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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 in-
stantly the movement of charges of
electricity. They are used as rec-
tifiers, detectors, amplifiers, oscilla-
tors, 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 construetion, ex-
tremely rugged, free from micro-
phonics, and can be made impervious
to many severe environmental con-
ditions. 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, semicenduc-
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 material most often used in
semiconductor devices is silicon.

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.

Semiconductor materials lie in the
range between these two extremes,
as shown in Fig. 1. Pure silicon has
a resistivity, in the order of 60,000
ohm-centimeters. As used in semi-
conductor devices, however, semicon-
ductor materials contain carefully
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Fig. 1—Resistivity of typical conductor,
semiconductor, and insulator.
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controlled amounts of certain im-
purities which reduce their resistiv-
ity to about 2 ohm-centimeters at
room temperature (this resistivity
decreases 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
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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,
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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 becaue no adjacent va-
lence electron is available. The excess
electron is then held very loosely by
the atom, as shown in Fig. 3, and
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Fig. 3—-Lattice structure of n-type
material,

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 silicon crystals to provide excess
electrons include arsenic and an-
timony. When these elements are
introduced, the resulting material
is called n-type because the ex-
cess free electrons have a negative
charge. (It should be noted, however,
that the negative charge of the elec-
trons is balanced by an equivalent
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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-
ttice, 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
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Fig. 4—Lattice structure of p-type
material.

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 erystal
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.
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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
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Fig. S—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
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
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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
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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 gzradient causes a flow
of charge carriers, referred to as
drift current, in the opposite direc-
tion to the diffusion current. Under
equilibrium conditions, the diffusion
current is exactly balanced by the
drift current so that the net current
across the p-n junction is zero. In
other words, when no external cur-
rent or voltage is applied to the p-n
junction, the potential gradient forms
an energy barrier that prevents fur-
ther diffusion of charge -carriers
across the junction. In effect, elec-
trons from the n-type material that
tend to diffuse across the junction are
repelled by the slizht negative charge
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Fig. 7—Electron current flow
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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 posiitve terminal of the
battery and away from the junction.
At the same time, holes from the
p-type material are attracted toward
the negative terminal of the battery
and away from the junction. As a
result, the space-charge region at the
junction becomes effectively wider,
and the potential gradient increases
until it approaches the potential of
the external battery. Current flow
is then extremely small because no
voltage difference (electric field) ex-
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.
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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 arrangment, 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 june-
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 resulting high
temperatures may permanently dam-
age the solid-state device.

1
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Fig. 8—Voltage-current characteristic for
a p-n junction.

Diodes

The simplest type of solid-state
devce 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—— —0
CATHODE ANODE
92Cs-2i21e

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.
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Fig. 10—Simple diode rectifying circuit.
Silicon Rectifiers

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
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.

Zener diodes are silicon rectifiers
in which the reverse current remains
small until the breakdown voltage
is reached and then increases rapidly
with little further increase in volt-
age. The schematic symbol for a
zener diode is shown in Fig. 11; a
typical zener characteristic curve is
shown in Fig. 12 in comparison with
that of a rectifying diode. 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, depend-
ing on the junction area and the
method of cooling. Zener diodes are
useful as stabilizing devices and as
reference voltage sources.

Current stability in a transistor
can be achieved by use of a com-
pensating diode. Because the for-
ward characteristic of a compen-
sating diode is similar to the
transfer characteristics of a tran-
sistor, the diode can maintain tran-
sistor bias voltages within =+0.015
volt of a desired value despite
supply-voltage variations up to 40
per cent and simultaneously com-
pensate for a wide range of ambient-
temperature variations.

CATHODE
ZENER
DIOOE
ANODE
92CS-21303

Fig. 11—Schematic symbol for a zener
diode.
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Fig. 12—Typical characteristic curves for
(a) a rectifying diode and (b) a zener
diode.

N-P-N AND P-N-P STRUCTURES

Fig. 7 shows that a p-n junction
biased in the reverse direction is
equivalent to a high-resistance ele-
ment (low current for a given ap-
plied voltage), while a junction
biased in the forward direction is
equivalent to a low-resistance ele-
ment (high current for a given ap-
plied voltage). Because the power
developed by a given current is
greater in a high-resistance element
than in a low-resistance element
(P = I’°R), power gain can be ob-
tained in a structure containing two
such resistance elements if the cur-
rent flow is not materially reduced.
A device containing two p-n junec-
tions biased in opposite directions
can operate in this fashion.
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Bipolar Transistors

All bipolar transistors consist of
three layers of semiconductor ma-
terial (usually silicon) referred to
as emitter, base, and collector. The
resultant structure forms two back-
to-back p-n junctions. The input
(emitter-base) junction serves as
the source, or injector, of current
carriers; the output (base-collector)
junction collects the injected cur-
rent carriers. During normal opera-
tion, the emitter-base p-n junction
is forward-biased, and the collector-
base p-n junction is reverse-biased.

As explained in the section on
Silicon Rectifiers, a p-n junction
biased in the reverse direction is
equivalent to a high-resistance ele-
ment, while a junction biased in the
forward direction is equivalent to
a low-resistance element. The elec-
tric field across the forward-biased
junction overcomes the energy bar-
rier at the junction and causes holes
to be injected into the n-type re-
gion and electrons to be injected
into the p-type region. Because of
the large number of free electrons
in the n-type region and of holes in
the p-type region, the injected holes
and electrons are referred to as
minority-charge carriers. A for-
ward-biased p-n junction, therefore,
is a minority-carrier injector, and
the number of minority carriers in-
jected is dependent upon the mag-
nitude of the forward-bias voltage.

Charge-Carrier Flow—When a
symmetrical p-n junction is forward-
biased, the lifetime of the injected
minority carrier is very short. Be-
cause of the many free electrons in
the n-type region, a hole injected
into this region is not likely to pene-
trate very far before it meets an
electron and is annihilated (i.e.,
neutralized), as shown in Fig. 13.
Similarly, any electron injected into
the p-type region is usually quickly
neutralized by one of the numerous
holes in this region. In a symmetri-
cal p-n junction, therefore, injected
minority carriers cannot penetrate

9
very far or last very long before
they are annihilated.
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Fig. I13—Diagram showing that recom-
bination limits travel of injected carriers
in a symmetrical forward-biased p-n junc-
tion.

Fig. 14(a) shows a nonsymmetri-
cal p-n junction in which the n-type
region is made very thin and the
p-type region is much more heavily
doped. When this junction is for-
ward-biased, an injected hole is
much less likely to be annihilated
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Fig. 14—Diagrams showing that (a) hole

injection is improved by unequal doping

and a thin n-type section and (b) electron

injection is improved by unequal doping
and a thin p-type section.
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by an electron before it crosses to
the end of the thin n-type region.
Moreover, because of the heavy dop-
ing of the p-type region, more holes
are injected into the n-type region
than there are free electrons in this
thin region. Consequently, even
though some injected holes are an-
nihilated by free electrons, most of
them are able to survive and pene-
trate the full width of the n-type
region, as shown in Fig. 14(a).
Similarly, in a forward-biased p-n
junction in which the p-type region
is very thin and the n-type region is
much more heavily doped, an in-
jected electron is unlikely to meet
(and be neutralized by) a hole be-
fore it penetrates to the end of the
thin p-type region, as shown in
Fig. 14(b).

In bipolar transistors, a thin
lightly doped semiconductor layer
(base region). is sandwiched be-
tween two wider (emitter and col-
lector) semiconductor layers that
are much more heavily doped with an
opposite type of impurity from the
dopant used in the thin base layer.
The two nonsymmetrical back-to-
back p-n junctions that result may
form either a p-n-p or an n-p-n
transistor. Fig. 15 shows the layer
structure and the corresponding
schematic symbol for each type of
transistor.

N-P-N Types—Fig. 16 shows the
basic biasing arrangements for an
n-p-n bipolar transistor. External
batteries bias the emitter-base (n-p)
junction in the forward direction to
provide a low-resistance input sec-
tion, and bias the base-collector
(p-n) junction in the reverse direc-
tion to provide a high-resistance
output section. Electrons flow easily
from the n-type emitter region to
the p-type base region as a result of
the forward biasing. Most of these
electrons diffuse through the thin
p-type region, however, and are at-
tracted by the positive potential of
the external bias supply across the
base-collector (p-n) junction. In
practical devices, approximately 95
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Fig. 15—Transistor nomenclature and sym-
bols: (a) p-n-p type; (b) n-p-n type.

to 99.5 per cent of the injected elec-
trons reach the n-type collector re-
gion. This high percentage of cur-
rent penetration makes possible
power gain in the high-resistance
output circuit and is the basis for
the amplification capability of a
transistor.

EJEMITTER

SIGNAL
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92C5-25285

Fig. 16—Basic biasing and input-signal

connections for an n-p-n transistor.
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P-N-P Types—The operation of a
p-n-p transistor is essentially iden-
tical to that of an n-p-n transistor
except that hte polarities of the bias
voltages are reversed and the main
current carriers are holes instead
of electrons. Fig. 17 shows the basic
biasing and input-signal connections
for a p-n-p transistor.
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Fig. 17—Basic biasing and input-signal
connections for a p-n-p transistor.

Diacs

A diac is a two-electrode, three-
layer bidirectional avalanche diode
that can be switched from the off
state to the on state for either
polarity of applied voltage. Fig. 18
shows the junction diagram and
schematic symbol for a diac; Fig. 19
shows the voltage-current charac-
teristic.

o— n p

(a)

DIAC
(b)

92Cs-25287

Fig. 18—a) Junction diagram and (b)
schematic symbol for a diac.

This three-layer trigger diode is
similar in construction to a bi-
polar transistor, but differs from
it in that the doping concentrations
at the two junctions are approxi-
mately the same and there is no

1

contact made to the base layer. The
equal doping levels result in a sym-
metrical bidirectional switching
characteristic, as shown in Fig. 19.
When an increasing positive or
negative voltage is applied across
the terminals of the diac, a mini-
mum (leakage) current Imo flows
through the device until the voltage
reaches the breakover point Vo).
The reverse-biased junction then
undergoes avalanche breakdown and,
beyond this point, the device ex-
hibits a negative-resistance charac-
teristic, i.e., current through the de-
vice increases substantially with
decreasing voltage.

I -~ av*
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92CS- 25200

Fig. characteristic

19—V oltage-current
for a diac.

Diacs are primarily used as trig-
gering devices in thyristor phase-
control circuits used for light dim-
ming, universal motor-speed control,
heat control, and similar applica-
tions. Fig. 20 shows the general cir-
cuit diagram for a diac/triac phase-
control circuit.

RL
THYRISTOR
(TRIAC)
DIAC
H7v
¢
1 |
92€S5-25289

Fig. 20—General circuit diagram for a
diac/triac phase-control circuit.
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FIELD-EFFECT TRANSISTORS

The field-effect transistor is an-
other type of solid-state device that
is becoming increasingly popular in
electronic circuits. These transistors
derive their name from the fact that
current flow in them is controlled
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 conrol-gate construction, as
either junction-gate types or metal-
oxide-semiconductor types. Although
both types operate on the basic prin-
ciple that current conducton is con-
trolled by variation of an electrie
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
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as JFET’s, may be either n-channel
or p-channel devices. Fig. 21 shows
the structure of an p-channel junc-
tion-gate field-effect transistor, to-
gether with the schematic symbols
for both n-channel and p-channel
versions of these devices. The struec-
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-
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

GATE TERMINAL
DRAIN TERMINAL

SOURCE  ,+—)
TERMINALY /55
sourceJfii] , 1 | 7
BN s bl
7 ("IW DRAIN
v (/L
GATE \ SILICON
CHANNEL SUBSTRATE
(a)
DRAIN DRAIN
GATE GATE
SOURCE SOURCE
n—- CHANNEL p-CHANNEL
el 92€5-25290

Fig. 21—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.
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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
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Fig. 22—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.
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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. 22 and 23 shows the struc-
tures and schematic symbols for both
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TERMINAL NETA TERMINAL

n- CHANNEL

SOURCE DRAIN
{n (n)
(a)
DRAIN
SUBSTRATE
GATE
SOURCE
n-CHANNEL
DRAIN
SUBSTRATE
GATE
SOURCE
p-CHANNEL
(b)
92Cs8-25292

Fig. 23—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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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. Insulation of the gate
from the remainder of the transis-
tor structure results in an exceed-
ingly 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 insulator.

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. 22(a) and
23(a), results in significant differ-
ences in the characteristics of these
devices and, therefore, in the appli-
cations in which they are normally
employed.

As indicated by the interruptions
in the channel line of the schematic
symbols shown in Fig. 22(b), en-
hancement-type MOS field-effect
transistors 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. Conse-
quently, this type of device is ideal
for use in digital and switching ap-
plications. The gate of the enhance-
ment type of MOS field-effect tran-
sistor must be forward-biased with
respect to the source to produce the
active charge carriers in the channel
required 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-
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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 MOS field-effect
transistors are characterized by the
fact that, with zero gate bias, the
thin channel under the gate region
provides a conductive path between
the source and drain terminals. In
the schematic symbols for these de-
vices, shown in Fig. 23 (b), the chan-
nel line is drawn continuous to in-
dicate this “normally on” condition.
When the gate is reverse-biased
(negative with respect to the source
for n-channel devices, or positive
with respect to the source for p-
channel devices), the channel can
be depleted of charge carriers; con-
duction 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
addtional charge carriers can be
produced in the channel and, there-
fore, condnction 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. 23(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.
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Fig. 24(a) shows a cross-sectional
diagram of an n-chanel depletion-
type dual-gate MOS field-effect tran-
sstor. 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-
tior s 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. 24(b) shows the sche-
matic symbol for an n-channel dual-
gate MOS field-effect transistor.

