to the
external case, For high-frequency ap-
plications in which the peak-to-aver-
age current ratio is high, or for high-
performance applications that re-
quire large peak values but narrow
current pulses, the energy lost dur-
ing the turn-on process may be the
main cause of heat generation within
the thyristor. The switching proper-
ties of the device must be known,
therefore, to determine power dis-
sipation which may limit the device
performance.

When a thyristor is triggered by
a gate signal, the turn-on time of
the device consists of two stages, a
delay time t; and a rise time t., as
shown in Fig. 93. The total turn-on
time t;: is defined as the time inter-
val between the initiation of the gate
signal and the time when the result-
ing current through the thyristor
reaches 90 per cent of its maximum
value with a ﬁ"esistive load. The delay
time t, is defined as the time interval
between the 10-per-cent point of the
leading edge of the gate-trigger volt-
age and the 10-per-cent point of the
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Fig. 93—Gate-current and voltage turn-on
waveforms for a thyristor.

resulting current with a resistive
load. The rise time t. is the time
interval required for the principal
current to rise from 10 to 90 per
cent of its maximum value. The
total turn-on time, therefore, is the
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sum of both the delay and rise times
of the thyristor.

Although the turn-on time is af-
fected to some extent by the peak
OFF-state voltage and the peak ON-
state current level, it is influenced
primarily by the magnitude of the
gate-trigger current pulse. Fig. 94
shows the variation in turn-on time
with gate-trigger current for the
RCA-2N3873 SCR.
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Fig. 94—Range of turn-on time as a func-
tion of gate current for the 2N3873 SCR.

To guarantee reliable operation
and provide guidance for equipment
designers in applications having
short conduction periods, the voltage
drop across RCA thyristors, at a
given instantaneous forward current
and at a specified time after turn-on
from an OFF-state condition, is given
in the published data. The wave-
shape for the initial ON-state volt-
age for the RCA-2N3873 SCR is
shown in Fig. 95. This initial volt-
age, together with the time required
for reduction of the dynamic forward
voltage drop during the spreading
time, is an indication of the current-
switching capability of the thyristor.

When the entire junction area of
a thyristor is not in conduction, the
current through that fraction of the
pellet area in conduction may result
in large instantaneous power losses.
These turn-on switching losses are
proportional to the current and the
voltage from cathode to anode of the
device, together with the repetition
rate of the gate-trigger pulses. The
instantaneous power dissipated in a
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Fig. 95—Initial on-state voltage and cur-
rent waveforms for the 2N3873 SCR.

thyristor under such conditions is
shown in Fig. 96. The curves shown
in this figure indicate that the peak

"""""""" "~ REVERSE
- POWER

FORWARD
POWER —
DISSIPATION ! DISSIPATION
Fig. 96—Instantaneous power dissipation
in a thyristor during turn-on.

power dissipation occurs in the short
interval immediately after the device
starts to conduct, usually in the first
microsecond. During this time inter-
val, the peak junction temperature

may exceed the maximum operating
temperature given in the manufac-
turer’s data; in this case, the thy-
ristor should not be required to block
voltages immediately after the con-
duction interval. If the thyristor
must block voltages immediately fol-
lowing the conduction interval, the
junction-temperature rating must not
be exceeded.

The turn-off time of an SCR also
consists of two stages, a reverse-
recovery time and a gate-recovery
time, as shown in Fig. 97. When the

dvp/dt /
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Fig. 97—Circuit-commutated turn-off volt-
age and current waveforms for a thyristor.

forward current of an SCR is reduced
to zero at the end of a conduction
period, application of reverse voltage
between the anode and cathode termi-
nals causes reverse current to flow in
the SCR until the reverse-blocking
junction establishes a depletion re-
gion. The time interval between the
application of reverse voltage and
the time that the reverse current
passes its peak value to a steady-
state level is called the reverse-
recovery time t... A second recovery
period, called the gate-recovery time
ter, must then elapse for the forward-
blocking junction to establish a for-
ward-depletion region so that for-
ward-blocking voltage can be re-
applied and successfully blocked by
the SCR.
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The gate-recovery time of an SCR
is usually |much longer than the re-
verse-recoyery time. The total time
from the instant reverse-recovery
current begins to flow to the start of
the re-applied forward-blocking volt-
age is referred to as the circuit com-
mutated turn-off time t,. The turn-off
time is dependent upon a number of
circuit parameters, including the ON-
state current prior to turn-off, the
rate of change of current during
the forward-to-reverse transition, the
reverse-blocking voltage, the rate of
change of the re-applied forward
voltage, the gate trigger level, the
gate bias, and the junction tempera-
ture. The junction temperature and
the ON-state current, however, have
a more sig]niﬁcant effect on turn-off
time than any of the other factors.
Because the turn-off time of an SCR
depends upon a number of circuit
parameters, the manufacturer’s turn-
off time specification is meaningful
only if these critical parameters are
listed and the test circuit used for the
measurement is indicated.

Thyristors must be operated within
the maximum ratings specified by the
manufacturpr to assure best results
in terms of performance, life, and re-
liability. These ratings define limit-
ing values,|determined on the basis
of extensive tests, that represent the
best judgment of the manufacturer
of the safe| operating capability of
the device.

VOLTAGE RATINGS

The volta'ge ratings of thyristors
are given for both steady-state and
transient operation and for both
forward- angd reverse-blocking condi-
tions. For SCR’s, voltages are con-
sidered to be in the forward or posi-
tive direction when the anode is
positive with respect to the cathode.
Negative voltages for SCR’s are re-
ferred to as reverse-blocking volt-
ages. For triacs, voltages are con-
sidered to be positive when main
terminal No. 2 is positive with re-
spect to main terminal No. 1. Alter-
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natively, this condition may be re-
ferred to as operation in the first
quadrant.

OFF-State Voltages

The repetitive peak OFF-state
voltage Viuy is the maximum value
of OFF-state voltage, either trans-
ient or steady-state, that the thy-
ristor should be required to block
under the stated conditions of tem-
perature and gate-to-cathode re-
sistance. If this voltage is exceeded,
the thyristor may switch to the ON
state. The circuit designer should in-
sure that the Vixy rating is not ex-
ceeded to assure proper operation of
the thyristor.

Under relaxed conditions of tem-
perature or gate impedance, or when
the blocking capability of the thyris-
tor exceeds the specified rating, it
may be found that a thyristor can
block voltages far in excess of its
repetitive OFF-state voltage rating
Vory. Because the application of an
excessive voltage to a thyristor may
produce irreversible effects, an ab-
solute upper limit should be imposed
on the amount of voltage that may
be applied to the main terminals of
the device. This voltage rating is
referred to as the peak OFF-state
voltage Vuy. It should be noted that
the peak OFF-state voltage has a
single rating irrespective of the volt-
age grade of the thyristor. This rat-
ing is a function of the construction
of the thyristor and of the surface
properties of the pellet; it should not
be exceeded under either continuous
or transient conditions.

Reverse Voltages (SCR’s only)

Reverse voltage ratings are given
for SCR’s to provide operating guid-
ance in the third quadrant, or re-
verse-blocking mode. There are two
voltage ratings for SCR’s in the
reverse-blocking mode: repetitive
peak reverse voltage (Vurw) and
nonrepetitive peak reverse voltage
(Vusu).
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The repetitive peak reverse volt-
age is the maximum allowable value
of reverse voltage, including all re-
petitive transient voltages, that may
be applied to the SCR. Because re-
verse power dissipation is small at
this voltage, the rise in junction tem-
perature because of this reverse dis-
sipation is very slight and is ac-
coynted for in the rating of the SCR.

The nonrepetitive peak reverse
voltage is the maximum allowable
value of any nonrepetitive transient
reverse voltage which may be applied
to the SCR. These nonrepetitive
transient voltages are allowed to ex-
ceed the steady-state ratings, even
though the instantaneous power dis-
sipation can be significant. While the
transient voltage is applied, the junc-
tion temperature may increase, but
removal of the transient voltage in
a specified time allows the junction
temperature to return to its steady-
state operating temperature before a
thermal runaway occurs.

ON-State Voltages

When a thyristor is in a high-
conduction state, the voltage drop
across the device is no different in
nature from the forward-conduction
voltage drop of a semiconductor
diode, although the magnitude may
be slightly higher. As in diodes, the
ON-state voltage-drop characteris-
tic is the major source of power
losses in the operation of the thy-
ristor, and the temperatures pro-
duced become a limiting feature in
the rating of the device.

CURRENT RATINGS

The current ratings for SCR’s and
triacs define maximum values for
normal or repetitive currents and
for surge or nonrepetitive currents.
These maximum ratings are de-
termined on the basis of the maxi-
mum junction-temperature rating,
the junction-to-case thermal re-
sistance, the internal power dissi-
pation that results from the current

flow through the thyristor, and the
ambient temperature. The effect of
these factors in the determination
of current ratings is illustrated by
the following example.

Fig. 98 shows curves of the maxi-
mum average forward power dissipa-
tion for the RCA-2N3873 SCR as a
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Fip., 98—Power-dissipation rating chart for
the 2N3873 SCR.

function of average forward current
for dc operation and for various con-
duction angles. For the 2N3873, the
junction-to-case thermal resistance
8;-c is 0.92°C per watt and the maxi-
mum operating junction temperature
T, is 100°C. If the maximum case
temperature Tcmax IS assumed to be
65°C, the maximum average forward
power dissipation can be determined
as follows:
Tl(mnx) —TC(nux)

Paveamn =

8i-0
_ (100 — 65)°C
T 0.92°C/watt
— 38 watts
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The maximum average forward cur-
rent rating for the specified condi-
tions can ‘then be determined from
the rating curves shown in Fig. 98.
For example, if a conduction angle
of 180 degrees is assumed, the aver-
age forward current rating for a
maximum dissipation of 38 watts is
found to be 22 amperes.