GATE NO.I GATE NO.2
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SOURCE OXIDE DRAIN
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(SUBSTRATE AND CASE)

(b
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Fig. 24—Dual-gate n-channel depletion-

type metal-oxide-semiconductor field-effect

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

15

Equivalent-circuit representations
of the two units in a dual-gate MOS
transistor are shown in Fig. 25.
Current can be cut off if either gate
is sufficiently reverse-biased with
respect to the source. When one gate

R2
UNIT NO.2 _I
Ry
| UNIT NO. |

{a) (0

92CS-25294

Fig. 25—Equivalent-circuit representation
of the two units in a dual-gate MOS
field-effect transistor.

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 provides exceptional ver-
satility for circuit applications. The
independent 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.
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P-N-P-N STRUCTURES
(THYRISTORS)

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. Three popular types of thy-
ristors are the reverse-blocking
triode thyristor called the silicon
controlled rectifier (SCR), the bi-
directional triode thyristor, called
the triac, and a four-terminal thy-
ristor called the bilateral switch.

Silicon Controlled Rectifiers

Just as a transistor may be con-
sidered as basically a solid-state
diode with a third semiconductor
layer added to form two back-to-
back diode junctions, the SCR may
be considered as a transistor with an
additional semiconductor region.
Simple models of the “lower order”
devices may be analyzed, therefore,
to show the effect of the additional
semiconductor regions on the opera-
tion of the devices.

An SCR is basically a four-layer
p-n-p-n  unidirectional device de-
signed to provide bistable switching
when operated in the forward-bias
mode. The device has three elec-
trodes, referred to as the cathode,
the anode, and the gate. The gate is
the control electrode for the device.
For forward-bias operation, the
anode potential must be positive with
respect to the cathode. During nor-
mal operation, the SCR is turned
on by application of a positive volt-
age to the gate electrode. The SCR
then remains on, even though the
gate voltage is removed or made
negative, until the anode-to-cathode
voltage is reduced to a value below
that required to sustain regenera-
tion, or forward current. Faster
turn-off can be achieved by a re-
versal of the forward-current flow.
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As shown in Fig. 26, the basic
p-n-p-n SCR structure is analogous
to a pair of complementary n-p-n
and p-n-p bipolar transistors. Fig.
26 (a) shows the schematic symbols
for an SCR and equivalent connec-
tion of the complementary pair of
transistors, and Fig. 26(b) shows
the equivalent relationship of the
p-n-p-n SCR structure and the in-
terconnected transistor structures.
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Fig. 26—Two-transistor analogy of an

SCR: (a) schematic symbols of an SCR

and the equivalent two-transistor model;

(b) structure of an SCR and of the equiva-
lent two-transistor model,

The n-p-n and p-n-p transistors in
the equivalent model are intercon-
nected so that regenerative action
occurs when a proper gating signal
is applied to the base of the n-p-n
transistor.

When the two-transistor model is
connected in a circuit to simulate
normal SCR operation, the emitter
of the p-n-p transistor is returned
to the positive terminal of a de¢ sup-
ply through a limiting resistor R.,
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and the emitter of the n-p-n tran-
sistor Q. is returned to the negative
terminal of the dc¢ supply to pro-
vide a complete electrical path, as
shown in Fig. 27. When the model

LIMITING RESISTOR

92CS~-2%5296

Fig. 27—Two-transistor model connected
to show a complete electrical path.

is in the off state, the initial value
of principal-current flow is zero. If
a positive pulse is then applied to
the base of the n-p-n transistor, the
transistor turns on and forces the
collector (which is also the base of
the n-p-n transistor) to a low po-
tential; as a result, a current I, be-
gins to flow. Because the p-n-p tran-
sistor Q: is then in the active state,
its collector current flows into the
base of the n-p-n transistor (Ia =
I..) and sets up the conditions for
regeneration. If the external gate
drive is removed, the model remains
in the on state as a result of the di-
vision of currents associated with
the two transistors, provided that
sufficient principal current (I.) is
available.

Theoretically, the model shown in
Fig. 27 remains in the on state un-
til the principal current flow is re-
duced to zero. Actually, turn-off oc-
curs at some value of current
greater than zero. This effect can
be explained by observation of the
division of currents as the value of
the limiting resistor is gradually in-
creased. As the principal current is
gradually reduced to the zero cur-
rent level, the division of currents
within the model can no longer sus-
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tain the required regeneration, and
the model reverts to the blocking
state.

The two-transistor model illus-
trates three features of thyristors:
(1) a gate trigger current is re-
quired to initiate regeneration, (2)
a minimum principal current (re-
ferred to as “latching current”)
must be available to sustain regen-
eration, and (3) reduction of prin-
cipal-current flow results in turn-off
at some level of current flow (re-
ferred to as “holding current”) that
is slightly greater than zero.

Fig. 28 shows the effects of a re-
sistive termination at the base of the
n-p-n transistor on the latching and
holding currents. The collector cur-
rent through the p-n-p transistor
must be increased to supply both the
base current for the n-p-n transistor
and the shunt current through the
terminating resistor. Because the
principal-current flow must be in-
creased to supply this increased col-
lector current, latching and holding
current requirements also increase.
The use of the two-transistor model
provides a more concise meaning to
the mechanics of thyristors. In thy-
ristor fabrication, it is generally
good practice to use a low-beta p-n-p
unit and to include internal resis-
tance termination for the base of
the n-p-n unit. Termination of the
n-p-n  provides immunity from

LIMITING RESISTOR

92Cs-25297

Fig. 28-—Two-transistor model of SCR
with resistive termination of the n-p-n
transistor base.



18

“false” (non-gated) turn-on, and
the use of the low-beta p-n-p units
permits a wider base region to be
used to support the high voltage
encountered in thyristor applica-
tions.

Triacs

A triac is a bidirectional device
designed to provide bilateral switch-
ing characteristics for either polar-
ity of applied voltage. The three
electrodes of this device are re-
ferred to as main terminal 1,
main terminal 2, and the gate.
The gate is specially designed so
that either positive or negative gate
voltage can trigger the triac into
conduction for either polarity of
the voltage across the main termi-
nals. As with the SCR, however,
once the triac is turned on, the gate
has no further control. The device
remains in the on state until the
current through the main terminals
is reduced bélow the value required
to sustain conduction. Unlike the
SCR, however, the triac cannot be
turned off by a reversal of the po-
larity of the voltage across the main
terminals. A reversal of this volt-
age merely causes current to flow in
the opposite direction. The triac,
therefore, exhibits the forward-
blocking/forward-conducting  volt-
age-current characteristic of the
SCR structure for either direction
of voltage applied to the main termi-
nals. Fig. 29 shows the junction dia-
gram and schematic symbol for a
triac.

Functionally, a triac may be con-
sidered as two parallel SCR
(p-n-p-n) structures oriented in
opposite directions, as shown in Fig.
30. The same approach used to ex-
plain gating, latching, and holding
currents in the SCR can be extended
to include the two-SCR model of a
triac.

In triacs, the gate-trigger-pulse
polarity is usually measured with
respect to main terminal No. 1,
which is comparable to the cathode
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Fig. 29—Junction diagram (a) and sche-
matic symbol (b) for a triac.

terminal of an SCR. The triac can
be triggered by a gate-trigger pulse
which is either positive or negative
with respect to main terminal No. 1
when main terminal No. 2 is either
positive or negative with respect to
main terminal No. 1. The triac,
therefore, can be triggered in any
of four operating modes, as sum-
marized in Table I. The quadrant
designations refer to the operating
quadrant on the principal voltage-
current characteristics (either I or
IIT), and the polarity symbol rep-
resents the gate-to-main-terminal-
No. 1 voltage. Fig. 31 shows the

SCR; ! SCRy
t
" I
] p
|
|
|
n |
|
|
1
]
b |
| "
[
92CS-25299

Fig. 30—Diagram of a triac structure

which shows that this device is basically

two SCR’s structures in an inverse parallel
arrangement.
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Table 1—Triac Triggering
Modes

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

Terminal-No. 1 Main-Terminal-No. 1  Quadrant
Voltage Yoltage
Positive Positive I(+)
Negative Positive I(—)
Positive Negative III(+)
Negative Negative III(—)

flow of current in a triac for each
of the four triggering modes.

The gate-trigger requirements of
the triac are different in each op-
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erating mode. The I(+4) mode (gate
positive with respect to main termi-
nal No. 1 and main terminal No. 2
positive with respect to main termi-
nal No. 1), which is comparable to
equivalent SCR operation, is usu-
ally the most sensitive. The smallest
gate current is required to trigger
the triac in this mode. The other
three operating modes require
slightly higher gate-trigger cur-
rents. For RCA triacs, the maxi-
mum 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.

G (-}

m(-)
(d)

92C5-25300

Fig. 31—Current flow in the four triggering modes of a triac: (a) Mode I(+);
(b) Mode I(—); (c) Mode 111(+); (d) Mode 111(—).
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Bilateral Switch

A bilateral switch is a four-layer,
p-n-p-n device in which all layers
are accessible as shown in the junc-
ton diagram in Fig. 32. Fig. 33
shows the forward-bias anode-to-
cathode characteristics of the device.
The switch can be turned on by ap-
plication of a forward bias voltage,
or by increasing the anode current
through the application of a current
to either of the gates. The latter
method permits the switch to be
turned on even when the junction
voltages are well below breakdown.
Once the bilateral switch is turned
on, it stays on until the anode cur-
rent decreases below a value called
the holding current. To turn the
switch off, the anode current may
be reduced below the holding value
by reverse-biasing the anode, by di-
verting the current by means of a
shunt current path, or by includ-
ing the switch in an under-damped
tuned circuit.

CATHDDE
GATE

ANODE CATHODE
p n p n
ANODE
GATE
(o)
ANODE
ANODE GATE
CATHODE
GATE  CATHODE
(b)
92Cs-25301

Fig. 32—(a) Junction diagram and (b)
schematic symbol for a bilateral switch.
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Fig. 33—Forward-bias anode-to-cathode
characteristics of a bilateral switch.

Bilateral switch applications in-
clude voltage-level detectors, bistable
memory elements, binary counters,
shift registers, time delay, pulse, and
tone generators, relay drivers, and
indicator lamp drivers.

INTEGRATED CIRCUITS

The distinguishing feature of any
integrated circuit (IC) is that all
(or nearly all) the components (ac-
tive and passive) required to per-
form a particular electronic func-
tion are combined and interconnected
on a common substrate. Viewed
macroscopically, the constituent ele-
ments of an IC lose their identities
as discrete components, and the de-
vice assumes the appearance of a
“microminiaturized” function block.
In comparison to its discrete-com-
ponent counterpart, an integrated
circuit offers equipment designers
an essentially complete solid-state
circuit in a package not signifi-
cantly larger than that of a con-
ventional discrete transistor. In ad-
dition to reducing the size and
weight of electronic equipment, use
of an integrated circuit can pro-
vide enhanced performance and has
established new plateaus of reliabil-
ity, at reduced costs. An integrated
circuit, therefore, may be defined as
“a combination of interconnected
circuit elements inseparably asso-
ciated on or within a continuous
substrate” (e.g., a silicon “chip”).
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Basic Principle of Integration

An integrated circuit is an elec-
tron device capable of performing an
electronic function normally accom-
plished by interconnection of sev-
eral individual electronic components
such as transistors, resistors, ca-
pacitors, and the like. For the pur-
pose of illustration, it can be as-
sumed that the very elementary
transistorized amplifier shown in
Fig. 34 is to be redesigned to use a
monolithic integrated circuit instead
of individual (discrete) electronic
components. This simple amplifier
employs one discrete n-p-n transis-
tor and two discrete resistors (R.
and Ru), or a total of three discrete
electronic components, as shown in
Fig. 35. Integrated-circuit tech-
nology permits the integration of

21

these components on a single (mono-
lithic) small “clip” of silicon, housed
in a single small package, as shown
in Fig. 36. Furthermore, the three
components are already electrically
interconnected by means of metallic
wiring on the silicon clip. Elemen-
tary descriptions of the techniques
by which this integration is accom-
plished are presented in a later sec-
tion of this manual.