These calculations assume that the
temperature is uniform throughout
the pellet and the case. The junction
temperature, however, increases and
decreases under conditions of tran-
sient loading or periodic currents,
depending upon the instantaneous
power dissipated within the thyristor.
The current rating takes these varia-
tions into account.

The ON-state current ratings for
a thyristor indicate the maximum
values of average, rms, and peak
(surge) current that should be al-
lowed to flow through the main

terminals of the device, under
stated conditions, when the thy-
ristor is in the ON state. For

heat-sink-mounted thyristors, these
maximum ratings are based on the
case temperature; for lead-mounted
thyristors, the ratings are based on
the ambient temperature.

The maximum average ON-state
current rating is usually specified
for a half-sine-wave current at a
particular frequency. Fig. 99 shows
curves of the maximum allowable
average ON-state current Iteve for
the RCA-2N3873 SCR family as a
function of case temperature. Be-
cause peak and rms currents may be
high for small conduction angles, the
curves in Fig. 99 also show maxi-
mum allowable average currents as
a function of conduction angle. The
maximum operating junction tem-
perature for the 2N3873 is 100°C.
The rating curves indicate, for a
given case temperature, the maxi-
mum average ON-state current for
which the average temperature of
the pellet will not exceed the maxi-
mum allowable value. The rating
curves may be used for only resistive
or inductive loads. When capacitive
loads are used, the currents produced
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Fig. 99—Current rating chart for the

2N3873 SCR.

by the charge or discharge of the
capacitor through the thyristor may
be excessively high, and a resistance
should be used in series with the
capacitor to limit the current to the
rating of the thyristor.

The ON-state current rating for a
triac is given only in rms values be-
cause these devices normally conduct
alternating current. Fig. 100 shows
an rms ON-state current rating curve

CURRENT WAVEFORM=SINUSOIDAL
LOAD=RESISTIVE OR INDUCTIVE
RATING APPLIES FOR ALL CONDUCTION
ANGLES.
[ | |
| ]
el

‘
'

e S e
0 180°\ 3602

w0
(=)

CONDUCTION
g ANGLE
N1 Om

2 3 4 7
RMS CONDUCTION CURRENT—A

®
(=)

MAXIMUM ALLOWABLE CASE —
TEMPERATURE —°C
3
(=)

70|

Fig. 100—Current rating curve for a typi-
cal RCA triac.
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for a typical triac as a function of
case temperature. As with the SCR,
the triac curve is derated to zero
current when the case temperature
rises to the maximum operating junc-
tion temperature. Triac current rat-
ings are given for full-wave conduc-
tion under resistive or inductive
loads. Precautions should be taken to
limit the peak current to tolerable
levels when capacitive loads are used.

The surge ON-state current rating
Itreourger indicates the maximum peak
value of a short-duration current
pulse that should be allowed to flow
through a thyristor during one ON-
state cycle, under stated conditions.
This rating is applicable for any
rated load condition. During normal
operation, the junction temperature
of a thyristor may rise to the maxi-
mum allowable value; if the surge
occurs at this time, the maximum
limit is exceeded. For this reason, a
thyristor is not rated to block OFF-
state voltage immediately following
the occurrence of a current surge.
Sufficient time must be allowed to
permit the junction temperature to
return to the normal operating value
before gate control is restored to the
thyristor. Fig. 101 shows a surge-
current rating curve for the 2N3873
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Fig,

SCR. This curve shows peak values
of half-sine-wave forward (ON-state)
current as a function of overload
duration measured in cycles of the
60-Hz current. Fig. 102 shows a
surge-current rating curve for a typi-
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SURGE (NON-REPETITIVE)

cal triac. For triacs, the rating curve
shows peak values for a full-sine-
wave current as a function of the
number of cycles of overload dura-
tion. Multicycle surge curves are the
basis for the selection of circuit
breakers and fuses that are used to
prevent damage to the thyristor in
the event of accidental short-circuit
of the device. The number of surges
permitted over the life of the thy-
ristor should be limited to prevent
device degradation.

CRITICAL RATE OF RISE OF
ON-STATE CURRENT (di/dt)

In an SCR or triac, the load cur-
rent is initially concentrated in the
small area of the pellet where load
current first begins to flow. This
small area effectively limits the
amount of current that the device
can handle and results in a high
voltage drop across the pellet in the
first microsecond after the thyris-
tor is triggered. If the rate of rise
of current is not maintained within
the rating of the thyristor, local-
ized hot spots may occur within the
pellet and permanent damage to
the device may result. The wave-
shape for testing the di/dt cap-
ability of the RCA 2N3873 is
shown in Fig. 103. The critical rate
of rise of ON-state current is depen-
dent upon the size of the cathode
area that begins to conduct initially,
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and the size of this area is increased
for larger values of gate trigger cur-
rent. For this reason, the di/dt rat-
ing is specified for a specific value of
gate trigger current.

used to determine di/dt rating of the
2N3873 SCR.

HOLDING AND LATCHING
CURRENTS

After an SCR or triac has been
switched to the ON-state condition,
a certain minimum value of anode
current is required to maintain
the thyristor in this low-impedance
state. If the anode current is re-
duced below this critical holding-
current value, the thyristor cannot
maintain regeneration and reverts
to the OFF or high-impedance
state. Because the holding cur-
rent (Iu) is sensitive to changes in
temperature (increases as tempera-
ture decreases), this rating is speci-
fied at room temperature with the
gate open.

The latching-current rating of a
thyristor specifies a value of anode
current, slightly higher than the
holding current, which is the mini-
mum amount required to sustain con-
duction immediately after the thyris-
tor is switched from the OFF state
to the ON state and the gate signal
is removed. Once the latching cur-
rent (I.) is reached, the thyristor
remains in the ON, or low-impedance,
state until its anode current is de-
creased below the holding-current
value. The latching-current rating is
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an important consideration when a
thyristor is to be used with an indue-
tive load because the inductance
limits the rate of rise of the anode
current. Precautions should be taken
to insure that, under such condi-
tions, the gate signal is present un-
til the anode current rises to the
latching value so that complete
turn-on of the thyristor is assured.

CRITICAL RATE OF RISE OF
OFF-STATE VOLTAGE (dv/dt)

Because of the internal capacitance
of a thyristor, the forward-blocking
capability of the device is sensitive
to the rate at which the forward volt-
age is applied. A steep rising voltage
impressed across the main terminals
of a thyristor causes a capacitive
charging current to flow through the
device, This charging current (i =
Cdv/dt) is a function of the rate of
rise of the OFF-state voltage.

If the rate of rise of the forward
voltage exceeds a critical value, the
capacitive charging current may be-
come large enough to trigger the
thyristor. The steeper the wavefront
of applied forward voltage, the
smaller the value of the thyristor
breakover voltage becomes.

The use of the shorted-emitter con-
struction in SCR’s has resulted in a
substantial increase in the dv/dt
capability of these devices by provid-
ing a shunt path around the gate-to-
cathode junction. Typical units can
withstand rates of voltage rise up to
200 volts per microsecond under
worst-case conditions. The dv/dt
capability of a thyristor decreases
as the temperature rises and is in-
creased by the addition of an external
resistance from gate to reference
terminal. The dv/dt rating, therefore,
is given for the maximum junction
temperature with the gate open, i.e.,
for worst-case conditions.

TRANSIENT PROTECTION

Voltage transients occur in elec-
trical systems when some disturb-
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ance disrupts the normal operation
of the system. These disturbances
may be produced by various sources
(such as lighting surges, energiz-
ing transformers, and load switch-
ing) and may generate voltages
which exceed the rating of the thy-
ristors. In addition, transients gen-
erally have a fast rate of rise that
is usually greater than the critical
value for the rate of rise of the
thyristor OFF-state voltage (static
dv/dt).

If transient voltages have magni-
tudes far greater than the device
rating, the thyristor. may switch
from the OFF state to the ON state,
and energy is then transferred from
the thyristor to the load. Because
the internal resistance of the thyris-
tor is high during the OFF state,
the transients may cause consider-
able energy to be dissipated in the
thyristor before breakover occurs.
In such instances, the transient volt-
age exceeds the maximum allow-
able voltage rating, and irreversible
damage to the thyristor may occur.

Even if the magnitude of a tran-
sient voltage is within the maximum
allowable voltage rating of the thy-
ristor, the rate of rise of the tran-
sient may exceed the static dv/dt
capability of the thyristor and cause
the device to switch from the OFF
state to the ON state. This condi-
tion also results in transfer of en-
ergy from the thyristor to the load.
In this case, thyristor switching
from the OFF state to the ON state
does not occur because the maximum
allowable voltage is exceeded but,
instead, occurs because of the fast
rate of rise of OFF-state voltage
(dv/dt) and the thyristor capaci-
tance, which result in a turn-on
current i = Cdv/dt. Thyristor
switching produced in this way is
free from high-energy dissipation,
and turn-on is not destructive pro-
vided that the current that results
from the energy transfer is within
the device capability.

In either case, transient suppres-
sion techniques are employed to
minimize the effects of turn-on be-

cause of overvoltage or because the
thyristor dv/dt capability is ex-
ceeded.

One of the obvious solutions to
insure that transients do not ex-
ceed the maximum allowable volt-
age rating is to provide a thyristor
with ¢ voltage rating greater than
the highest transient voltage ex-
pected in a system. This technique,
however, does not represent an
economical solution because, in most
cases, the transient magnitude,
which is dependent on the source of
transient generation, is not easily
defined. Transient voltages as high
as 2600 volts have resulted from
lighting disturbances on a 120-volt
residential power line. Usually, the
best solution is to specify devices
that can withstand voltage from 2
to 3 times the steady-state value.
This technique provides a reason-
able safety factor. The effects of
voltage transients can further be
minimized by use of external circuit
elements, such as RC snubber net-
works across the thyristor terminals,
as shown in Fig. 104. The rate at
which the voltage rises at the thyris-
tor terminal is a function of the load

LOAD
R
POWER THYRISTOR|
INPUT NETWORK
Tc
Fig. 104—Minimizing effects of voltage

transients in thyristor circuit by means of
an RC snubber network.

impedance and the values of the re-
sistor R and the capacitor C in the
snubber network. Because the load
impedance is usually variable, the
preferred approach is to assume a
worst-case condition for the load
and, through actual transient meas-
urement, to select a value of C that
provides the minimum rate of rise
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at the thyristor terminals. The snub-
ber resistance should be selected to
minimize the capacitor discharge
currents during turn-on.

For applications in which it is
necessary to minimize false turn-
on because of transients, the addi-
tion of a coil in series with the
load, as shown in Fig. 105, is very
effective for suppression of transient
rise times at the thyristor termi-
nals. For example, if a transient of

L

R
O
POWER ! THYRISTOR
INPUT NET WORK
Q
[
0 T
Fig. 105—Suppression of transient rise

times at the' terminals of a thyristor by

means of a coil in series with the load.

infinite rise time is assumed to oc-
cur at the input terminals and if the
effects of the load impedance are
neglected, the rise time of the tran-
sient at the thyristor terminals is

approximately equal to E.//LC.
If the value of the added inductor
L is 100 microhenries and the value
of the snubber capacitor C is 0.1
microfarad, the infinite rate of rise
of the transient at the thyristor
terminals is reduced by a factor
of 3. For a filter network consisting
of L = 100 microhenries, C = 22
microfarads, and R = 47 ohms, a
1000-volt-per-microsecond transient
that appears at the input terminals
is suppressed by a factor of 6 at
the thyristor terminals.

COMMUTATING dv/dt
CAPABILITY

In ac power-control applications,
a triac must switch from the con-
ducting state to the blocking state
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at each zero-current point, or twice
each cycle, of the applied ac power.
This action is called commutation.
If the triac fails to block the circuit
voltage (turn off) following the
zero-current point, this action is not
damaging to the triac, but control
of the load power is lost. Commu-
tation for resistive loading presents
no special problems because the
voltage and current are essentially
in phase. For inductive loading,
however, the current lags the volt-
age so that, following the zero-
current point, an applied voltage
opposite to the current and equal
to the peak of the ac line voltage
occurs across the thyristor. The
maximum rate of rise of this volt-
age which can be blocked without
the triac reverting to the ON state
is termed the critical rate of rise
of commutation voltage, or the com-
mutating dv/dt capability, of the
triac.

SCR’s do not experience commu-
tation limitations because turn-on
is not possible for the polarity of
voltage opposite to current flow.

The commutating dv/dt is a major
operating characteristic used to de-
scribe the performance capability of
a triac. The characteristic can be
more easily understood if the triac
pellet, shown in Fig. 106, is consid-
ered to be divided into two halves.

MAIN
T T TERMINAL
IRl -
] I I
i ]
| |

GATE

MAIN
TERMINAL

Fig. 106—Junction diagram for a triac
pellet.

One half conducts current in one
direction, the other half conducts in
the opposite direction. The main
blocking junctions and a lightly
doped n-type base region in which
charge can be stored are common
to both halves of the triac pellet.
(The base region is the section
shown between the dotted lines in
Fig. 106.)
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Charge is stored in the base when
current is conducted in either direc-
tion. The amount of charge stored
at the end of each half-cycle of con-
duction depends on the commutating
di/dt, i.e., the rate of decrease of
load current as commutation is ap-
proached. The junction capacitance
of the triac at commutation is a
function of the remaining charge at
that time. The greater the di/dt,
the more remaining charge, and the
greater the junction capacitance.
When the voltage changes direction,
the remaining charge diffuses into
the opposite half of the triac struc-
ture. The rate of rise of this voltage
(commutating dv/dt) in conjunction
with the junction capacitance results
in a current flow which, if large
enough, can cause the triac to re-
vert to the conducting state in the
absence of a gate signal.

The commutating dv/dt capability
is specified in volts per microsecond
for the following conditions:

1. the maximum rated on-state cur-
rent [I:(RMS)];

2. the maximum case temperature
for the rated value of on-state
current;

3. the maximum
voltage (Viron);

4. the maximum commutating di/dt
(where di/dt = I« sin ot and
w = 2rf).

rated off-state

It is apparent, therefore, that the
frequency (f) of the applied ac
power is an important factor in
determination of the commutating
dv/dt capability of a triac.

Fig. 107 indicates how the com-
mutating dv/dt capability of a triac
depends on current and frequency.
A particular triac has a specific
commutating dv/dt capability at the
rated 60-Hz on-state current. If this
60-Hz on-state current is reduced
(dashed-line), then its associated
commutating dv/dt capability is in-
creased. It should be noted that al-
though the sine-wave current is de-
creased in magnitude, the commutat-
ing di/dt is also decreased. For a

400-Hz on-state current of the same
magnitude, it is evident that the
commutating di/dt is much greater
than at 60 Hz and, therefore, the
commutating dv/dt capability is
greatly reduced. These relationships
indicate that a triac capable of 400-
Hz operation must have an extreme-
ly high commutating capability.

COMMUTATING
dizdt

= PEAK RATED SINE-
w WAVE CURRENT AT
& RATED CASE

3 TEMPERATURE

9 400 Hz

o

-

TRIAC VOLTAGE

COMMUTATING CAPABILITY

Fig. 107—Dependence of triac commutat-
ing capability on current and frequency.

RCA offers a complete line of triacs
rated for 400-Hz operation. Appli-
cations of such devices are described
in the section on Power Switching
and Control.

It should be evident that 400 Hz
is not an upper limit on frequency
capability for triacs; 400 Hz is a
characterization point simply be-
cause it is a standard operating fre-
quency. Figs. 108 and 109 indicate
how the frequency capability of a
typical RCA 400-Hz triac can be
increased. Fig. 108 shows that re-
duction of load current increases
frequency capability. Maximum rated
junction temperature and minimum
rated commutating dv/dt are held
constant for this test of capability.
Fig. 109 shows the effects of junc-
tion temperature on frequency ca-
pability. For this test, rated current
and minimum rated dv/dt are held
constant. Therefore, if a typical
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400-Hz triac is used at less than its
maximum rated junction tempera-
ture and less than its rated current,
its frequency capability is greatly
enhanced.

!

1000

FREQUENCY—Hz
o
o
o

| 50 100
PER CENT OF RATED CURRENT

Fig. 108—Frequency capability of a
400-Hz triac as a function of load current.

One other factor that greatly af-
fects commutating capability is tem-
perature. All commutating charac-
teristic data are specified for maxi-
mum operating case temperature at
maximum rated steady-state current.
If the operating case temperature
is below the rated value, the com-
mutating capability is increased.
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T =
il :
$ 500 !
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7
JUNCTION TEMPERATURE—°C

1
Fig. 109—Frequency capability of a
400-Hz triac as a function of junction
temperature.

RADIO-FREQUENCY
INTERFERENCE

The fast switching action of triacs
when they turn on into resistive
loads causes the current to rise to
the instantaneous value determined
by the load in a very short period
of time. Triacs switch from the
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high- to the low-impedance state
within 1 or 2 microseconds; the cur-
rent must rise from essentially zero
to full-load value during this period.
This fast switching action produces
a current step which is largely com-
posed of higher-harmonic frequen-
cies of several megahertz that have
an amplitude varying inversely as
the frequency. In phase-control ap-
plications, such as light dimming,
this current step is produced on each
half-cycle of the input voltage. Be-
cause the switching occurs many
times a second, a noise pulse is gen-
erated into frequency-sensitive de-
vices such as AM radios and causes
annoying interference. The ampli-
tude of the higher frequencies in
the current step is of such low levels
that they do not interfere with tele-
vision or FM radio. In general, the
level of radio-frequency interference
(RFI) produced by the triac is well
below that produced by most ac/dec
brush-type electric motors; how-
ever, some type of RFI suppression
network is usually added.

There are two basic types of
radio-frequency interference (RFI)
associated with the switching action
of triacs. One form, radiated RFI,
consists of the high-frequency en-
ergy radiated through the air from
the equipment. In most cases, this
radiated RFI is insignificant unless
the radio is located very close to
the source of the radiation.

Of more significance is conducted
RFI which is carried through the
power lines and affects equipment
attached to the same power lines.
Because the composition of the cur-
rent waveshape consists of higher
frequencies, a simple choke placed
in series with the load increases
the current rise time and reduces
the amplitude of the higher har-
monics. To be effective, however,
such a choke must be quite large.
A more effective filter, and one that
has been found adequate for most
light-dimming applications, is shown
in Fig. 110. The LC filter provides
adequate attenuation of the high-
frequency harmonics and reduces
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120 VAC
OR THYRISTOR
240 VAC AND
60 Hz ] CONTROL CIRCUIT
! |
50,H

THYRISTOR
AND

CONTROL CIRCUIT

50 uH

Fig. 110~—~RFl-suppression networks (C =
0.1 uF, 200 V at 120 V ac; 0.1 uF, 400 V
ar 240 V ac).

the noise interference to a low level.
The capacitor connected across the
entire network bypasses high-fre-
quency signals so that they are not
connected to any external circuits
through the power lines.

Fig. 111 shows a triac control cir-
cuit that includes RFI suppression
for the purpose of minimizing high-
frequency interference. The values
indicated are typical of those used
in lamp-dimmer circuits.

120 VAC
60 Hz

Fig. 111—Lamp-control circuit incorporat-
ing RFI1 suppression.