The simple illustration just de-
scribed is intended to convey the
principle of integration, but it does
not describe the magnitudes of cir-
cuitry which may be encompassed
by an integrated circuit. The mono-
lithic integrated circuit capitalizes
on the economies inherent in “batch”
fabrication of electronic elements on
the surface of a ‘“single stone”
(monolith). For example, contem-
porary monolithic integrated cir-
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Fig. 34—Schematic diagram of elementary transistor amplifier.
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Fig. 35—Examples of “discrete” electronic components.
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Fig. 36—Typical package for monolithic
integrated circuits.

cuits are fabricated on a single chip
of silicon with dimensions in the
order of 0.1 inch square and 0.01
inch thick. A chip of these dimen-
sions may contain a “population”
in the order of 1000 interconnected
electronic elements. As the tech-
nology advances, the dimensions of
a practical chip can be expected to
increase, with corresponding in-
creases in “population”, density, and
circuit complexity.

lllustrative Examples

Integrated circuits are frequently
classified in terms of their functional
end-use for either linear or digital
circuit applications. Linear (or ana-
log) types are a family of circuits
that operates on an electrical signal
to change its shape, increase its am-
plitude, or modify it for a specific
end-function. Digital types are a
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family of circuits that operates ef-
fectively as “on-off” switches, in ac-
cordance with the absence or pres-
ence of a signal.

With the advent of more complex
integrated circuits, however, even
this distinction is becoming out-
moded. For example, the process
of decoding composite stereo audio
signals from an FM receiver into
“left” and “right” audio signals
has usually been considered as a
task for analog circuitry. Never-
theless, a complex integrated-circuit
stereo multiplex decoder (Type
CA3090AQ) employs three complex
digital flip-flops to actuate the ana-
log circuits with fewer external
components. Such intermixtures of
linear and digital circuits on a mono-
lithic chip will become more common.

Two illustrative examples of in-
tegrated circuits and their applica-
tions are reviewed in the following
paragraphs as introductions to prac-
tical devices for linear- and digital-
circuit service.

Linear IC In Voltage Regulator
Application—The circuit in Fig. 37
shows the simplicity with which a
monolithic linear integrated circuit
(Type CA3085) can be used to de-
sign a high-performance voltage
regulator capable of delivering out-
put current up to 100 milliamperes.
The number of individual compo-

Yout * 35V 10 20V (0 TO 90 ma)
REGULATION = 0 2% (LINE AND LOAD)
RIPPLE <0.5mV AT FULL LOAD

92CS-18093

Fig. 37—Application of the CA3085 Series monolithic IC voltage regulator in a typical
power supply.
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nents required to construct this regu-
lator circuit is minimal in compari-
son to the requirements for a
regulator of similar characteristics
built with discrete components. The
high-valued capacitors are used for
ripple-filtering; the output voltage
required is selected by the 10-Kilohm
potentiometer.

The actual circuit schematic of
the elements comprising the CA3085
integrated circuit, shown in Fig. 38,
reveals that this integrated circuit
contains two zener diodes, five diodes,
eleven transistors, and five resis-
tors. Circuitry to the left of transis-
tor Qs provides a stable reference
voltage of 1.6 volts (typical) to
the base of Qs despite variations
of the unregulated input voltage
over the range from 7.5 to 40 volts.
Transistors Qs and Q. comprise the
basic differential amplifier that is
used as a voltage-error amplifier to
compare the stable reference voltage
applied at the base of Qs with a
sample of the regulator output volt-
age applied at terminal 6. This volt-
age-error amplifier stage controls
the Darlington-pair transistors Qs
and Q.. that perform the basic
series-pass regulation function be-
tween the unregulated input voltage
at terminal 5 and the regulated out-
put voltage at terminal 1. Transis-
tor Qi is used to provide current-
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limiting as protection for the
integrated circuit and/or to limit
the load current.

All the circuitry in Fig. 38 is in-
tegrated on the single silicon chip
(0.05-inch square) shown in Fig. 39.
Metallic wiring is used on the sur-
face of the chip to interconnect the
various components and terminate
at the edge of the chip as metallic
terminal connections (called bond-
ing pads) for 1.5-mil-diameter
aluminum wires which are used to
connect the integrated-circuit chip
to its case terminals, as shown in
Fig. 40. The assembly is completed
by welding a metal-cap to the pack-
age-stem, providing a hermetic pack-
age with the chip sealed in an
atmosphere of dry nitrogen. A
completed TO-5 style integrated-
circuit package is shown in Fig.
41(a).

Although the linear circuit shown
in Figs. 38 and 39 is not the most
complex being produced today, it is
typical of linear integrated circuits
being supplied in high-volume quan-
tities at prices which are rapidly
forcing the abandonment of linear
circuit designs that use discrete
small-signal transistors. The degree
of integration achievable in linear
monolithic integrated circuits is al-
ready sufficiently comprehensive to
permit high-volume production of
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Fig. 38—Schematic diagram of CA3085 Series monolithic IC voltage regulator.
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Fig. 39—IC “chip” (= 0.05" square) for
CA3085 Series voliage regulator.

single packages that contain the
electronics for the entire “pix-if”
portion of a TV receiver or the de-
coding function for an AM stereo
receiver. Bipolar transistor tech-
nology has been responsible for the
spectacular development of linear
integrated circuits. Starting in 1973,
however, the first significant linear-
IC products predicated on MOS/
FET technology made their appear-
ance on the market.

Fig. 40—IC “‘chip” mounted in TO-5 style
package assembly.
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(a) I .l

'l 11528

8-LEAD TOS5

{b) H.1517

14-LEAD DUAL IN-LINE

~
\ H1383R1
14.LEAD FLAT-PACK

Fig. 41—Package styles commonly used
with monolithic ICs: (a) TO-5, (b) Dual-
In-Line (c) Flat-pack.

Digital IC in Clock-Circuit Ap-
plication—The basic “logic elements”
of digital circuit functions include
“gate” circuits (e.g., OR, NOR,
AND, and NAND), flip-flops, mem-
ory cells, inverters, and transmis-
sion gates. They are used to imple-
ment ‘“logic operations” in com-
puters, calculators, control systems,
digital-type meters, and the like.
“Logic element” circuits can be de-
signed with discrete transistors, but
the advent of IC’s has brought the
digital-circuit designer an abund-
ance of specific “logic-element build-
ing-block” integrated-circuit devices
that offer enhanced reliability, lower
cost, greater compactness, simpli-
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city for the user, and higher per-
formance characteristies.

The designers of integrated cir-
cuits have made these “logic ele-
ment” functions available in a num-
ber of distinctly different “logic
families”, e.g., resistor-transistor
logic (RTL), diode transistor logic
(DTL), transistor-transistor logic
(TTL), emitter-coupled logic (ECL),
P-MOS, COS/MOS, and others.
These “logic families” are differen-
tiated from a user standpoint in that
they offer a choice of characteristics
such as operating speed, power con-
sumption, supply-voltage, and noise
immunity. Integrated-circuit tech-
nology has also enabled the assem-
blage of “logic element” conglome-
rates (e.g., gates, flip-flops, and
other basic logic elements) on a sin-
gle monolithic chip capable of per-
forming a more comprehensive func-
tion (e.g., registers and adders).
Moderately complex conglomerates
can generically be defined as “MSI”
(Medium-Scale Integration), while
the most complex conglomerates of
logic elements and functions can be
categorized as “LSI” (Large-Scale
Integration). For example, the very
complex circuity needed in a pocket-
size calculator can be implemented
with a few “LSI”-type IC chips.

The evolution of “LSI”-type digi-
tal integrated circuits has also
revolutionized the design and manu-
facture of electronic timepieces, per-
mitting the use of very complex
circuitry to harness the time-period
accuracy of crystal oscillators and
the decoding of the information
necessary to present a digital read-
out of the time. Although the de-
scription of a digital read-out sys-
tem is beyond the scope of this
introductory treatment, a deserip-
tion of the ecrystal-oscillator fre-
quency “count-down” circuitry is
instruective in illustrating the contri-
butions to design and manufactur-
ing simplicity that accrue from use
of a digital integrated circuit of
LSI complexity to accomplish the
“count-down” function.

Fig. 42 shows a 21-stage inte-
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grated circuit digital counter used
to count-down the 2.097152 MH:z
crystal-oscillator frequency to an
output pulse rate of one pulse per
second. The “push-pull” output
pulses provided by this counter can
drive miniature synchronous motors,
(or stepping motors) as prime mov-
ers in timepiece mechanisms. The
choice of a 2-MHz frequency stand-
ard is a compromise between crystal
size, cost, and frequency stability.
The first “inverter” stage is used as
a micropower crystal-oscillator, fol-
lowed by four “inverter” stages that
provide gain, pulse-shaping, and
push-pull pulse signals (&, ®) at
2.097152 MHz to drive the first flip-
flop (F/F1) divider stage. Each of
the succeeding 21-digital counter
stages performs a ‘“divide-by-two”
function and ultimately produce one
output pulse per second to flip-flops
F/F22 and F/F23, which shape the
output pulses to 1/32-second dura-
tion and drive the output “invert-
ers” (L, and I;) to obtain approxi-
mately 5 milliamperes of output
drive current.

The circuit in Fig. 42 is an illus-
tration of contemporary large-scale
integration (LSI). It contains a total
of 490 MOS field-effect transistors
on a single chip about 0.08-inch
square. The integrated circuit is sup-
plied in dual-in-line or flat-pack
packages of the generic type shown
in Fig. 41(b) and (c¢) respectively.
In dynamic operation with a 2 MHz
erystal, the total circuit only con-
sumes about 5-milliwatts of power
at a supply voltage (Vo) of 10 volts.
The circuit continues to operate
even though the supply-voltage
(Vun) varies over the range from
3 to 15 volts. A 16.5-volt zener-diode
string is integrated on the chip to
provide “voltage-clipping” protec-
tion against voltage transients en-
countered in automotive applica-
tions.

IC Packages

The simplicity of the packages
shown in Fig. 41 permits the equip-
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Fig. 42—21-Stage Counter IC (Digital “LSI") used to provide one pulse per second
outputs for clock and other timing applications.
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ment builder to procure, handle, and
install complex blocks of circuit
function with comparative ease. The
TO-5 style packages are commonly
used with circuits requiring 8, 10 or
12-leads. Dual-in-line packages are
currently the most popular style of
package. They are easily installed in
sockets or soldered into printed-
circuit boards. The 14-lead arrange-
ments are currently the most popu-
lar, although 8-lead and 16-lead
packages are also in high volume
use. Most of the dual-in-line pack-
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ages currently produced are plastic
(nonhermetic) types, but large
volumes of dual-in-line metal-and-
ceramic (hermetic) type packages
are also being manufactured. Flat-
pack packages are used in applica-
tions in which space is at a premium,
for example as is usually the case in
electronic equipment for the mili-
tary. Most flat-packs are hermetic
packages. Additonal information on
integrated-circuit packages is given
in the section Guide to RCA Solid-
State Devices.
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Basic Rating Factors

ATINGS are established for

solid-state devices to help cir-
cuit and equipment designers use
the performance and service capa-
bilities of each type to maximum
advantage. They define the limiting
conditions within which a device
must be maintained to assure satis-
factory and reliable operation in
equipment applications. A designer
must thoroughly understand the
constraints imposed by the device
ratings if he is to achieve effective,
economical, and reliable equipment
designs. Reliability and perform-
ance considerations dictate that he
select devices for which no ratings
will be exceeded by any operating
conditions of his application, in-
cluding equipment malfunction. He
should also realize, however, that
selection of devices that have overly
conservative ratings may signifi-
cantly add to the cost of his equip-
ment.

BASIS FOR DEVICE RATINGS

Three systems of ratings (the ab-
solute maximum system, the design
center system, and the design maxi-
mum system) are currently in use
in the electronics industry. The rat-
ings given in the technical data for
solid-state devices are based on the
absolute maximum system. A defini-
tion for this system of ratings has
been formulated by the Joint Elec-
tron Devices Engineering Council
(JEDEC) and standardized by the

National Electrical Manufacturers
Association (NEMA) and the Elec-
tronic Industries Association (EIA),
as follows:

“Absolute-Maximum ratings are
limiting values of operating and en-
vironmental conditions applicable to
any electron device of a specified
type as defined by its published data,
and should not be exceeded under
the worst probable conditions.

“The device manufacturer chooses
these values to provide acceptable
serviceability of the device, taking
no responsibility for equipment
variations, environmental variations,
and the effects of changes in operat-
ing conditions due to variations in
device characteristics.

“The equipment manufacturer
should design so that initially and
throughout life no absolute-maxi-
mum value for the intended service
is exceeded with any device under
the worst probable operating condi-
tions with respect to supply-voltage
variation, equipment component
variation, equipment control adjust-
ment, load variation, signal varia-
tion, environmental conditions, and
variations in device characteristics.”

The rating values specified in the
technical data for RCA solid-state
devices are determined on the basis
of extensive operating and life tests
and comparison measurements of
critical device parameters. These
tests and measurements define the
limiting capabilities of a specific de-
vice type in relation to the rating
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factors being considered. The test
and measurement conditions simu-
late, as closely as possible, the
worst-case conditions that the device
is likely to encounter in actual equip-
ment applications.

Rating tests are expensive, time-
consuming, and often destructive.
Obviously, therefore, all individual
solid-state devices of a given type
designation cannot be subjected to
these tests. The validity of the rat-
ings is assured, however, by use of
stringent processing and fabrication
controls and extensive quality checks
at each stage in the manufacturing
process to assure product uniform-
ity among all devices of a specific
type designation and by testing of
a statistically significant number of
samples.

Ratings are given for those stress
factors that careful study and ex-
perience indicate may lead to se-
vere degradation in performance
characteristics or eventual failure
of a device unless they are con-
strained within certain limits. Table
II lists the critical rating factors
used to specify the safe operating
capabilities of different types of
solid-state devices. These ratings are
also applicable to the active devices
included in monolithic integrated
circuits and power hybrid circuits.

VOLTAGE RATINGS

A number of voltage ratings are
provided for solid-state devices.
These ratings are established with
respect to a specified electrode (e.g.,
collector-to-emitter voltage or col-
lector-to-base voltage for transis-
tors) and indicate the maximum
potential, for both steady-state and
transient operation, that can be
safely applied across the two spe-
cified electrodes before damage to
the crystal occurs. These ratings are
specified for particular conditions
(e.g., with the third electrode open,
or with a specific bias voltage or
external resistance, for transistors
and thyristors).
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Excessive voltage potentials pro-
duce high leakage (or reverse) cur-
rents in solid-state devices. In silicon
rectifiers, the high reverse currents
that result from excessive reverse-
bias voltages can lead to crystal
breakdown and the consequent de-
struction of the devices. Similar
junction breakdown can occur be-
cause of the high leakage currents
that result from excessive collector-
to-emitter or collector-to-base volt-
ages in transistors or excessive off-
state voltages in thyristors. Leakage
currents flow in solid-state devices
at all voltage levels, and device op-
eration is significantly affected by
the magnitude of these currents,
even at voltages significantly below
the breakdown value. For example,
in transistors, the collector leakage
currents critically affect biasing
levels, and consequently the gain
and stability of the over-all circuit.
In thyristors, high leakage current
levels can cause unwanted switch-
ing of device conduction states. In
addition to their dependence on volt-
age, leakage currents also vary with
temperature. In the technical data
on solid-state devices, therefore,
these currents are usually specified
for particular voltage and tempera-
ture conditions.

FORWARD-CURRENT
RATINGS

If the current in a solid-state de-
vice becomes sufficiently large, the
semiconductor pellet could be melted
by the excessive junction tempera-
tures that result. Maximum current
ratings, however, are not usually
based on the current-carrying ca-
pacity of the semiconductor pellet.
Such ratings are usually based on
the degradation of specific device
performance characteristics that re-
sult when the current density ex-
ceeds a critical value or on the fus-
ing current of an internal connecting
wire.

For devices in which the fusing
current of internal connecting wires
is not the limiting factor, different



30

RCA Solid-State Devices Manual

Table Il—Ratings and Limiting Characteristics for Solid State

Quantity
GENERAL

Ambient temperature

Case temperature

Junction temperature

Storage temnerature

Thermal Resistance
Junction to ambient
Junction to case
Case-to-ambient
Case-to-heat sink

Transient thermal impedance
Junction-to-ambient
Junction-to-case

Delay time

Rise time

Fall time

SILICON RECTIFIERS

Forward current:
Total rms value
DC value, no alternating component
DC value, with alternating component
Instantaneous total
Maximum (peak) total value
Repetitive peak
Surge (non-repetitive)

Forward voltage:
Total rms value
DC value, no alternating component
DC value, with alternating component
Instantaneous total value
Maximum (peak) value

Reverse current:
Total rms value
DC value, no alternating component
DC value, with alternating component
Instantaneous total value

Reverse recovery time

Reverse voltage:
Total rms value
DC value, no alternating component
DV value, with alternating component
Instananeous total value
Maximum (peak) total value
Working peak
Repetitive peak
Non-repetitive peak

Reverse breakdown voltage:
DC value, no alternating component
Instantaneous total value

Forward Power Loss:
DC value, no alternating component
DC value, with alternating component
Instantaneous total value
Maximum (peak) total value

Devices
Symbol  Quantity
SILICON RECTIFIERS (Cont.)
Ts Reverse power loss:
Te DC value, no alternating component
Ts DC value, with alternating component
I Instantaneous total value
e Maximum (peak) total value
05
0;.c THYRISTORS AND DIACS
BO¢-a
Bc.s On-state current:
B Total rms value .
O1-a0r DC value, no alternating component
O1-cor DC value, with alternating component
ta Instantaneous total value
t, Maximum (peak) total value
te Surge (non-repetitive)
QOverload
Breakover current:
DC value, no alternating component
Instantaneous total value
Off-state current:
Irrusm Total rms value
le DC value, no alternating component
FOv DC value, with alternating component
ir Instantaneous total value
Iy Maximum (peak) total value
lrry Repetitive peak
o] Reverse current:
Total rms value
Verus DC value, no alternating component
¥ DC value, with alternating component
Vean Instantaneous total value
Vr Maximum (peak) total value
Vey Repetitive peak
Reverse breakdown current:
[ ers DC value, no alternating component
R Instantaneous total
Iraan On-state voltage:
iRm Total rms value
o DC value, no alternating component
DC value, with alternating component
Vraus Instantaneous total value
® Maximum (peak) total value
Vran Breakover voltage:
Vr DC value, no alternating component
Vey Instantaneous total value
Viws Off-state voltage:
RRM Total rms value
Vasy DC value, no alternating component
DC value, with alternating component
Viern Instantaneous total value
Vrmr Maximum (peak) total value
Working peak
Py Repetitive peak
Peav Repetitive peak, with gate open
Py Non-repetitive peak
Pru Non-repetitive peak with gate open

Symbol

Pr
Pravs
Dr
Prx

lreras
T
lran
it

lem
lrsse
lrov

I(BU)
loy

ID(RMS)
lo
'D(A\')
in

lou
lory

IR(RMS)
R

'R(AV)

in

Iz
IRRM

lamr
laamr

Vrmus
T

Vean

Vr

Vru

Viaor
Vo)

Vorus
D
V"(.\‘.)
Vn
Vl)“
Vown
Voru
Vorox
DsM
Vosoyu
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Table Il—Ratings and Limiting Characteristics for Solid-State

Quanti

Reverse voltage:
Total rms value
DC value, no alternating component
DC value, with alternating component
Instantaneous total value
Maximum (peak) total value
Working peak
Repetitive peak, with specified gate-

to-cathode resistance
Repetitive peak, with gate open
Non repetitive peak, with specified
gate-to-cathode resistance

Non-repetitive peak, with gate open

Reverse breakdown voltage:
DC value, no alternating component
Instantaneous total

Holding current:
DC value, no alternating component
Instantaneous total value

Latching current:
DC value, no alternating component
Instantaneous total value

Gate current:
DC value, no alternating component
DC value, with alternating component
Maximum (peak) total value

Gate trigger current:
DC value, no alternating component
Maximum (peak) total value

Gate non-trigger current:
DC value, no alternating component
Maximum (peak) total value

Gate voltage:
DC value, no alternating component
Maximum (peak) total value

Gate trigger voltage:
DC value, no alternating component
Instantaneous total value
Maximum (peak) total value

Gate non-trigger voltage:
DC value, no alternating component
Instantaneous total value
Maximum (peak) total value

Gate power dissipation:
DC value, no alternating component
DC value, with alternating component
Instantaneous total value
Maximum (peak) total value

POWER TRANSISTORS

Base current: )
DC value, no alternating component

ity
THYRISTORS AND DIACS (Cont.)

Symbol

Vi
Vi
Vi
Vie

Vit

Vll wM

RRM
Vli ROM

RSM
RSOM

V(l"l)n
Vaonr

I
I,

'4;
Im.\\‘)
GM

liir
Ili'l‘)l

IIHI
IHIL\I

Veor
Gr™

Vn:'l'
Var
Vﬂ']’)l

V(III
Van
Vaou

PG
PIH.\\')

Pe:
Pixt

M

Devices (cont'd)

Quantity

POWER TRANSISTORS (Cont.)

RMS value of alternating component
Instantaneous total value
Collector current:
DC value, no alternating component
RMS value of alternating component
Instantaneous total value
Emitter current:
DC value, no alternating component
RMS value of alternaling component
Instantaneous total value
Collector-to-base cutoff current”
dc value with emitter open
Collector-to-emitter cutoff current,” dc
value:
With base open
With specified resistance between
base and emitter
With base shorted to emitter
With specified voltage between base
and emitter
With specified circuit between base
and emitter
Emitter-to-base cutoff current,” dc value
with collector open
Power (common-emitter connection):
DC input to base
Instantaneous total input to base
Large-signal output
Total nonreactive input to all termi-

nals
Instantaneous total nonreactive input
to all terminals
Emitter-to-base open-circuit dc voltage
(floating potential)
Collector-to-base dc voltage, with emit-
ter open
Collector-to-emitter dc voltage:
With base open
With specified resistance between
base and emitter
With base shorted to emitter
With specified voltage between base
and emitter
With specified circuit between base
and emitter
Emitter-to-base dc voltage, with col-
lector open
Second Breakdown
Forward-bias energy level
Reverse-bias energy level

Thermal-cycling capability (number of

cycles)

* Cutoff current

World Radio Histo

Symbol

|('l!l)

I('I-IU

'i‘Ell
leks

Il“l-l\'
Il‘l-].\'

II-HH)

P
Pre
Pog
Pr

pr

VEIH!I)

Vl‘ BO
V( BO

VCER
CES

V(‘ kY
Vm:x
EBO

Is/l)
Es/n

is also referred to
reverse current or leakage current.

as
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parameters are used as the basis
for the current ratings of the vari-
ous types of devices. In silicon rec-
tifiers and thyristors, the maximum
on-state current rating is deter-
mined on the basis of the maximum
permissible forward power dissipa-
tion. In power transistors, the cur-
rent gain is significantly decreased
at high current densities. The maxi-
mum forward-current rating, there-
fore, is established on the basis of
an arbitrary minimum acceptable
gain value.

POWER-DISSIPATION
RATINGS

Power is dissipated in the semi-
conductor material of a solid-state
device in the form of heat, which
if excessive can cause irreversible
changes in the crystal structure or
melting of the pellet. This dissipa-
tion is equal to the difference be-
tween the input power applied to
the device and the power delivered
to the load circuit. Because of the
sensitivity of semiconductor ma-
terials to variations in thermal con-

100%
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- ditions, maximum dissipation rat-

ings are usually given for specific
temperature conditions.

In many instances, dissipation rat-
ings for solid-state devices are spe-
cified for ambient, case, or mount-
ing-flange temperatures up to 25°C.
Such ratings must be reduced
linearly for operation of the devices
at higher temperatures. Fig. 43
shows a typical power-transistor
derating chart that can be used to
determine maximum permissible dis-
sipation values at specific tempera-
tures above 25°C. (This chart can-
not be assumed to apply to transistor
types other than the particular
transistors for which it was pre-
pared.) The chart shows the per-
missible percentage of the maxi-
mum dissipation ratings as a funec-
tion of ambient or case temperature.
Individual curves are shown for spe-
cific operating temperatures. If the
maximum operating temperature of
a particular transistor type is some
other value, a new curve can be
drawn from point A to the desired
temperature value on the abscissa,
as indicated by the dashed-line
curves on the chart.
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Fig, 43—Chart showing maximuni permissible percentage of maximum rated dissipa-
tion as a function of temperature.
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JUNCTION-TEMPERATURE
RATINGS

The temperature of solid-state de-
vices must be closely controlled not
only during operation, but also dur-
ing storage. For this reason, ratings
data for these devices usually in-
clude maximum and minimum stor-
age temperatures, as well as maxi-
mum operating temperatures.

THERMAL IMPEDANCE

When current flows through a
solid-state device, power is dissi-
pated in the semiconductor pellet
that is equal to the product of the
voltage across the junction and the
current through it. As a result, the
temperature of the pellet increases.
The amount of the increase in tem-
perature depends on the power level
and how fast the heat can flow
away from the junction through the
device structure to the case and the
ambient atmosphere. The rate of
heat removal depends primarily upon
the thermal resistance and capaci-
tance of the materials involved. The
temperature of the pellet rises until
the rate of heat generated by the
power dissipation is equal to the
rate of heat flow away from the
junction; i.e., until thermal equi-
librium has been established.

Thermal resistance can be com-
pared to electrical resistance. Just
as electrical resistance is the ex-
tent to which a material resists the
flow of electric current, thermal re-
sistance is the extent to which a
material resists the flow of heat. A
material that has a low thermal re-
sistance is said to be a good thermal
conductor. In genecral, materials
which are good electrical conductors
are good thermal conductors, and
vice versa.

The methods of rating solid-state
power devices under steady-state
conditions are indicated by the fol-
lowing definition of thermal re-
sistance: The thermal resistance of
a solid-state device is the ratio of
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the temperature drop to the heat
generated through internal power
dissipation under steady-state con-
ditions; the temperature drop is
measured between the region of
heat generation and some reference
point.

The over-all thermal resistance of
an assembled device is usually ex-
pressed as the rise in junction tem-
perature above the case temperature
per unit of power dissipated in the
device. This information, together
with the maximum junction-tem-
perature rating, enables the user to
determine the maximum power level
at which the device can be safely
operated for a given case tempera-
ture. Subtraction of the case tem-
perature from the maximum junec-
tion temperature indicates the
allowable internal temperature rise.
If this value is divided by the spe-
cified thermal resistance of the de-
vice, the maximum allowable power
dissipation is determined.