ILICON rectifiers are essentially

cells containing a simple p-n
junction. As a result, they have low
resistance to current flow in one
(forward) direction, but high resist-
ance to current flow in the opposite
(reverse) direction. They can be
operated at ambient temperatures up
to 200°C and at current levels as
high as hundreds of amperes, with
voltage levels greater than 1000
volts. In addition, they can be used
in parallel or series arrangements to
provide higher current or voltage
capabilities.

Because of their high forward-to-
reverse current ratios, silicon recti-
fiers can achieve rectification efficien-
cies greater than 99 per cent. When
properly used, they have excellent
life characteristics which are not
affected by aging, moisture, or tem-
perature. They are very small and
light-weight, and can be made im-
pervious to shock and other severe
environmental conditions.

THERMAL CONSIDERATIONS

Although rectifiers can operate at
high temperatures, the thermal ca-
pacity of a silicon rectifier is quite
low, and the junction temperature
rises rapidly during high-current
operation. Sudden rises in junction
temperature caused by either high
currents or excessive ambient-tem-
perature conditions can cause failure.
(A silicon rectifier is considered to
have failed when either the forward
voltage drop or the reverse current
has increased to a point where the
crystal structure or surrounding ma-
terial breaks down.) Consequently,
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temperature effects are very impor-
tant in the consideration of silicon
rectifier characteristics.

REVERSE CHARACTERISTICS

When a reverse-bias voltage is ap-
plied to a silicon rectifier, a limited
amount of reverse current (usually
measured in microamperes, as com-
pared to milliamperes or amperes of
forward current) begins to flow. As
shown in Fig. 112, this reverse cur-
rent flow increases slightly as the
bias voltage increases, but then tends

[o]

VOLTAGE

25°C

- -1uA AT 25° C

TEMPER&TURE =
180°C 1 _100uA AT i50° C

Fig. 112—Typical reverse characteristics in
a silicon rectifier,

to remain constant even though the
voltage continues to increase signifi-
cantly. However, an increase in oper-
ating temperature increases the
reverse current considerably for a
given reverse bias.

At a specific reverse voltage (which
varies for different types of diodes),
a very sharp increase in reverse cur-
rent occurs. This voltage is called
the breakdown or avalanche (or
zener) voltage. In many applications,
rectifiers can operate safely at the
avalanche point. If the reverse volt-
age is increased beyond this point,
however, or if the ambient tempera-
ture is raised sufficiently (for ex-
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ample, a rise from 25 to 150°C in-
creases the current by a factor of
several hundred), “thermal run-
away” results and the diode may be
destroyed.

FORWARD CHARACTERISTICS

A silicon rectifier usually requires
a forward voltage of 0.4 to 0.8 volt
(depending upon the temperature
and the impurity concentration in
the p-type and n-type materials) be-
fore significant current flow occurs.
As shown in Fig. 113, a slight rise
in voltage beyond this point in-
creases the forward current sharply.
Because of the small mass of the sili-
con rectifier, the forward voltage
drop must be carefully controlled so
that the specified maximum value of
dissipation for the device is not ex-
ceeded. Otherwise, the diode may be
seriously damaged or destroyed.

Fig. 113 shows the effects of an in-
crease in temperature on the forward-
current characteristic of a silicon

200
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50

0 05 10 15 20 25

YOLTS
Fig. 113—Typical forward characteristics
in a silicon rectifier.

rectifier. In certain applications, close
control of ambient temperature is re-
quired for satisfactory operation.
Close control is not usually required,
however, in power circuits.

RATINGS

Ratings for silicon rectifiers are
determined by the manufacturer on
the basis of extensive reliability test-
ing. One of the most important rat-
ings is the maximum peak reverse
voltage (PRV), i.e., the highest
amount of reverse voltage which can
be applied to a specific rectifier be-
fore the avalanche breakdown point

is reached. PRV ratings range from
about 50 volts to as high as 1000
volts for some single-junction diodes.
As will be discussed later, several
junction diodes can be connected in
series to obtain the PRV values re-
quired for very-high-voltage power-
supply applications.

Because the current through a rec-
tifier is normally not dec, current rat-
ings are usually given in terms of
average, rms, and peak values. The
waveshapes shown in Fig. 114 and
115 help to illustrate the relation-
ships among these ratings. For ex-
ample, Fig. 114 shows the current
variation with time of a sine wave
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Fig. 114—Variation of current of a sine
wave with time.

that has a peak current I, of 10
amperes. The area under the curve
can be translated mathematically
into an equivalent rectangle that in-
dicates the average value I.. of the
sine wave. The relationship between
the average and peak values of the
total sine-wave current is then given
by

Iav = 0.637 Ipeax
or
Ipeax = 1.57 Luv

However, the power P consumed
by a device (and thus the heat gen-
erated within it) is equal to the
square of the current through it
times its finite electrical resistance
R (i.e, P = I’R). Therefore, the
power is proportional to the square
of the current rather than to the
peak or average value. Fig. 115
shows the square of the current for
the sine wave of Fig. 114. A horizon-
tal line drawn through a point half-
way up the I® curve indicates the
average (or mean) of the squares,
and the square root of the I° value
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Fig. 115—Variation of the square of sine-
wava current with time.

at this point is the root-mean-square
(rms) value of the current. The re-
lationship between rms and peak
current is given by

Irm. = 0.707 Ipenk
or
Ilek — 1.414 Irmn

Because a single rectifier cell
passes current in one direction only,
it conducts for only half of each
cycle of an ac sine wave. Therefore,
the second half of the curves in Figs.
114 and 115 js eliminated. The aver-
age current I., then becomes half of
the value determined for full-cycle
conduction, and the rms current I:m,
is equal to the square root of half the
mean-square value for full-cycle
conduction. In terms of half-cycle
sine-wave conduction (as in a single-
phase half-wave circuit), the rela-
tionships of the rectifier currents
can be shown as follows:

Ijewx = 7 x Le = 3.14 L,

Le = (1/7) Ljeax = 0.32 Lcax
Iime = (x/2) I.. = 157 1.,
L. = (2/7) Lim:. = 0.64 I,
Ipenk = 2 Irml

Irm. = 0‘.5 Ipenk

For different combinations of recti-
fier cells and different circuit con-
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figurations, these relationships are,
of course, changed again. Current
(and voltage) relationships have
been derived for various types of
rectifier applications and are given
in the section on DC Power Supplies.

Published data for silicon rectifiers
usually include maximum ratings
for both average and peak forward
current. As shown in Fig. 116, the
maximum average forward current
is the maximum average value of
current which is allowed to flow in
the forward direction during a full
ac cycle at a specified ambient or
case temperature. Typical average
current outputs range from 0.5 am-
pere to as high as 100 amperes for
single silicon diodes. The peak
recurrent forward current is the
maximum repetitive instantaneous
forward current permitted under
stated conditions.

- =~ SURGE OR FAULT CURRENT

- PEAK REPETITIVE
ﬂ —ﬂ— AVERAGE FORWARD

Fig. 116—Representation of rectifier cur-
rents.

In addition, ratings are usually
given for non-repetitive surge, or
fault, current. In rectifier applica-
tions, conditions may develop which
cause momentary currents that are
considerably higher than normal
operating current. These increases
(current surges) may occur from
time to time during normal circuit
operation as a result of normal load
variations, or they may be caused
by abnormal conditions or faults in
the circuit. Although a rectifier can
usually absorb a limited amount of
additional heat without any effects
other than a momentary rise in junc-
tion temperature, a sufficiently high
surge can drive-the junction tem-
perature high enough to destroy the
rectifier. Surge ratings indicate the
amount of current overload or surge
that the rectifier can withstand with-
out detrimental effects.

Fig. 117 shows universal surge
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rating charts for families of recti-
fiers having average current ratings
up to 40 amperes. The rms currents
shown in these charts are incremen-
tal values which add to the normal
rms forward current during surge
periods. The charts indicate maxi-
mum current increments that can be
safely handled by the rectifiers for
given lengths of time. These charts
can be used by designers to de-
termine whether circuit modifica-
tions are necessary to protect the
rectifiers. If the value and duration
of expected current surges are
greater than the ratings for the rec-
tifier, impedance should be added to
capacitive-load circuits or fuses or
circuit breakers to variable-load cir-
cuits for surge protection.

The fusing requirements for a
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Fig. 117—Unijversal surge rating charts for
RCA rectifiers.
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given circuit can be determined by
use of a coordination chart such as
that shown in Fig. 118. Two charac-
teristics are plotted on the coordi-
nation chart initially: (A) the surge
rating curve for the rectifier, and
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SURGE DURATION—SECONDS

Fig. 118—Typical coordination chart for

determining fusing requirements (A =

surge-rating chart for 20-ampere rectifier;

B = expected surge current in half-wave

circuit; C opening characteristics of

protective device; D = resulting surge cur-
rent in modified circuit).

(B) the maximum surge (fault cur-
rent) expected in the circuit. In Fig.
118, curve A is the surge rating
curve for a 20-ampere rectifier, and
curve B is the maximum surge ex-
pected to occur in a single-phase
half-wave rectifier circuit that has
an input voltage of 600 volts and is
subject to overload conditions in
which the load resistance can de-
crease to 2 ohms. The maximum rms
current which can flow under these
conditions is given by

Irms Eln/QRl. = 600/4
150 amperes

The incremental portion of this cur-
rent is determined by subtracting
the normal rms current of the 20-
ampere rectifier (Irm. = 1.57 L.v =
1.57 x 20 = 31.4 amperes, Isurge =
150 — 31.4 — 118.6 amperes). The
straight line of curve B is then
drawn at an rms value of 118.6 am-
peres in Fig 118.

The intersection of curves A and
B indicates that the 20-ampere rec-
tifier can safely support an incre-
mental rms surge current of 118.6
amperes for a maximum duration of
about 40 milliseconds. Therefore, the
circuit must be modified to include
a protective element that has an
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“opening” characteristic that falls
below the rectifier surge rating
curve for all times greater than 40
milliseconds. The opening charac-
teristic of such a protective element
is shown. in Fig. 118 as curve C.
Surge current in the modified circuit
is then limited by the circuit re-
sistance for periods up to 40 milli-
seconds and by the protective
element for surges of longer dura-
tion, as shown by curve D.

Surge 'currents generally occur
when the equipment is first turned
on, or when unusual voltage tran-
sients are introduced in the ac sup-
ply line. Protection against excessive
currents of this type can be provided
in various ways, as will be dis-
cussed later.

Because these maximum current
ratings are all affected by thermal
variations, ambient-temperature con-
ditions must be considered in the
application of silicon rectifiers. Tem-
perature-rating charts are usually
provided to show the percentage by
which maximum currents must be
decreased for operation at tempera-
tures higher than normal room tem-
perature (25°C).

OVERLOAD PROTECTION

In the application of silicon recti-
fiers, it is necessary to guard against
both over-voltage and over-current
(surge) conditions. A voltage surge
in a rectifier arrangement can be
caused by de switching, reverse recov-
ery transients, transformer switch-
ing, inductive-load switching, and
various other causes. The effects of
such surges can be reduced by the
use of a capacitor connected across
the input or the output of the recti-
fier. In addition, the magnitude of
the voltage surge can be reduced by
changes in the switching elements or
the sequence of switching, or by a
reduction in the speed of current in-
terruption by the switching elements.

In all'applications, a rectifier hav-
ing a more-than-adequate peak re-
verse voltage rating should be used.
The safety margin for reverse volt-
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age usually depends on the applica-
tion. For a single-phase half-wave
application using switching of the
transformer primary and having no
transient suppression, a rectifier hav-
ing a peak reverse voltage three or
four times the expected working
voltage should be used. For a full-
wave bridge using load switching
and having adequate suppression of
transients, a margin of 1.5 to 1 is
generally acceptable.

Because of the small size of the
silicon rectifier, excessive surge cur-
rents are particularly harmful to rec-
tifier operation. Current surges may
be caused by short circuits, capacitor
inrush, de overload, or failure of a
single cell in a multiple arrange-
ment. In the case of low-power cells,
fuses or circuit breakers are often
placed in the ac input circuit to the
rectifier to interrupt the fault cur-
rent before it damages the rectifier.
When circuit requirements are such
that service must be continued in
case of failure of an individual diode,
a number of cells can be used in
parallel, each with its own fuse. Ad-
ditional fuses should be used in the
ac line and in series with the load for
protection against dc load faults. In
high-power cells, an arrangement of
circuit breakers, fuses, and series re-
sistances is often used to reduce the
amplitude of the surge current. Fus-
ing requirements can be determined
by use of coordination charts for
the particular circuits and rectifiers
used.

SERIES AND PARALLEL
ARRANGEMENTS

Silicon rectifiers can be arranged
in series or in parallel to provide
higher voltage or current capabili-
ties, respectively, as required for
specific applications.

A parallel arrangement of recti-
fiers can be used when the maximum
average forward current required is
larger than the maximum current
rating of an individual rectifier cell.
In such arrangements, however,
some means must be provided to as-
sure proper division of current
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through the parallel rectifier cells.
Parallel rectifier arrangements are
not in general use. Designers nor-
mally use a polyphase arrangement
to provide higher currents, or sim-
ply substitute the readily available
higher-current rectifier types.

Series arrangements of silicon rec-
tifiers are used when the applied re-
verse voltage is expected to be
greater than the maximum peak re-
verse voltage rating of a single sili-
con rectifier (or cell). For example,
four rectifiers having a maximum
reverse voltage rating of 200 volts
each could be connected in series to
handle an applied reverse voltage of
800 volts.

In a series arrangement, the most
important consideration is that the
applied voltage be divided equally
across the individual rectifiers. If the
instantaneous voltage is not uni-
formly divided, one of the rectifiers
may be subjected to a voltage greater
than its specified maximum reverse
voltage, and, as a result, may be de-
stroyed. Uniform voltage division
can usually be assured by connection
of either resistors or capacitors in
parallel with individual cells. Shunt

resistors are used in steady-state
applications, and shunt capacitors in
applications in which transient volt-
ages are expected. Both resistors and
capacitors should be used if the cir-
cuit is to be exposed to both de¢ and
ac components. When only a few
diodes are in series, multiple trans-
former windings may be used, each
winding supplying its own assembly
consisting of one series diode. The
outputs of the diodes are then con-
nected in series for the desired volt-
age.

RCA rectifier stacks (CR101,
CR201, and CR301 series) are de-
signed to provide equal reverse volt-
age across the individual rectifier
cells in the assembly under both
steady-state and transient condi-
tions. The CR101 and CR301 series
stacks include an integral resjstance-
capacitance network to equalize the
reverse voltage across the series-
connected rectifier cells. The CR201
series stacks use precisely matched
rectifier cells for internal voltage
equalization. Extended life tests have
shown that these rectifier stacks are
capable of operating for many thou-
sands of hours without noticeable
degradation of performance.
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Other Solid-State Diodes

N addition to the silicon rectifiers

described in the preceding section,
a number of other types of solid-
state diode devices are available for
use in a broad variety of circuit ap-
plications. For example, low-level
rectifying diodes are widely used in
signal-mixing, detector, and bal-
anced-modulator applications. Such
diodes, although they have signifi-
cantly lower voltage and current
ratings, operate essentially the same
as the silicon rectifiers and are not
discussed further. The emphasis in
this section is on specialized types
(i.e., tunnel, varactor, voltage-refer-
ence, and compensating diodes) that
are used primarily to provide func-
tions other than rectification.

TUNNEL DIODES

A tunnel diode is a small p-n
junction device having a very high
concentration of impurities in the
p-type and n-type semiconductor
materials. This high impurity den-
sity makes the junction depletion
region (or space-charge region) so
narrow that electrical charges can
transfer across the junction by a
quantum-mechanical action called
“tunneling.” This tunneling effect
provides a negative-resistance region
on the characteristic curve of the de-
vice that makes it possible to achieve
amplification, pulse generation, and
rf-energy generation.

Characteristics

Typical current-voltage character-
istics for a tunnel diode are shown
in Fig. 119. Conventional diodes do

not conduct current under conditions
of reverse bias until the breakdown
voltage is reached; under forward
bias they begin to conduct at ap-
proximately 300 millivolts. In tunnel
diodes, however, a small reverse bias
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Fig. 119—Typical current-voltage charac-
teristic of a tunnel diode.

causes the valence electrons of semi-
conductor atoms near the junction to
“tunnel” across the junction from
the p-type region into the n-type
region; as a result, the tunnel diode
is highly conductive for all reverse
biases. Similarly, under conditions of
small forward bias, the electrons in
the n-type region *‘tunnel” across
the junction to the p-type region and
the tunnel-diode current rises rapidly
to a sharp maximum peak I,. At in-
termediate values of forward bias,
the tunnel diode exhibits a negative-
resistance characteristic and the cur-
rent drops to a deep minimum valley
point I,. At higher values of forward
bias, the tunnel diode exhibits the
diode characteristic associated with
conventional semiconductor current
flow. The decreasing current with in-
creasing forward bias in the nega-
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tive-resistance region of the charac-
teristic provides the tunnel diode
with its ability to amplify, oscillate,
and switch.

Equivalent Circuit
In the equivalent circuit for a tun-
nel diode shown in Fig. 120, the n-
type and p-type regions are shown as

T T
TRANSITION
r 0§ REGION ! ’J
L n R(v) T2
O—IYYV
cv)
Fig. 120—Equivalent circuit for a tunnel
diode.

pure resistances r; and r.. The tran-
sition region is represented as a
voltage-sensitive resistance R(v) in
parallel with a voltage-sensitive ca-
pacitance C(v) because tunneling is
a function of both voltage and junc-
tion capacitance. This capacitance is
similar to that of a parallel-plate
capacitor having plates separated by
the transition region.

The dashed portion L in Fig. 120
represents an inductance which re-
sults from the case and mounting of
the tunnel diode. This inductance is
unimportant for low-frequency di-
odes, but becomes increasingly im-
portant at high frequencies (above
100 MHz).

Fig. 121 shows the form of the
equivalent circuit when the diode is
biased so that its operating point is
in the negative-resistance region;
dynamic characteristics of tunnel di-
odes are defined with respect to this
circuit. Ls represents the total series
inductance, and Rs the total series
resistance, Cp is the capacitance and
—Ryp is the negative resistance of
the diode. For small signal varia-
tions, both the resistance Ry and the
capacitance Cp are constant.

The figure of merit F of a tunnel
diode is equal to the reciprocal of
27RC, where R and C are the equiva-
lent values — Rp and Cp, respectively,
shown in Fig. 121. This expression
has two very useful interpretations:

Ls

"RD atCD

Rs
o, A4
Fig. 121—Equivalent circuit for a tunnel
diode biased in the negative-resistance
region.

(1) it is the diode gain-bandwidth
product for circuits operating in the
linear negative-resistance region of
the characteristic, and (2) its recip-
rocal is the diode switching time
when the device is used as a logic
element.

Operating Point

When the tunnel diode is used in
circuits such as amplifiers and oscil-
lators, the operating point must be
established in the negative-resistance
region. The dc load line, shown as
a solid line in Fig. 122, must be very
steep so that it intersects the static
characteristic curve at only one point
A. The ac load line can be either
steep with only one intersection B,
as in the case of an amplifier, or
relatively flat with three intersec-
tions C, D, and E, as in the case of
an oscillator. The location of the op-
erating point is determined by the
anticipated signal swing, the required
signal-to-noise ratio, and the operat-
ing temperature of the device. Bias-
ing at the center of the linear portion

V'V v——s ~

DC LOAD LINE
=== AC LOADLINE

Fig. 122—Tvypical load lines for tunnel-
diode circuits.
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of the negative-resistance slope per-
mits the greatest signal swing. For
high-temperature operation, a higher
operating current is chosen; for low
noise, the device is operated at the
lowest possible bias current.