It should be noted that thermal
resistance is defined for steady-state
conditions. If a uniform tempera-
ture over the entire semiconductor
junction is assumed, the power dis-
sipation required to raise the junc-
tion temperature to a predetermined
value, consistent with reliable op-
eration, can be determined. Under
conditions of intermittent or switch-
ing loads, however, such a design
is unnecessarily conservative and
expensive. For such conditions, the
effect of thermal capacitance should
also be considered.

Junction-to-Case Thermal
Impedance

The thermal properties of a de-
vice may be represented by an elec-
trical analog circuit, such as that
shown in Fig. 44, which consists of
a current generator connected to a
series of resistors that have capaci-
tance to ground distributed along
their length. The power P dissipated
within the crystal of a solid-state
device results in a flow of heat out-
ward from the crystal. This flow of
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Fig. 44—Electrical analog circuit used
to describe thermal properties of a solid-
state device.

heat (dissipated power P in calo-
ries per second or in watts) in a
solid-state device is analogous to the
flow of charge (electrical current I
in coulombs per second or amperes)
in such a circuit. Thermal resist-
ances and thermal capacitances of
the device are analogous to the elec-
trical resistances and capacitances
shown in the circuit. The potential
difference or voltage between any
two points in the electrical analog
circuit is analogous to the tempera-
ture difference between the corre-
sponding two points of the device
it represents. Table III shows the
relationship between various elec-
trical quantities and their corre-
sponding thermal quantities.

Thermal impedance Z., like elec-
trical impedance Z, is a complex
variable because of the time depend-
ence associated with the thermal
capacitance Cr.

In the electrical or thermal-analog
circuit shown in Fig. 44, the thermal
resistances closest to the heat source
are large because the cross section
of the semiconductor element is
small (all the heat generated flows
through a small area). Thermal re-
sistance varies inversely with cross-
sectional area. In general, thermal
resistances become progressively
smaller as distance from the semi-
conductor element increases.

Thermal capacitance varies di-
rectly with both mass and specific
heat. Therefore, the small mass of
the semiconductor element of a de-
vice causes the thermal capacitance
to be smallest at the heat source
and to become progressively larger
as distance from the heat source in-
creases. The final thermal capaci-
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Table 11l—Comparison of Various
Electrical Quantities and Cor-
responding Thermal Quantities

Electrical Thermal

Current generator Heat generator
(semiconductor
crystal)

Resistance R
(ohms or volts/
ampere)
Capacitance C
(ampere-second/

Thermal Resistance
6 (°C/watt)

Thermal Capacitance
Cr (watt-second/°C)

volt)
Potential Temperature
difference V; — V. difference
(volts) T, — T= (°C)
Potential above Temperature above
ground V — Ve ambient T — Ta (°C)
(volts)
Current | Power dissipation P
(amperes) (watts)
Impedance Z Thermal impedance Z+
(volts/ampere) (°C/watt)

tance in the series must be consid-
ered as an infinite capacitance,
which electrically is the same as a
direct short across the end of the
line.

If a step function of power is ap-
plied to a solid-state device (i.e.,
if the power input at time t. in-
creases from P = 0 to P = P.), the
temperature difference between junc-
tion and case rises as shown in Fig.
45, and approaches temperature T,

Py

POWER

TIME

IElC

L

1 TIME 92CS-25656
Fig. 45—Temperature-rise curve obtained
with step function of power.
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asymptotically. This temperature-
rise curve is similar to the voltage-
rise curve which would be obtained
in the analogous resistance-capaci-
tance electrical circuit.

The exact shape of the curve de-
pends upon the magnitudes of the
thermal-resistance and thermal-
capacitance components of the de-
vice. Fig. 46 shows a typical thermal-
response curve for a silicon power
transistor. This curve indicates that

solid-state devices have multiple
thermal time constants.
40[ TRANSISTOR MOUNTED ON o
INFINITE HEAT SINK vTc'zif
z 4
~
30
" /
Q
- /
0 20 4
@ i
W
(' 4
20 |
2
[
w
X
Fo
0% 1% 102 1o 1 10 1% 103
TIME—S
92CS-25657

Fig. 46—Graphical representation of
transient thermal response (i.e.,
thermal-impedance curve).

Case-to-Ambient Thermal
Resistance

The thermal equivalent circuits
for a transistor discussed in the
preceding section considered only
the thermal paths from junction to
case. For power transistors in which
the silicon pellet is mounted di-
rectly on the header or pedestal,
the total internal thermal resistance
from junction to case 6, varies
from 50°C per watt to less than 1°C
per watt. If the transistor is not
mounted on a heat sink, the thermal
resistance from case to ambient air
8c.» is so large in comparison to
that from junction to case that the
net over-all thermal resistance from
junction to ambient air is primarily
the result of the 6c-x term. Table IV
lists values of case-to-air thermal
resistance for popular JEDEC cases.
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Beyond the limit of a few hundred
milliwatts, it becomes impractical
to increase the size of the case to
make the 6c.a term comparable to
the 4;,¢ term. As a result, most
power transistors and other solid-
state power devices are designed for
use on an external heat sink.

Table IV—Case-to-Free-Air
Thermal Resistance and
Thermal Capacitance for
Popular JEDEC Packages

Thermal
Package Resistance
Case 8c-a (°C/W)
TO-18 300
TO-46 300
TO-5 150
TO-39 150
TO-8 75
TO-66 60
TO-60 70
TO-3 30
TO-36 25
Thermal Thermal Time
Capacitance Constant
Package (Joules/°C) (Seconds)
T0-5 0.58 69
T0-66 (no button)  2.56 128
T0-8 1.84 110
T0-3 (Cu button) 6.8 204
T0-3 (Mod,
2N5575) 7.8 117

Case-to-Ambient Thermal
Capacitance

The thermal capacitance of the
over-all packagé is also an im-
portant factor in the thermal cir-
cuit of a solid-state power device.

Table IV also lists typical values
of thermal capacitances and the ther-
mal time constants for some common
types of device packages.

These values can be used to calcu-
late temperature effects of pulses
on devices that are not mounted on
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heat sinks. The thermal time con-
stants can be used to estimate how
long units must be cooled between
tests to avoid temperature changes.
For example, the application of a
150-watt pulse for 1 second results
in a temperature rise in the TO-3
package determined as follows:
e = 150 watts/6.8 joules
= 22°C
The time (t) required to cool the
package to within 3°C of room tem-
peraturc can be determined as fol-
lows:

°C

T =22t 7™
3 = 22t/
In 3/22 = —t/204
t = 6.1 minutes

EFFECT OF
EXTERNAL HEAT SINKS

The maximum allowable power
dissipation in a solid-state device is
limited by the temperature of the
semiconductor pellet (i.e., the junc-
tion temperature). An important
factor that assures that the junc-
tion temperature remains below the
specified maximum value is the abil-
ity of the associated thermal circuit
to conduct heat away from the de-
vice. For this reason, solid-state
power devices should be mounted
on a good thermal base (usually
copper), and means should be pro-
vided for the efficient transfer of
heat from this base to the surround-
ing environment.

Most practical heat sinks used in
modern, compact equipment are the
result of experiments with heat
transfer through convection, radia-
tion, and conduction in a given ap-
plication. Although there are no set
design formulas that provide ex-
act heat-sink specifications for a
given application, there are a num-
ber of simple rules that reduce the
time required to evolve the best de-
sign for the job. These simple rules
are as follows:

1. The surface area of the heat
sink should be as large as possible
to provide the greatest possible heat
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transfer. The area of the surface
is dictated by case-temperature re-
quirements and the environment in
which the device is to be placed.

2. The heat-sink surface should
have an emissivity value near unity
for optimum heat transfer by radia-
tion. A value approaching unity can
be obtained if the heat-sink surface
is painted flat black.

3. The thermal conductivity of
the heat-sink material should be
such that excessive thermal gradi-
ents are not established across the
heat sink.

Although these rules are followed
in conventional heat-sink systems,
the size and cost of such systems
often become restrictive in compact,
mass-produced power-control and
power-switching applications. The
use of mass-produced prepunched
parts, direct soldering, and batch-
soldering techniques eliminates many
of the difficulties associated with
heat sinks by making possible the
use of a variety of simple, efficient,
readily fabricated heat-sink con-
figurations that can be easily in-
corporated into the mechanical de-
sign of equipment.

For most efficient heat sinking,
intimate contact should exist be-
tween the heat sink and at least
one-half of the package base. The
package can be mounted on the heat
sink mechanically, with glue or
epoxy adhesive, or by soldering.
(Soldering is not recommended for
transistors.) If mechanical mounting
is employed, silicone grease should
be used between the device and the
heat sink to eliminate surface voids,
prevent insulation buildup due to
oxidation, and help conduct heat
across the interface. Although glue
or epoxy adhesive provides good
bonding, a significant amount of re-
sistance may exist at the interface
resistance; an adhesive material
with low thermal resistance, such
as Hysol Epoxy Patch Material No.
6C or Wakefield Delta Bond No. 152,

or their equivalent, should be used.
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Types of Heat Sinks

Heat sinks are produced in various
sizes, shapes, colors, and materials;
the manufacturer should be con-
tacted for exact design data. It is
convenient for discussion purposes
to group heat sinks into three cate-
gories as shown below:

1. Flat vertical-finned types are
normally aluminum extrusions with
or without an anodized black fin-
ish. They are unexcelled for natural
convection cooling and provide rea-
sonable thermal resistance at moder-
ate air-flow rates for forced con-
vection.

2. Cylindrical or radial vertical-
finned types are normally cast alumi-
num with an anodized black finish.
They are used when maximum cool-
ing in minimum lateral displace-
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ment is required, using natural con-
vection.

3. Cylindrical horizontal-finned
types are normally fabricated from
sheet-metal rings and have a painted
black matte finish. They are used
in confined spaces for maximum
cooling in minimum displaced vol-
ume.

It is also common practice to use
the existing mechanical structure or
chassis as a heat sink. The design
equations and curves for such heat
sinks based upon convection and
radiation are shown in Figs. 47, 48,
and 49.

A useful nomograph which con-
siders heat removal by both convec-
tion and radiation is given in Fig.
50. This nomograph applies for
natural bright finish on the copper
or aluminum.
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Fig. 47—Convection thermal resistance as a function of temperature drop from the
surface of the heat sink to free air for heat sinks of various heights. (Reprinted from
Control Engineering, October 1956.)
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Fig. 48—Radiation thermal resistance as a function of ambient temperature for various
heat-sink surface temperatures. (Reprinted from Control Engineering, October 1956.)
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Fig. 49—Ratio of radiation thermal re-

sistance 1o convection thermal resistance

as a function of heat-sink surface tempera-

ture for various surface emissivities. (Re-

printed from Control Engineering, October
1967.)

Heat-Sink Performance

The performance that may be ex-
pected from a commercial heat sink
is normally specified by the manu-
facturer, and the information sup-
plied in the design curves shown in
Figs. 47, 48, and 49 provides the
basis for the design of flat vertical
plates for use as heat sinks. In all
cases, it must be remembered that
the heat is dissipated from the heat
sink by both convection and radia-
tion. Although surface area is im-
portant in the design of vertical-
plate heat sinks, other factors such
as surface and ambient temperature,
conductivity, emissivity, thickness,
shape, and orientation must also be
considered. An excessive tempera-
ture gradient can be avoided and
the conduction thermal resistance in
the heat sink can be minimized by
use of a high-conductivity material,
such as copper or aluminum, for the
heat sink. Radiation losses are in-
creased by an increase in surface
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Fig. 50—Thermal resistance as a function of heat-sink dimensions. (Nomograph re-
printed from Electronic Design, August 16, 1961.)

emissivity, as shown in Fig. 50. Best
results are obtained when the heat
sink has a black matte finish for
which the emissivity is at least 0.9.
When free-air convection is used for
heat removal, a vertically mounted
heat sink provides a thermal re-
sistance that is approximately 30
per cent lower than that obtained
with horizontal mounting.

In restricted areas, it may be
necessary to use forced-convection
cooling to reduce the effective ther-
mal resistance of the heat sink. On
the basis of the improved reliability

of cooling fans, it can be shown
that the over-all reliability of a sys-
tem may actually be improved by
use of forced-convection cooling be-
cause the number of components re-
quired is reduced.

Economic factors are also im-
portant in the selection of heat sinks.
It is often more economical to use
one heat sink with several properly
placed transistors than to use in-
dividual heat sinks. It can be shown
that the cooling efficiency increases
and the unit cost decreases under
such conditions.
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Heat-Sink Insulators

As pointed out previously, when
solid-state devices are to be mounted
on heat sinks, some form of elec-
trical isolation must be provided be-
tween the case and the heat sink.
Unfortunately, however, good elec-
trical insulators usually are also
good thermal insulators. It is diffi-
cult, therefore, to provide electrical
insulation without introduction of
significant thermal resistance be-
tween case and heat sink. The best
materials for this application are
mica, beryllium oxide (Beryllia),
and anodized aluminum. A compari-
son of the properties of these three
materials for case-to-heat-sink iso-
lation of the TO-3 package is shown
in Table V. If the area of the seat-
ing plane, the thickness of the ma-
terial, and the thermal conductivity
are known, the case-to-heat-sink
thermal resistance 6c-s can be read-
ily calculated by use of the follow-
ing equation:

Geona = d/4.186 KA °C per watt

where d is the length of the thermal
path in centimeters, K is the ther-
mal conductivity in cal/(sec) (cm)
(°C), and A is the area perpendicu-
lar to the thermal path t in square
centimeters. The number 4.186 is a
conversion factor used to obtain the
result in °C per watt.