Radiation and Thermal
Considerations

One of the most important features
of the tunnel diode is its resistance
to nuclear radiation. Experimental
results have shown tunnel diodes to
be at least ten times more resistant
to radiation than transistors. Because
the resistivity of tunnel diodes is so
low initially, it is not critically af-
fected by radiation until large doses
have been applied. In addition, tun-
nel diodes are less affected by ioniz-
ing radiation because they are rela-
tively insensitive to surface changes
produced by such radiation.

In general, the tunnel-diode volt-
age-current characteristic is rela-
tively independent of temperature.
Specific tunnel-diode applications
may be affected, however, by the rel-
ative temperature dependence of the
various| circuit components. In such
applications, negative feedback or
direct (circuit) compensation may be
required.

II'UNNEL RECTIFIERS

In addition to its negative-resist-
ance pqoperties, the tunnel diode has
an efficient rectification character-
istic which can be used in many
rectiﬁer applications. When a tunnel
diode is used in a circuit in such a
way th‘at this rectification property
is emppasized rather than its nega-
tive-reFistance characteristic, it is
called a tunnel rectifier. In general,
the peak current for a tunnel rec-
tifier is less than one milliampere.

The|major differences in the cur-
rent-voltage characteristics of tunnel
rectifiers and conventional rectifiers
are shown in Fig. 123. In conven-
tional [rectifiers, current flow is sub-
stantial in the forward direction, but
extremely small in the reverse direc-
tion (for signal voltages less than
the breakdown voltage for the de-
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vice). In tunnel rectifiers, however,
substantial reverse current flows at
very low voltages, while forward
current is relatively small. Conse-
quently, tunnel rectifiers can provide
rectification at smaller signal volt-
ages than conventional rectifiers,
although their polarity requirements
are opposite. (For this reason, tun-
nel rectifiers are sometimes called
“back diodes.”)

I

Ip

—~—— CONVENTIONAL
RECTIFIER

]
!
,' ~~=~=  TUNNEL
! RECTIFIER
f
[}

Fig. 123—Current-voltage characteristics
of tunnel rectifier and conventional
rectifier.

Because of their high-speed capa-
bility and superior rectification char-
acteristics, tunnel rectifiers can be
used to provide coupling in one di-
rection and isolation in the opposite
direction. Fig. 124 shows the use of
tunnel rectifiers to provide direc-
tional coupling in a tunnel-diode
logic circuit.

SET

RESET

TUNNEL RECTIFIERS

Fig. 124—Logic circuit using a tunnel
diode and three tunnel rectifiers.
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VARACTOR DIODES

A varactor or variable-reactance
diode is a microwave-frequency p-n
junction solid-state device in which
the depletion-layer capacitance bears
a nonlinear relation to the junction
voltage, as shown in Fig. 125(a).
When biased in the reverse direction,
a varactor diode can be represented
by a voltage-sensitive capacitance
C(v) in series with a resistance R,
as shown in Fig. 125(b). This non-
linear capacitance and low series
resistance, which permit the de-
vice to perform frequency-multi-
plication, oscillation, and switching
functions, result from a very high
impurity concentration outside the
depletion-layer region and a rela-
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Fig. 125—(a) Capacitance-voltage relation-

and (b) equivalent circuit for a varactor
diode.

tively low concentration at the
junction. Very low noise levels are
possible in circuits using varactor
diodes because the dominant current
across the junction is reactive and
shot-noise components are absent.
Reactive nonlinearity, without an
appreciable series resistance compo-
nent, enables varactor diodes to gen-
erate harmonics with very high ef-
ficiency in circuits such as the shunt-
type frequency multiplier shown in
Fig. 126. The circuit is driven by a
sinusoidal voltage source V, having
a fundamental frequency f and an
internal impedance Z.. Because the
ideal input filter is an open circuit
for all frequencies except the funda-
mental frequency, only the funda-
mental component of current i: can
flow in the input loop. A second-
harmonic current i,r is generated by

Fig. 126—Varactor-diode frequency multi-
plier

the varactor diode and flows toward
the load Z:.; another ideal filter is
used in the output loop to block the
fundamental-frequency component of
the input current.

Varactor diodes can amplify sig-
nals when their voltage-dependent
capacitance is modulated by an alter-
nating voltage at a different fre-
quency. This alternating voltage
supply, which is often referred to as
the “pump”, adds energy to the sig-
nal by changing the diode capaci-
tance in a specific phase relation with
the stored signal ¢harge so that po-
tential energy is added to this charge.
An “idler” circuit is generally used
to provide the proper phase relation-
ship between the signal and the
‘ipump"I

VOLTAGE-REFERENCE DIODES

Voltage-reference or zener diodes
are silicon rectifiers in which the re-
verse current remains small until
the breakdown voltage is reached
and then increases rapidly with little
further increase in voltage. The
breakdown voltage is a function of
the diode material and construction,
and can be varied from one volt to
several hundred volts for various
current and power ratings, depending
on the junction area and the method
of cooling. A stabilized supply can
deliver a constant output (voltage or
current) unaffected by temperature,
output load, or input voltage, within
given limits. The stability provided
by voltage-reference diodes makes
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them useful as stabilizing devices and
as reference sources capable of sup-
plying extremely constant current
loads.

COMPENSATING DIODES

Excellent stabilization of collector
current for variations in both supply
voltage and temperature can be ob-
tained by the use of a compensating
diode operating in the forward di-
rection in the bias network of ampli-
fier or oscillator circuits. Fig. 127
shows the transfer characteristics of
a transistor; Fig. 128 shows the for-
ward characteristics of a compensat-
ing diode. In a typical circuit, the
diode is biased in the forward direc-
tion; the operating point is repre-
sented on the diode characteristics
by the dashed horizontal line. The
diqde current at this point deter-
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Fig, 127—"'ransfer characteristics of trun-
sistor.
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mines a bias voltage which estab-
lishes the transistor idling current.
This bias voltage shifts with varying
temperature in the same direction
and magnitude as the transistor char-
acteristic, and thus provides an idling
current that is essentially independ-
ent of temperature.
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Fig. 128—Forward characteristics of com-
pensating diode.

The use of a compensating diode
also reduces the variation in tran-
sistor idling current as a result of
supply-voltage variations. Because
the diode current changes in propor-
tion with the supply voltage, the bias
voltage to the transistor changes in
the same proportion and idling-cur-
rent changes are minimized. (The
use of diode compensation is dis-
cussed in more detail under “Biasing”’
in the section on Bipolar Transistors.
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Applications

HEN speech, music, or video in-
formation is transmitted from
a radio or television station, the
station radiates a modulated radio-
frequency (rf) carrier. The function
of a radio or television receiver is
simply to reproduce the modulating
wave from the modulated carrier.
As shown in Fig. 129, a super-
heterodyne radio receiver picks up
the transmitted modulated rf signal,
amplifies it and converts it to a
modulated intermediate-frequency
(if) signal, amplifies the modulated
if signal, separates the modulating
signal from the basic carrier wave,
and amplifies the resulting audio sig-
nal to a level sufficient to produce the
desired volume in a speaker. In ad-
dition, the receiver usually includes
some means of producing automatic
gain control (age) of the modulated
signal before the audio information
is separated from the carrier.
The transmitted rf signal picked

up by the radio receiver may contain
either amplitude modulation (AM)
or frequency modulation (FM).
(These modulation techniques are
described later under the heading
Detection.) In either case, amplifica-
tion prior to the detector stage is
performed by tuned amplifier circuits
designed for the proper frequency
and bandwidth. Frequency conversion
is performed by mixer and oscillator
circuits or by a single converter stage
which performs both mixer and os-
cillator functions. Separation of the
modulating signal is normally ac-
complished by one or more diodes in
a detector or discriminator circuit.
Amplification of the audio signal is
then performed by one or more audio
amplifier stages. (Audio amplifiers
are discussed in the section on Low-
Frequency Amplification.)

The operation of a television re-
ceiver (shown in block-diagram
form in Fig. 130) is more complex

RF

IF

ANTEN! CONVERTER DETECTOR
oL AMPLIFIER AMPLIFIER
AGC
AUDIO AUDIO POWER | . PEAKER
AMPLIFIER AMPLIFIER s

Fig. 129~—Simplified block diagram for a broadcast-band receiver.
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Fig, 130—Simplified block diagram for a television receiver.

than that of a radio receiver, as
shown by a comparison of Figs. 129
and 130.

The tuner section of the television
receiver selects the proper rf sig-
nals for the desired channel fre-
quency, amplifies them, and converts
them to a lower intermediate fre-
quency. As in a radio receiver,
these functions are accomplished
in rf-amplifier, mixer, and local-
oscillator stages. The if signal is
then amplified in if-amplifier stages
which provide the additional gain
required to bring the signal level
to an amplitude suitable for detec-
tion.

After if amplification, the detected
signal is separated into sound and
picture information. The sound sig-
nal is amplified and processed to pro-
vide an audio signal which is fed to
an audio amplifier system. The pic-
ture (video) signal is passed through
a video amplifier (discussed in the
section on Low-Frequency Ampli-
fiers) which conveys beam-intensity
information to the television picture
tube and thus controls instantaneous
“spot” brightness. At the same time,
deflection circuits cause the electron
beam of the picture tube to move the
“spot” across the faceplate horizon-
tally and vertically. Special “sync”

signals derived from the video signal
assure that the horizontal and ver-
tical scanning are timed so that the
picture produced on the receiver ex-
actly duplicates the picture being
viewed by the camera or pickup tube.
(The sync and deflection circuits are
described in the section on TV De-
flection.)

In a television receiver, the video
signal contains a de component, and
therefore the average carrier level
varies with signal information. As a
result, the age circuit is designed to
provide a control voltage propor-
tional to the peak modulated carrier
level rather than the average modu-
lated carrier level. The time constant
of the age detector circuit is made
large enough so that the picture con-
tent of the composite video signal
does not influence the magnitude of
the age voltage. In addition, an elec-
tronic switch is often included in the
circuit so that it can be operated only
during the retrace portion of the
scanning cycle. This “gated agc”
technique prevents noise peaks from
affecting age operation.

DETECTION

The circuit of a radio, television, or
communications receiver in which the
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modulation is separated from the car-
rier is called the demodulator or
detector stage. Transmitted rf sig-
nals may be modulated in either of
two ways. If the frequency of the
carrier remains constant and its am-
plitude is varied, the carrier is called
an amplitude-modulated (AM) sig-
nal. If the amplitude remains essen-
tially constant and the frequency is
varied, the carrier is called a fre-
quency-modulated (FM) signal.
The effect of amplitude modula-
tion (AM) on an rf carrier wave
is shown in Fig. 131. The audio-

UNMODULATED
RF CARRIER

AMPLITUDE—~MODULATED
RF WAVE
AF MODULATING
WAVE
Fig. 131—Waveforms showing effect of
amplitude modulation on an rf wave.

frequency (af) modulation can be
extracted from the amplitude-modu-
lated carrier by means of a simple
diode detector such as that shown
in Fig. 132(a). This circuit elimi-
nates alternate half-cycles of the
waveform, and detects the peaks of
the remaining half-cycles to produce
the output voltage shown in Fig.
132(b). In this figure, the rf voltage
applied to the circuit is shown in
light line; the output voltage across
the capacitor C is shown in heavy
line.

Between points a and b of Fig.
132(b), capacitor C charges up
to the peak value of the rf voltage.
Then, as the applied rf voltage falls
away from its peak value, the capa-
citor holds the cathode of the diode
at a potential more positive than the
voltage applied to the anode. The
capacitor thus temporarily cuts off
current through the diode. While the
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Fig. 132—(a) Basic diode detector circuit

and (b) waveform showing modulated rf

input (light line) and output voltage
(heavy line) of diode-detector circuit.

diode current is cut off, the capaci-
tor discharges from b to ¢ through
the diode load resistor R.

When the rf voltage on the anode
rises high enough to exceed the po-
tential at which the capacitor holds
the cathode, current flows again, and
the capacitor charges up to the peak
value of the second positive half-
cycle at d. In this way, the voltage
across the capacitor follows the peak
value of the applied rf voltage and
reproduces the af modulating signal.
The jaggedness of the curve in Fig.
132(b), which represents an rf com-
ponent in the voltage across the
capacitor, is exaggerated in the
drawing. In an actual circuit, the
rf component of the voltage across
the capacitor is small. When the
voltage across the capacitor is am-
plified, the output of the amplifier
reproduces the speech or music that
originated at the transmitting sta-
tion.

Another way to describe the action
of a diode detector is to consider the
circuit as a half-wave rectifier. When
the signal on the anode swings posi-
tive, the diode conducts and the rec-
tified current flows. The dc voltage
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across the [capacitor C varies in ac-
cordance with the rectified ampli-
tude of the carrier and thus repro-
duces the|af signal. Capacitor C
should be (large enough to smooth
out rf or [if variations, but should
not be so large as to affect the audio
variations. (Although two diodes
can be connected in a circuit similar
to a full-wave rectifier to produce
full-wave detection, in practice the
advantages of this connection gen-
erally do not justify the extra cir-
cuit cost and complication.)

In the circuit shown in Fig. 132(a),
it is often desirable to forward-bias
the diode almost to the point of con-
duction to improve performance for
weak signal levels. It is also desir-
able that the resistance of the ac
load which follows the detector be
considerably larger than the diode
load resistor to avoid severe distor-
tion of the audio waveform at high
modulation levels.

The basic diode detector may also
be adapted to provide video-signal
detection in black-and-white and
color television receivers. Fig. 133
shows an example of a diode type
of video detector for a color televi-
sion receiver.

The video detector demodulates
the if signal so that the luminance,
chrominance, and sync signals are
available at the output of the detec-
tor circuit. A erystal diode with an
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Fig. 133—Video detector for a color tele-
vision receiver.

if filter is commonly used for this
purpose. The video detector in a
color receiver may employ a sound-
carrier trap in its input. This trap
attenuates the sound carrier and
insures against the development of
an undesirable 920-kHz beat fre-
quency which is the frequency dif-
ference between the sound carrier
and the color subcarrier. When the
sound carrier is attenuated in this
manner, the sound take-off point is
located ahead of the video detector.

The effect of frequency modulation
(FM) on the waveform of an rf car-
rier wave is shown in Fig. 134. In

UNMODULATED RF CARRIER

AF MODULATING WAVE

FREQUENCY-MODULATED RF WAVE

Fig. 134—Waveforms showing effect of
frequency modulation on an rf wave.

this type of transmission, the fre-
quency of the rf carrier deviates
from the mean value at a rate pro-
portional to the audio-frequency
modulation and by an amount (de-
termined in the transmitter) propor-
tional to the amplitude of the af
modulating signal. That is, the num-
ber of times the carrier frequency
deviates above and below the center
frequency is a measure of the fre-
quency of the modulating signal;
the amount of frequency devia-
tion from the center frequency is
a measure of the loudness (ampli-
tude) of the modulating signal. For
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Ce

Fig. 135—Balanced phase-shift discriminator circuit.

this type of modulation, a detector
is required to discriminate between
deviations above and below the center
frequency and to translate these de-
viations into a voltage having an
amplitude that varies at audio fre-
quencies.

The FM detector shown in Fig. 135
is called a balanced phase-shift dis-
criminator. In this detector, the mu-
tually coupled tuned circuits in the
primary and secondary windings of
the transformer T are tuned to the
center frequency. A characteristic of
a double-tuned transformer is that
the voltages in the primary and sec-
ondary windings are 90 degrees out
of phase at resonance, and that the
phase shift changes as the frequency
changes from resonance. Therefore,
the signal applied to the diodes and
the RC combinations for peak de-
tection also changes with frequency.

Because the secondary winding of
the transformer T is center-tapped,
the applied primary voltage E, is
added to one-half the secondary volt-
age E. through the capacitor C.. The
addition of these voltages at reso-
nance can be represented by the dia-
gram in Fig. 136; the resultant volt-

Fig. 136—Diagram illustrating phase shift
in double-tuned transformer at resonance.

age E, is the signal applied to one
peak-detector network consisting of
one diode and its RC load. When
the signal frequency decreases
(from resonance), the phase shift of
E./2 becomes greater than 90 de-
grees, as shown at (a) in Fig. 137,
and E, becomes smaller. When the
signal frequency increases (above
resonance), the phase shift of E./2
is less than 90 degrees, as shown at
(b), and E, becomes larger. The curve

(a)

Fig. 137—Diagrams illustrating phase shift
inn double-tuned transformer (a) below res-
onance and (b) above resonance.

of E, as a function of frequency in
Fig. 138 is readily identified as the
response curve of an FM detector.

Because the discriminator circuit
shown in Fig. 135 uses a push-pull
configuration, the diodes conduct on
alternate half-cycles of the signal
frequency and produce a plus-and-
minus output with respect to zero
rather than with respect to E,. The
primary advantage of this arrange-
ment is that there is no output at
resonance. When an FM signal is
applied to the input, the audio out-
put voltage varies above and below
zero as the instantaneous frequency
varies above and below resonance.
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The frequency of this audio voltage is
determined by the modulation fre-
quency of the FM signal, and the am-
plitude of the voltage is proportional
to the frequency excursion from reso-
nance. (The resistor R: in the circuit
provides a dc return for the diodes,
and also maintains a load impedance
across the primary winding of the
transformer.)

+ I

CENTER
FREQUENCY

/ — FREQUENCY

Fig. 138—Diagram showing resultant volt-
age E, in Fig. 136 as a function of fre-
quency.

RESULTANT VOLTAGE
APPLIED TO DIODE
m

One disadvantage of the balanced
phase-shift discriminator shown in
Fig. 135 is that it detects amplitude
modulation (AM) as well as fre-
quency modulation (FM) in the if
signal because the circuit is bal-
anced only at the center frequency.
At frequencies off resonance, any
variation in amplitude of the if
signal is reproduced to some ex-
tent in the audio output.

The ratio-detector circuit shown in
Fig. 139 is a discriminator circuit
which has the advantage of being
relatively insensitive to amplitude
variations in the FM signal. In this
circuit, E, is added to E,/2 through

the mutual coupling M, (this volt-
age addition may be made by either
mutual or capacitive coupling). Be-
cause of the phase-shift relationship
of these voltages, the resultant de-
tected signals vary with frequency
variations in the same manner as de-
scribed for the phase-discriminator
circuit shown in Fig. 135. How-
ever, the diodes in the ratio de-
tector are placed “back-to-back” (in
series, rather than in push-pull) so
that both halves of the circuit oper-
ate simultaneously during one-half
of the signal frequency cycle (and
are cut off on the other half-cycle).
As a result, the detected voltages E,
and E: are in series, as shown for
the instantaneous polarities that oc-
cur during the conduction half-cycle.
When the audio output is taken be-
tween the equal capacitors C, and
C., therefore, the output voltage is
equal to (E.—E;}/2 (for equal re-
sistors R: and R.).

The dc circuit of the ratio detector
consists of a path through the sec-
ondary winding of the transformer,
both diodes (which are in series), and
resistors R: and R:. The value of the
electrolytic capacitor C; is selected
so that the time constant of R, R.,
and C; is very long compared to the
detected audio signal. As a result,
the sum of the detected voltages
(E, + E.) is a constant, and the AM
components on the signal frequency
are suppressed. This feature of the
ratio detector provides improved AM
rejection as compared to the phase-
shift discriminator circuit shown in
Fig. 135.