Table V—Comparison of Insu-
lating Washers Used for Elec-

trical lIsolation of Transistor
TO-3 Case from Heat Sink
Thickness 6c-s  Capacitace
Material (inches)  (°C/W) (P}
Mica 0.002 0.4 90
Anodized
Aluminum  0.016 0.35 110
Beryllia 0.063 0.25 15

In all cases, this calculation should
be experimentally verified. Irregu-
larities in the bottom of the tran-
sistor seating plane or on the face
of the heat sink or insulating washer
may result in contact over only a
very small area unless a filling com-
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pound is used. Although silicone
grease has been used for years, re-
cently newer compounds with zinc
oxide fillers (e.g., Dow Corning #340
or Wakefield #120) have been found
to be even more effective.

For small general-purpose tran-
sistors, such as the 2N2102, which
use a JEDEC TO-5 package, a goad
method for thermal isolation of the
collector from a metal chassis or
printed-circuit board is by means of
a beryllium-oxide washer. The use
of a zinc-oxide-filled silicone com-
pound between the washer and the
chassis, together with a moderate
amount of pressure from the top of
the transistor, helps to decrease
thermal resistance. Fin-type heat
sinks, which are commercially avail-
able, are also suitable, especially
when transistors are mounted in
Teflon sockets which provide no
thermal conduction to the chassis or
printed-circuit board. Fig. 51 illus-
trates both types of mounting.
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Fig. 51—Suggested mounting arrange-

ments for transistors having a JEDEC

TO-5 package: (a) without heat sink; (b)
with fin-type heat sink.
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At frequencies of 100 MHz and
higher, the effects of stray capaci-
tances and inductances and of
ground paths and feedback coupling
have a pronounced effect on the gain
and power-output capabilities of
transistors. As a result, physical
aspects such as mechanical layout,
shielding, and heat-sink considera-
tions are important in the design of
rf amplifiers and oscillators. In par-
ticular, it should be noted that the
insulating washer necessary for iso-
lation introduces coupling capaci-
tance from collector to chassis which
may seriously limit circuit perform-
ance. The special techniques used
to overcome these effects are ex-
plained subsequently in the section
High-Frequency Power Transistors.

EFFECT OF CYCLIC
THERMAL STRESSES

When a solid-state device is alter-
nately heated and allowed to cool,
cyclic mechanical stresses are pro-
duced within the device because of
differences in the thermal expansion
of the silicon pellet and the metallic
materials to which the pellet is at-
tached. The cyclic stresses may even-
tually result in physical damage to
the semiconductor pellet or the
mounting interface.

In most solid-state power devices,
a small silicon pellet is bonded to
a copper header. The coefficient of
thermal expansion for silicon (3 X
10-*) is much less than that of cop-
per (175 X 10°). Temperature
variations within the device, there-
fore, result in cyclic stresses at
the mounting interface of the sili-
con pellet and the copper header
because of the difference in the ther-
mal expansions of these parts. If a
hard solder, such as silicon gold, is
used to bond the pellet to the header,
these stresses are transmitted to
the silicon pellet. Such stresses often
result in pellet fractures. In general,
however, lead-tin solder is used to
bond the silicon pellet to the copper
header. The cyclic thermal stresses
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then are absorbed by non-elastic de-
formation of the soft lead solder,
and very little stress is transmitted
to the pellet.

The continuous flexing that results
from cyclic temperature changes
may eventually cause fatigue fail-
ures in a conventional lead solder
system. Such failures are a function
of the amount of change in tempera-
ture at the mounting interface, the
difference in the thermal-expansion
coefficients of the silicon pellet and
the material to which the pellet is
attached, and the maximum dimen-
sions of the mounting interface.
Fatigue failures occur whenever
the cyclic stresses damage the solder
to the point at which the transfer
of heat between the pellet and the
surface to which it is mounted be-
comes impaired. This condition,
which is indicated by a significant
rise in junction-to-case thermal re-
sistance, may exist in only a small
portion of the pellet. This portion,
however, overheats, and device fail-
ure results because of regenerative
conditions that lead to thermal run-
away.

Thermal-fatigue failures in solid-
state power devices are accelerated
because of dislocation “pile-ups” that
result from impurities in the lead
solder. RCA has developed a process
that substantially reduces the amount
of impurities introduced into the
solder. Use of this proprietary “Con-
trolled Solder Process’” makes it pos-
sible to avoid the microcracks that
propagate to cause fatigue failure
in solid-state devices and, therefore,
greatly increases the thermal-cycling
capability of these devices.

RCA has devised a rating chart
that relates the thermal-cycling
capablity of a silicon power tran-
sistor to total device dissipation and
the change in case temperature. A
circuit designer may use the rating
system to define the limiting value
to which the change in case tem-
perature must be restricted to assure
that a power transistor is capable
of operation at a specified power
dissipation over the number of ther-
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mal cycles required in a given ap-
plication. Conversely, if the power
dissipation and the change in case
temperature are known, the designer
may use the rating system to de-
termine whether the thermal-cycling
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capability of the transistor is ade-
quate for the application. This
thermal-cycling rating system is de-
scribed in the section Low- and
Medium-Frequency Power Transis-
tors.



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. The product matrix
shown in Table VI indicates the
broad range of current and voltage
capabilities and the variety of pack-
age configurations that can be se-
lected from the extensive line of
RCA silicon rectifiers.

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 small and light
in weight and can be made impervi-
ous to shock and other severe en-
vironmental conditions.

ELECTRICAL
CHARACTERISTICS

Fig. 52 shows the basic current-
voltage characteristics for a silicon
rectifier. As explained earlier in the
section Materials, Junctions, and
Devices, the forward current is
many times larger than the re-
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Silicon Rectifiers
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Fig. 52—Current-voltage characteristic of
a silicon rectifier.

verse current over the normal op-
erating range of the rectifier. The
small reverse (leakage) current
gradually rises with an increase in
reverse voltage. This increase in re-
verse current eventually leads to
junction breakdown, as indicated by
an abrupt increase in reverse cur-
rent at high reverse voltages. An-
other important feature of the rec-
tifier characteristic is that the for-
ward voltage drop remains small up
to the maximum rated current. The
basic characteristic curve shown in
Fig. 52 serves as a model in the de-
velopment of the characteristics
data given in the manufacturer’s
specifications on silicon rectifiers.

Characteristics ‘data given for
silicon rectifiers are based on the
manufacturer’s determination of the
inherent qualities and traits of the
device. These data, which are usu-
ally obtained by direct measure-
ments, provide information that a
circuit designer needs to predict the
performance capabilities of his cir-
cuit and form the basis for the rat-
ings that define the safe operating
limits of the rectifier.
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Table VI—Rectifier Product Matrix

RCA Mod.
Rectifiers
o 0.25A I 0.75A 0.75A 1A 1A 0.75A 0.75A 1A 1A
Insu- Insy-
l A o o | lated lated
Vs A | 154 | 154 354 | 3sa 354 35 50A 50A
VRARM(v)__ 50 | ) 1N536 ~ [ inzesea —
_ 100 ['oi3coa | 1nasos [ tnss7 | INZO50AT | I —
_ 200 D13008 1N4418 1 1N538 |N1_UOA__1NJ|93 JNEJ__&i“____‘Nfﬂ‘ED
Ju;_ |N“2q i |N532 le‘A
00 D1300D | 1N443B | 1NS40 | 1N1763A I IN2862a | IN3194 | 1N3254 | IN5212 | 1NS216
__59_ 1N444B 1 1N1085 + 1N1784A |N2:“3A_L 1 1
600 TN445B | 1NS47 IN28B4A | IN3195 | IN3265 | INS213 | INS217
800 1 B ‘NQ'“_‘}__'NJ‘?&__ LN52|4_+ 1N5218
1000 T | I - 1N3563 ]
File No. | 784 5 3 | 8 |9 T“ T a1 245 245
R
CA. . DO-15 D04 DO-5
Rectifiers
10 1A 154 [ 124 204 40A
VFSM 30A S50A 180A 240A 350A B00A
VRRM(VI 50 DI20F | IN8391 INIJ4IB | INTI9DA | IN24BC | INTIB3A
100 DI1201A 1N5392 1IN13428 1N1200A 1N240C IN1IB4A
200 D12018 1NS293 1N13448 1N1202A 1N250C IN1188A
300 TNSI04 | INI345B | INI203A | IN1IDBA | INTIBTA
400 D1201D0 1NSIS6 1N134688 1N1204A IN1196A INTIBSA
500 1NS 308 1N13478 1N1206A IN1197A 1N1189A
e D1201M 1N5397 1N13488 1N1208A 1N1198A IN1190A
800 D1201N | 1n8308
1000 012019 1N5I99
FieNo_ | 498 ) 58 20 ] 38
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Table VI—Rectifier Product Matrix (cont'd)

Fast Recovery Types
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. D026 | DO.15 DO-4 D05
Rectifiers
o 1A 1A 6A 6A 12A 124
'Fsm 354 50a 5A 125A 150A 250A
VRamiVE 50 02601 F 02201F 1N3879 D2406F 1N3889 D2412F
100 D2601A 02201A 1N3880 D24068A 1N3890 024124
200 026018 022018 1N3881 024068 1N3891 DZ‘IZB_‘ 1N3901 025208 NPT 025408
300 1N3BB2 | D2406C | IN3B92 | D2412C | 1N3B02 | 02620C | 1NI®I2
400 026010 022010 1N3883 024080 1N3893 024120 N39OI 025 TNIS12 025400
500
600 DMII’ 1 02201M l’ D2408M D2412M D2620M D2540M
800 D2601N 022018
1000
e T
Recovery
Tone 1
Tvo 000 | 200ms -f' _f"?oom' _f'_ T W0m | - 700 m.
_Mol N 500 ns B ?OO"‘ _l_mom 1 J_SOm 200 ns. 350 ny 200 ns. 350 ns. 200 ns. 350 ne.
. File NO 123 _L 629 1 726 1 663 -i 727 664 728 6685 129 580
For Horizontal-Deflection Circuits
. 00-26 DO-1 00-15
Rectifiers
‘o 0.5A° 16A* 1.9A° 4
'FSM 304 70A 70a | 0a JED [ "s0a
et 1 208 ]
Trace D2601M | D2103SF l | 02201Mm
Commutating 02601€ | ozro3s | 02201M
Linganity 022018
T e
Regulator | 022018
Ciamp 02600M | oz2t01s
Fite No 839 839 839 | s22 1 s22 629

*IF{RMS) value.
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Forward Voltage Drop

The major source of power loss in
a silicon rectifier arises from the
forward-conduction voltage drop.
This characteristic, therefore, is the
basis for many of the rectifier rat-
ings.

A silicon rectifier usually requires
a forward voltage of 0.4 to 0.8 volt,
depending upon the temperature and
impurity concentration of the p-n
junction, before a significant amount
of current flows through the device.
As shown in Fig. 53, a slight rise
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Fig. 53—Typical forward characteristics
of a silicon rectifier.

in the forward voltage beyond this
point causes a sharp increase in the
forward current. The slope of the
voltage-current characteristic at
voltages above this threshold value
represents the dynamic resistance of
the rectifier. Losses that result from
this resistance characteristic in-
crease as the square of the current
and thus increase rapidly at high
current levels. The dynamic resist-
ance is dependent upon the construe-
tion of the rectifier junction and is
inversely proportional to the area
of the silicon pellet.

Fig. 53 also shows that, at any
reasonable current level, the value of
forward voltage required to initiate
current flow through the rectifier
decreases as the temperature of the
rectifier junction increases. This
voltage-temperature dependence has
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a compensatory effect in rectifiers
operated at high currents, but it is
a source of difficulty when rectifiers
are operated in parallel.

Reverse Current

When a reverse-bias voltage is
applied across a silicon rectifier, a
limited amount of reverse-blocking
current flows through the rectifier.
This current is in the order of only
a few microamperes, as compared
to the milliamperes or amperes of
forward current produced when the
rectifier is forward-biased. Initially,
as shown in Fig. 54, the reverse cur-
rent increases slightly as the block-
ing voltage increases, but then tends
to remain relatively constant, even
though the blocking voltage is in-
creased significantly. Fig. 54 also
indicates that an increase in operat-
ing temperature causes a substan-
tial increase in reverse current for
a given reverse voltage. Reverse-
blocking thermal runaway may oc-
cur because of this characteristic if
the reverse dissipation becomes so
large that, as the junction tempera-
ture rises, the losses increase faster
than the rate of cooling.
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Fig. 54—Typical reverse characteristics
of a silicon rectifier.

If the reverse blocking voltage is
continuously increased, it eventually
reaches a value (which varies for
different types of silicon rectifiers)
at which a very sharp increase in
reverse current occurs. This voltage
is called the breakdown or avalanche
(or zener) voltage. Although recti-
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fiers can operate safely at the ava-
lanche point, the rectifier may be
destroyed as a result of thermal
runaway if the reverse voltage in-
creases beyond this point or if the
temperature rises sufficiently (e.g.,
a rise in temperature from 25°C to
150°C increases the current by a fac-
tor of several hundred).

Reverse Recovery Time

After a silicon rectifier has been
operated under forward-bias condi-
tions, some finite time interval (in
the order of a few microseconds)
must elapse before it can return to
the reverse-bias condition. This re-
verse-recovery time is a direct con-
sequence of the greatly increased
concentration of charge carriers in
the central region that occurs dur-
ing forward-bias operation. If the
bias is abruptly reversed, some of
these carriers abruptly change di-
rection and move out in the reverse
direction, and the remainder re-
combine with opposite-polarity types.
Because there is a finite number of
these carriers in the central region,
and there is no source of additional
charge carriers to replace those
that are removed, the device will
eventually go into the reverse-bias
condition. During the removal
period, however, the charge carriers
constitute a reverse current known
as the reverse-recovery current.

Fig. 55 shows the current wave-
form obtained when a sinusoidal
voltage is applied across a silicon
rectifier. During the positive alter-
nation of the input voltage, the rec-
tifier conducts and accumulates
stored charge. When the supply volt-
age reverses polarity, the reverse
recovery current flows through the
rectifier until all the stored charge
is removed.

The reverse-recovery time im-
poses an upper limit on the fre-
quency at which a silicon rectifier
may be used. Any attempt to oper-
ate the rectifier at frequencies above
this limit results in a significant de-
crease in rectification efficiency and
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may also cause severe overheating
and resultant destruction of the rec-
tifier because of power losses during
the recovery period.

LOAD .

2 NG

92C5-25666
Fig. 55—Test circuit and output current
waveform obtained when a sinusoidal volt-

age is applied across a silicon rectifier.

MAXIMUM RATINGS

Ratings for silicon rectifiers are
determined by the manufacturer on
the basis of extensive testing. These
ratings express the manufacturer’s
judgment of the maximum stress
levels to which the rectifiers may be
subjected without endangering the
operating capability of the unit. The
various factors for which silicon
rectifiers must be rated include:
peak reverse voltage, forward cur-
rent, surge (or fault) current, oper-
ating and storage temperatures, am-
peres squared-seconds, and mount-
ing torque.

Peak Reverse Voitage

Peak reverse voltage (PRV) is
the rating used by the manufacturer
to define the maximum allowable re-
verse voltage that can be applied
across a rectifier. This rating is less
than the avalanche breakdown level
on the reverse characteristic. With
present-day diffused junctions, the
power dissipation at peak reverse
voltage is a small percentage of the
total losses in the rectifier for opera-
tion at the maximum rated current
and temperature levels. The reverse
dissipation may increase sharply,
however, as temperature or blocking
voltage is increased to a point be-
yond that for which the device is
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capable of reliable operation. It is
important, therefore, to operate
within ratings.

A transient reverse voltage rat-
ing may be assigned when it has
been determined that increased volt-
age stress can be withstood for a
short time duration provided that
the device returns to normal operat-
mg conditions when the overvoltage
is removed. This condition is illus-
trated in Fig. 56.

Peak-reverse voltage ratings for
single-junction  silicon  rectifiers
range from 50 to 1500 volts and
for multiple-junction silicon-recti-
fier stacks may be as high as several
hundred thousands of volts.

TRANSIENT PRV

NHAWANAWAWAY

REPETITIVE PRV

92(S-25667

Fig. 56—Typical waveform of repetitive
and transient reverse voltages applied
across a silicon rectifier.

Forward Current

The current rating assigned to a
rectifier is expressed as a maximum
value of forward current at a spe-
cific case temperature. For these
conditions, the power dissipation
and internal temperature gradient
through the thermal impedance
from junction to case are such that
the junction is at or near the maxi-
mum operating temperature for
which the blocking-voltage rating
can be maintained. At current levels
above this maximum rating, the in-
ternal and external leads and termi-
nals of the device may experience
excessive temperatures, regardless
of the heat sink provided for the
pellet itself. The current rating can
be described more fully in the form
of a curve such as that shown in
Fig. 517.
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Fig. 57—Current rating chart for a 12-
ampere silicon rectifier.

Because the current through a
rectifier is not normally a smooth
flow, current ratings are usually ex-
pressed in terms of average current
(I.vg), peak current (L), and rms
current (I:;n.). Each of these cur-
rents may be expressed in terms
of the other two currents.

The waveshapes shown in Figs. 58
and 59 help to illustrate the relation-
ships among these ratings. For ex-
ample, Fig. 58 shows the current
variation with time of a sine wave
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Fig. 58—Variation of current of a sine
wave with time.

that has a peak current I,e. 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

I.v = 0.637 Lyeum
or
Iy = 1.57 L.
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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. 59
shows the square of the current for
the sine wave of Fig. 58. 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

%9,
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Fig. 59—V ariation of the square of sine-
wave 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

Iime = 0.707 Ljeax
or

Ipeax = 1.414 I, e

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 is 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
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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
are as shown in Table VII:

Table VII—Rectifier Current
Relationships

Leax = 7 x I,, = 3.14 L.,

Inv = (1/1") Ipcll = 0.32 IDell
Irm- = (1"/2) L., = 157 L.,
I = (2/7) Lime = 0.64 Lims
Ipuk =§2 Irm-

Inn. = 0'5 Ipuk

For different combinations of recti-
fier cells and different circuit con-
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. 60, 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 —{—\—\'- AVERAGE FORWARD

Fig. 60—Representation of rectifier cur-
rents.

The dual maximum ratings are
required because, under certain con-
ditions (e.g., when a highly capaci-
tive load is used), it is possible for
the average current to be low and
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for the peak current to be high
enough to cause overheating of the
rectifier. The approximate expression
for power losses P in a silicon rec-
tifier, given by the following equa-
tion, can be used to explain how
this type of operation is possible:

Pwnn = (Vchdc) + (I‘-m-2 Rdyn)

where the voltage V4. is 0.4 to 0.8
volt depending upon the junction
temperature; the direct current ILi.
is equivalent to the average current
Live. the current I.m. is the true rms
current and, for a fixed average
current, increases as the peak cur-
rent increases; and Ruy. is the dy-
namic resistance of the rectifier
over the current range considered.

An analysis of the above equation
for power losses shows that if the
peak current is increased and the
conduction time is decreased so that
the average current is held constant,
the rms current and, therefore, the
power dissipated in the rectifier
(I:ms® Rayn) are also increased. This
behavior explains why the maxi-
mum permissible value of average
current in multiple-phase circuits is
reduced as the number of phases is
increased and the conduction period
is reduced. Fig. 57 shows the effect
of the number of phases on the vari-
ation in average current with case
temperature.

Surge Current

A third maximum-current limit
given in the manufacturer’s data on
silicon rectifiers is the surge (or
fault) current rating. During opera-
tion, unusually high surges of cur-
rent may result from inrush current
at turn-on, load switching, and short
circuits. A rectifier can absorb a
limited amount of increased dissipa-
tion that results from short-duration
high surges of current without any
effect except a momentary rise in
junction temperature. If the surges
become too high, however, the tem-
perature of the junction may be
raised beyond the maximum capabil-
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ity of the device. The rectifier may
then be driven into thermal run-
away and, consequently, be de-
stroyed. Fig. 61(a) shows a typical
surge-current rating curve for a sili-
con rectifier.

If the value and duration of an-
ticipated current surges exceed the
rating of the rectifier, impedance
may be added to the circuit to limit
the magnitude of the surge current,
or fuses may be used to limit the
duration of the surges. In some
cases, a rectifier that has an aver-
age-current rating higher than that
required by the circuit must be used
to meet surge requirements of the
circuit. This technique eliminates the
need for additional circuit imped-
ance elements or special fusing.
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Fig. 6l—(a) Peak-surge-current rating

chart for a I2-ampere silicon rectifier;

(b) coordination chart that relates rectifier

surge-current rating (curve A), opening

characteristics of circuit fuses (curve B),

and maximum available surge current in
a circuit (curve C).
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If fuses are used to protect the
rectifiers, a coordination chart, such
as that shown in Fig. 61(b), should
be constructed. This chart shows the
surge rating of the rectifier (curve
A), the opening characteristics of
the fuse (curve B), and the maxi-
mum surge current available in the
circuit (curve C). In the construec-
tion of a coordination chart for a
particular rectifier, the rms value
of the surge current can be obtained
from a universal surge-current rat-
ing chart, such as that shown in
Fig. 62. The opening characteristics
of the fuse can be obtained from the
manufacturer’s published data, and
the maximum surge current can be
calculated.

500[ [

RMS CURRENT—A

»

SURGE DURATION—S

Note: The rms current given by this curve is a
partial surge rating and should be added to the
normal rms current to delermine the total surge
rating.

92CS-25673

Fig. 62—Universal surge-current rating
chart for RCA silicon rectifiers.

The coordination chart shown in
Fig. 61(b) was prepared for a 12-
ampere silicon rectifier operated in
half-wave service from a 220-volt
rms ac source and protected by a
fuse having opening characteristics
as shown by curve B. If the total
short-circuit impedance of all the
rectifier elements is determined to
be 2.25 ohms, the peak surge current
I, for full-wave operation can be
calculated as follows:
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_ 220 Vema X 141
2.25

= 137.6 amperes

For half-wave service, the peak
surge current (I. = I,x) can be con-
verted to rms current by use of the
relationship given in Table VII, as
follows:

Itmse = % Ipx

= 1327'6 , or 68.8 amperes

Curve A of Fig. 61(b), which is
merely a reproduction of the 12-
ampere curve on the universal rating
chart shown in Fig. 62, gives the
surge-current rating of the 12-
ampere silicon rectifier, but does not
consider the normal rms value of
current that the rectifier can handle.
This normal value of rms current
must be subtracted from the total
surge current to determine the ac-
tual overcurrent of the fault. First,
the relationships in Table VII are
used to convert the average-current
rating of the rectifier to the normal
rms value, as follows:

Iime = 1.57 Lavg
= 1.67 X 12, or 18.8 amperes

The overcurrent is then determined
from the following calculation:

I-ur‘e _ Innrmn = 68-8 '—‘18.8,
or 50 amperes

The 50-ampere fault current is
represented on the coordination
chart in Fig. 61(b) by the straight-
line curve C. The 12-ampere recti-
fier can sustain a fault current of
this magnitude for 51 milliseconds,
as indicated by the point of intersec-
tion of curves A and C. The fuse,
however, opens and interrupts the
flow of current in the circuit after
43 milliseconds, as indicated by the
point of intersection of curves B
and C, and the rectifier is protected.
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Amperes Squared-Seconds
(ry

The amperes-squared-seconds (I°t)
rating for silicon rectifiers is a use-
ful figure of merit that provides im-
portant information for fuse coordi-
nation. This rating indicates the
energy, E, required to melt the
fusible material of a particular fuse;
it is based on the following familiar
power relationship:

P =TIR

where R is the resistance of the fuse
element and I is the rms value of
the current in the fuse.

The above equation can be ex-
pressed in terms of energy (E =
P t) as follows:

E = I’Rt

The resistance R is constant for a
given fuse material; this term is
dropped from the equation to obtain
the figure of merit It that is di-
rectly proportional to the energy
required to melt the fuse material.
The It rating for a particular sili-
con rectifier can be determined di-
rectly from the surge-current curves
for the device. For example, the I’t
rating for a rectifier operated with
a 60-Hz ac input can be calculated
from the following relationship:

one-cycle surge-current rating

I’t =
t 2
X 16.67 x 107
In this relationship, the factor

16.67 X 107 represents the time in
seconds for one cycle of operation
at 60-Hz, and the peak surge-current
value is divided by 2 to obtain the
rms value (i.e., Irms = I/2).

The peak value of surge current
that can be sustained by a 12-ampere
silicon rectifier is 240 amperes, as
indicated by the curves shown in
Fig. 61(a). The I’t rating for the
rectifier is calculated as follows:
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It = (2‘2‘_0) * % 16.67 x 107

= 240 amperes squared-seconds

For periods of operation less than
that for one cycle of a 60-Hz sine
wave (i.e., for subeycle time
periods), the manufacturer’s data
does not specify the exact surge-
current capability of a rectifier. Un-
der such conditions, a somewhat dif-
ferent procedure is required for
fuse coordination. In this procedure,
consideration must be given to two
important factors.

First, the worst-case condition for
fusing results from the application
of a square wave of current. If other
current waveforms are converted
into an equivalent square wave, a
conservative fusing rating can be
obtained. For example, a half-sine
wave of 60-Hz current has a dura-
tion of 8.3 milliseconds. The dura-
tion of an equivalent square wave
having the same peak amplitude is
4.16 milliseconds, as indicated in
Fig. 63.

I
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Fig. 63—Square-wave equivalent of a half
sine-wave of 60-Hz current.