M
L & a+ N - *j_
Ry EnTACl
T:b T :—T 1 ::Cs}E|+Ez
Ep Eg '=R2 EzT::CZ
- P , L
T SRR (27
T Os+ ;

Fig. 139—Ratio-detector circuit.
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TUNED AMPLIFIERS

In radio-frequency (rf) and
intermediate-frequency (if) ampli-
fiers, the bandwidth of frequencies
to be amplified is usually only a
small percentage of the center fre-
quency. Tuned amplifiers are used
in these applications to select the
desired bandwidth of frequencies and
to suppress unwanted frequencies.
The selectivity of the amplifier is
obtained by means of tuned inter-
stage coupling networks.

Resonant-Circuit
Characteristics

The properties of tuned amplifiers
depend upon the characteristics of
resonant circuits. A simple parallel
resonant circuit (sometimes called a
“tank’” because it stores energy) is
shown in Fig. 140. For practical pur-
poses, the resonant frequency of such
a circuit may be considered inde-
pendent of the resistance R, provided
R is small compared to the inductive
reactance Xi.. The resonant fre-
quency f. is then given by

1
"7 2zV/LC

For any given resonant frequency,
the product of L and C is a constant;
at low frequencies LC is large; at
high frequencies it is small.

The Q (selectivity) of a parallel
resonant circuit alone is the ratio of
the current in the tank (I. or I¢) to
the current in the line (I). This un-

Fig. 140—Simple parallel resonant circuit.

loaded Q, or Q., may be expressed
in various ways, for example:
Ic X R,

~ Rs ~ Xc
where X, is the inductive reactance
(= 2+fL), X. is the capacitive re-
actance ( = 1/{2+fC]), and R, is the
total impedance of the parallel reso-
nant circuit (tank) at resonance. The
Q varies inversely with the resistance
of the inductor Rs. The lower the re-
sistance, the higher the Q and the
greater the difference between the
tank impedance at frequencies off
resonance compared to the tank im-
pedance at the resonant frequency.
The Q of a tuned interstage cou-
pling network also depends upon the
impedances of the preceding and fol-
lowing stages. The output impedance
of a transistor can be considered as
consisting of a resistance R, in par-
allel with a capacitance C., as shown
in Fig. 141. Similarly, the input im-
pedance can be considered as consist-
ing of a resistance R, in parallel
with a capacitance Ci. Because the

OUTPUT OF INPUT OF
PRECEOQING COUPLING FOLLOWING
TRANSISTOR NETWORK TRANSISTOR
—1 O O
J_ i3
Ro 2 Co -Ci Rj

—

2 4
O O
Fig. 141—Equivalent output and input cir-

cuits of transistors connected by a cou-
pling network,

tuned circuit is shunted by both the
output impedance of the preceding
transistor and the input impedance
of the following transistor, the ef-
fective selectivity of the circuit is
the loaded Q (or Q.) based upon
the total impedance of the coupled
network, as follows:

f total loading on |
\coil at resonance |

X or X¢

L =

The capacitances C, and C, in Fig.
141 are usually considered as part of
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the coupling network. For example,
if the required capacitance between
terminals 1 and 2 of the coupling
network is calculated to be 500 pico-
farads and the value of C, is 10
picofarads, a capacitor of 490 pico-
farads is used between terminals 1
and 2 so that the total capacitance is
500 picofarads. The same method is
used to allow for the capacitance C
at terminals 3 and 4.

When a tuned resonant circuit in
the primary winding of a trans-
former is coupled to the nonresonant
secondary winding of the trans-
former, as shown in Fig. 142(a), the
effect of the input impedance of the
following stage on the Q of the tuned
circuit can be determined by con-
sidering the values reflected (or re-
ferred) to the primary circuit by
transformer action. The reflected re-
sistance ri|is equal to the resistance
Ri in the secondary circuit times the
square of [the effective turns ratio
between t}}e primary and secondary
windings (1f the transformer T:

ri = Ri (N;/N,)?

where N,/N: represents the electrical
turns ratio between the primary
winding and the secondary winding
of T. If there is capacitance in the
secondary circuit (C.), it is reflected
to the primary circuit as a capaci-
tance C,,, and is given by

C-p = Cn + (N;/Ny)?

The loaded Q, or Q., is then calcu-
lated on the basis of the inductance
L,, the total shunt resistance (R,
plus r, plus the tuned-circuit im-
pedance Z: = Q.X. = Q.X.), and
the total capacitance (C, + C.;) in
the tuned circuit.

Fig. 142(b) shows a coupling net-
work which consists of a single-
tuned circuit using mutual inductive
coupling. The capacitance C, in-
cludes the effects of both the output
capacitance of the preceding tran-
sistor and the input capacitance of
the following transistor (referred
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to the primary of transformer T,).

The bandwidth of a single-tuned

transformer is determined by the

half-power points on the resonance

curve (—3 dB or 0.707 down from
T

ISR AR H
1
e 1 | ;
Ry &1 o1z Ci L Co= R;
o <«fi -3 P P S S i
< iCsp |
[ |
) [ N_N2 ]
(a)
T
13
OUTPUT OF J_ INPUT OF
PRECEDING FOLLOWING
TRANSISTOR | Cf TRANSISTOR
J 2 4

(b}

OUTPUT OF [T % INPUT OF
PRECEDING = | FOLLOWING
TRANSISTOR z TRANSISTOR

(c}
Fig. 142—Equivalent circuits for trans-
former-coupling networks: (a) having tuned
primary winding; (b) using inductive cou-
pling; (c) using tap on primary winding.
the maximum). Under these condi-
tions, the band pass Af is equal
to the ratio of the center or
resonant frequency f. divided by the
loaded (effective) Q of the circuit, as
follows:
Af = £./Qu

The inherent internal feedback in
transistors can cause instability and
oscillation as the gain of an amplifier
stage is increased (i.e., as the load
and source impedances are increased
from zero to matched conditions).
At low radio frequencies, therefore,
where the potential gain of transis-
tors is high, it is often desirable to
keep the transistor load impedance
low. Relatively high capacitance
values in the tuned collector circuit
can then be avoided by use of a tap
on the primary winding of the
coupling transformer, as shown in
Fig. 142(c). At higher frequencies,
the gain potential of the transistor
decreases, and impedance matching
is permissible. However, lead induct-
ance becomes significant at higher
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frequencies, particularly in the emit-
ter circuit. All lead lengths should be
kept short, therefore, and especially
the emitter lead, which not only de-
grades performance but is also a
mutual coupling to the output circuit.

Gain and Noise Figure

In the design of low-level tuned
rf amplifiers, careful consideration
must be given to the transistor and
circuit parameters which control cir-
cuit stability, as well as those which
maintain adequate power gain. The
power gain of an rf transistor must
be sufficient to provide a signal that
will overcome the noise level
of succeeding stages. In addition,
if the signals to be amplified
are relatively weak, it is important
that the transistor and its associated
circuit provide low noise figure at
the operating frequency. In com-
munication receivers, the noise fig-
ure of the rf stage determines the
absolute sensitivity of the receiver
and is, therefore, one of the most
important characteristics of the de-
vice used in the rf stage.

The relative power-gain capabili-
ties of transistors at high frequencies
are indicated by their theoretical
maximum frequency of oscillation
foax. At this frequency, the unilateral-
ized matched power gain, or maxi-
mum available gain MAG, is 0 dB.
As shown in Fig. 143, the curve of
MAG as a function of frequency for
a typical rf transistor rises approxi-
mately 6 dB per octave below fmax.

Because most practical rf ampli-
fiers are not individually unilateral-
ized, the power gain that can be
obtained is somewhat less than the
MAG because of internal feedback in
the circuit. This feedback is greater
in unneutralized circuits than in neu-
tralized circuits, and therefore gain
is lower when neutralization is not
used. From a practical considera-
tion, the feedback capacitance which
must be considered is the total feed-
back capacitance between collector
and base, including both stray and
socket capacitances. In neutralized
circuits, stray capacitances, socket

capacitance, and the typical value of
device capacitance can generally be
neutralized. At a given frequency,
therefore, the maximum usable
power gain MUG of a neutralized cir-
cuit depends on the transconductance
gm and the amount of internal feed-
back capacitance C:. In unneutralized
circuits, however, both socket and
stray capacitances are involved in
the determination of gain and must
be included in the value of C:. The
ratio of gm to C¢ should be high to
provide high power gain. Fig. 146
shows typical curves of MAG and
MUG (for both the neutralized and
the unneutralized case) for a low-
level rf transistor used in a common-
emitter circuit.

SLOPE = 6dB/0CTAVE

fr
'M";‘ \25r5Cc

MAG —dB

FREQUENCY

POWER GAIN—dB —*

DEVICE NOISE FIGURE —»
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FREQUENCY —>»
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Fig. 143—Maximum available gain MAG,
maxinunt usable gain MUG, and noise
figure NF as functions of frequency.

The transistor requirements for
high power gain and low noise figure
are essentially the same. Published
data for transistors intended for low-
level rf applications generally indi-
cate a minimum power gain and a
maximum noise figure in a circuit
typical of the intended use. A curve
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of noise figure NF as a function of
frequency is also shown in Fig. 143.
Circuit design factors for lowest
noise figure include use of a low-
noise transistor, choice of optimum
bias current and source resistance,
and use of low-loss input circuits.
Optimum low-noise bias current for
most low-level rf transistors is
about 1 milliampere, or slightly
higher in the uhf range. Optimum
source resistance is a function of
operating frequency and bias current
for a given' transistor.

Although maximum theoretical
power gain cannot be achived in
practical circuits, the gain of MOS
transistors 1 at high frequencies
closely approximates the theoretical
limit except for so