Second, because of fundamental
differences in thermal and strue-
tural characteristics, the surge-
current capabilities of solid-state
devices and fuses also differ. For
fuses, this capability is a constant
proportional to I*t. For a solid-state
device this capability is proportional
to I*t, where x is some value be-
tween 2 and 3. A safe approxima-
tion for a rectifier surge-current
failure curve would result from the
use of I°t to define the upper energy
limit.
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The two factors discussed above
are taken into account in the sub-
cycle surge-current rating chart
shown in Fig. 64. In this chart, the
peak surge-current that can be sus-
tained by a rectifier for a subcycle
period is normalized by the peak
one-cycle surge-current rating (I*t)
and plotted as a cubic function of
time. The normalized It value for
the single-cycle surge (which is
equivalent to a 4.16 millisecond
square wave) is assigned the value
of 1, and a line that has a slope of
1/8 is drawn through this point (1,
4.16 ms.) on a log-log graph to de-
fine the subcycle surge-current capa-
bility of a silicon rectifier. Use of
this curve is illustrated by the fol-
lowing example, in which the I*t
rating is to be determined for a 1
millisecond duration.

The subcycle surge-current rating
curve in Fig. 64 shows that the
normalizing factor at 1 millisecond

== ek
orn J T T T T
# Y |
‘é‘ & =11 S
g’ = i | ! l =
1T e =~
» 9 LA
RN
v g
x 21— I 11—
g: 0.1 /l [ ] ] 1 b -
8l 2 468l 2 468
oo % %%y | o
FUSING TIME-ms
92C$-25675
Fig. 64—Subcycle surge-current rating

chart.

is 0.62. The 1l-millisecond I*t value
is then determined as follows:

Iat(l ms) — 0.62 Izt(nlngle cycle)

For a 12-ampere silicon rectifier,
which has a single-cycle surge capa-
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bility of 240 amperes squared-
seconds, this value becomes

It me = (0.62) 240 A’s
=149 A%

For the 12-ampere silicon rectifier,
therefore, the I*t rating for a time
period of 1 millisecond is 149 am-
peres squared-seconds. This value
can then be used to calculate the
peak square-wave current allowable
for a 1-millisecond as follows:

149 e
1 x 10°

386 amperes

I« (1 ms) =

The I*t fusing rating may be de-
termined by an alternate approach
if the peak available short-circuit
current is known. Fig. 65 shows a
relationship between short-circuit
currents and published single-cycle
It ratings. This chart, like that
shown in Fig. 64, is based on a con-
stant I*t so that for peak currents
that exceed the single-cycle rating,
the It capability is inversely pro-
portional to the peak current, as in-
dicated by the following relation-
ship:

I't = K
It = K/I

As an example of the use of the
alternate technique, it is assumed
that a device that has a single-cycle
peak surge-current rating of 350
amperes is to be used in an appli-
cation in which a short-circuit cur-
rent of 400 amperes is available.
The 400-ampere fault current is lo-
cated on the abscissa of Fig. 65.
This point is projected vertically
upward to intersect the 350-ampere
published single-cycle rating. The
ordinate of the chart then shows an
It rating of 440 amperes squared-
seconds. If the same silicon rectifier
is used in an application for which
a short-circuit current of 700 am-
peres is available, the fuse should
have an It rating of 2556 amperes
squared-seconds.
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Fig. 65—Maximum permissible I't as a function of peak available short-circuit current.

SPECIAL TYPES OF
SILICON RECTIFIERS

Silicon rectifiers that exhibit
unique characteristics can be ob-
tained by special contouring of the
basic rectifier junction structure, by
use of special processing techniques,
or by selective testing. This group
includes fast-recovery rectifiers, con-
trolled-avalanche rectifiers, voltage-
reference (zener) diodes, and com-
pensating diodes.

Fast-Recovery Rectifiers

In the selection of silicon recti-
fiers for television high-voltage
power supplies, high-speed inverters,
switching regulators, and other
high-frequency applications, fast re-
covery characteristics are a major
requisite. The actual recovery time
of a rectifier is dependent not only
upon the structural characteristics
of the device, but also upon factors
such as the amount of forward cur-



Silicon Rectifiers

rent prior to turn-off, the rate of
decay of the forward current, the
magnitude of the applied reverse
voltage, and the junction tempera-
ture of the rectifier. A manufac-
turer’s specification for the reverse
recovery time of a given rectifier is
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meaningful, therefore, only if the
critical parameters and the actual
test circuit used for the measure-
ment are also specified. Table VIII
lists and shows significant electrical
characteristics for RCA fast-recov-
ery silicon rectifiers.

Table VIII—RCA Fast-Recovery Silicon Rectifiers

Forward Current Voitage Drop| Rev. Recovery Time

RCA RMS | Av.| Surge Voltage| Temp. Range
TYPE | IF(RMS) | 1y lFsMIYemu-TAl VRRM| Operating | v¢ iE| tre | VEM TC
; A Al A oc | v oc \% Al us ; A oC
D2103sF| 3 — 1 70 | 150°* | 750 301080 | 1.4 405|314 25
D2103S 3 —- | 70| 150°* [ 700 30180 [1.4 4|05 314 25
D2101S 1 - | 30 as 700 301080 | 1.5 4|07 314 25
02?°1Fi 15 1| s 100° | s0 4010150 |19 405 314 25
D2201A | 15 1| so*| 100® 100 4010150 | 1.9 4|05 |3.14 25
D2201B 15 1 50® | 100" 200 4010150 | 1.9 4 (05 314 25
D02201D 15 |1 s0% | 100" 400 4010150 | 19 4|05 314 25
D2201M| 1§ 1| s0®| 100* | 600 4010150 (19 | 4 (05 [3.14 25
D2201N 1.5 | 1| 50| 100° | 800 4010150 [ 19 4|05 [3.14 25
D2406F 9 6 | 125 100 | 50 |-4010 160 |1.4 6 (035 | 19 25
D2406A 9 6 | 125 100 ‘ 100 | -40to 150 1.4 6 1035 | 19 25
D24068 9 6 | 125 100 200 | 4010150 | 1.4 6 |035 | 19 25
D2406C 9 6 | 125 100 300 |4010150 |1.4 6 (035 | 19 25
D2406D 9 6 | 125 100 400 | 4010150 |1.4 6 |0.35 | 19 25
D2406M 9 6 | 125 100 600 |4010150 (1.4 6 |0.35 | 19 2
1N3879 9 6 75 100 | 50 (651150 |1.4 6 10.20| 1 25
1N3880 9 6 75 100 100 |-6510150 |[1.4 6 (020 1 25
1N3881 9 6 75 100 | 200 |[65t0150 | 1.4 6 (020 1 25
1N3882 9 6 75 100 300 |65t 150 |1.4 6 (020 1 25
1N3883 9 6 7 100 | 400 | 6510150 |14 | 6 |0.20| 1 25
D2412F 18 12 | 280 100 50 |40t0150 (1.4 12 |0.3s | 38 25
D2412A| 18 12 | 250 100 100 |4010150 (1.4 12 {035 | 38 25
D24128 18 |12 | 280 100 200 {4010 150 [1.4 12 jo.3s | 38 25
D2412C 18 (12 | 250 100 300 | -40 10 150 14 12 |0.35 | 38 35
D2412D 18 {12 | 250 100 400 |40 10 150 14 12 035 | 38 25
D2a12m| 18 |12 | 250 100 | 600 |40t150 |14 12 jo.3s | 38 25
1N3889 18 |12 | 150 100 50 |-65t0 150 | 1.4 12 020 [ 1 25
1N3890 18 12 | 150 100 100 |-651t0 150 | 1.4 12 [0.20 1 25
1N3891 18 |12 | 150 100 200 |65t 150 | 1.4 12 (020 | 1 25
1N3892 18 [12 | 150 100 300 |65t0150 |1.4 12 (0.20 [ 1 25
1N3893 18 {12 | 150 100 400 | -65 to 150 |144 |12 jo.20 | 1 25
D2520F 30 20 | 300 100 50 |-40to 150 114 ] 20 [0.35 | 63 25
D2520A( 30 (20 | 300 100 100 | 4010150 (1.4 20{0.35 | 63 25
D25208 30 (20 | 300 100 200 (4010150 [1.4 20[0.35 | 63 25
D2520C 30 (20 | 300 100 300 |40t 150 |14 20 [0.35 | 63 25
D2520D| 30 (20 | 300 100 400 | 4010150 | 1.4 20 [0.35 | 63 25
D2520M| 30 |20 | 300 100 600 | 4010150 |1.4 20/0.35 | 63 25
1N3899 30 |20 | 225 100 §0 |-65t0150 | 1.4 20(020| 1 25
1N3900 30 |20 | 225 100 100 |-6510150 | 1.4 20(020| 1 25
1N3901 30 (20 | 225 100 200 |[6510150 |1.4 20020 1 25
1N3902 30 |20 | 225 100 300 (6510150 |1.4 20020 1 25
1N3903 30 |20 | 225 100 400 |-65t0 150 | 1.4 20020 1 25
1N3909 a5 30 | 300 100 50 |-6510150 [1.4 30(0.20| 1 25
1N3910 45 30 | 300 100 100 |6510150 |1.4 30020 1 25
1N3911 as 30 | 300 100 200 |-6510150 |[1.4 30(0.20f 1 25
1N3912 45 30 | 300 100 300 |6510150 (1.4 30 (0.20] 1 25
1~3913,‘ 45 30 | 300 100 400 |-65t0 150 (1.4 30 [0.20 1 25
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Table VIII—RCA Fast-Recovery Silicon Rectifiers (cont'd)

-

Forward Current

*® Junction Temperature
© At Junction Temperature (T ) = 150 OC

] Voltage Drop| Rev. Recovery Time
RCA RMS | Ay | Surge Voltage| Temp. Range
TYPE | IE(RMS) | 15, | Igsm[Temp.Tc| VRRm| Operating | ve € te [ Iem | Tc
A Al A oC v oc v Al us A | o
D2540F 60 (40 | 700 165 50 |40t0150 |18 100[0.35 | 125 25
D2540A | 60 |40 | 700 165 100 (40w150 [18 100/0.35 | 125 25
D25408 60 (40 | 700 165 200 (4010150 |18 1000.35 | 125 25
D2540D | 60 |40 | 700 165 400 | 4010150 |18 100(0.35 | 125 25
D2540M| 60 |40 | 700 165 600 (401150 |18 100/0.35 | 125 % |
Fzsow 1.5 1| 3s¢| 100° 50 | -4010150 | 1.9 4fos | 20 25
D2601A | 1.5 1| 3s¢| 100" 100 | 4010150 | 1.9 4085 | 20 25
- - - —t
D2601B | 15 1| 3s*| 100° 200 | 4010150 |19 4|05 | 20 | 28
D2601D 15 1| 35¢| 100" 400 | 4010150 |19 4 (05 | 20 25
D2601M| 15 | 1 | 3s¢| 1000 |80 | 4010150 |15 | 4 0‘5, 20 ' 25
D2601IN | 15 1) 35%] 100° | 80 | 4010150 [19 | 4 05 | 20 | 25

¢ At Junction Temperature {Ty) = 1659C ® Lead Temperature

Recovery-Time Test Circuit—Fig.
66(a) shows a circuit recommended
by the JEDEC Committee (JC-22)
on Power Rectifiers for use in the
measurement of rectifier recovery
time. In this circuit, capacitor C is
charged during the positive alterna-
tion of the input ac voltage. During
the negative half-cycle, the silicon
controlled rectifier (SCR) is trig-
gered, and capacitor C discharges
through inductor L and the rectifier
on which the recovery-time measure-
ments is being made. The resultant
test-current waveform is shown in
Fig. 66(b). Inductor L and capaci-
tor C form a series resonant circuit
80 that the forward current through
the rectifier is very nearly a half
sine wave. The peak forward cur-
rent Iru is specified as = times the
average rated value of the half-sine-
wave current through the rectifier.
The rate of decay of the forward
current (—di/dt) is specified as the
slope of a straight line that passes
Regardless of the value of the peak

through the points Iru/2 and zero.
forward current, the di/dt value is
specified as 25 amperes per micro-
second for high-power stud-mounted
rectifiers and 10 amperes per micro-
second for low-power lead-mounted
rectifiers. For a true half-sine-wave
pulse, the increment from Iru/2 to
zero represents 30 electrical degrees,
or one-sixth the total width of the
forward-current pulse. The rate of
decay of the forward current, there-
fore, can be expressed in terms of
the over-all pulse width (PW) as
follows:

di _ Irw/2 _ 3len
dt = (PW)/6  PW

For stud-mounted rectifiers, the
di/dt value is specified as 25 am-
peres per microseconds. The pulse
width, therefore, is defined by the
following relationship:

PW = 3Iru/25 = 0.12Irx
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Fig. 66—Test circuit and waveform for
rectifier reverse-recovery-time measurement.
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The relationships expressed above

all assume zero circuit losses. Some
adjustment of the calculated values
of L and C may be required to com-
pensate for these losses.
For lead-mounted rectifiers, the
di/dt value is specified as 10 am-
peres per microsecond, and the ex-
pression for the pulse width be-
comes

PW = 3Iyx/10 = 0.3Irx

The desired width of the current
pulse is obtained by selection of the
proper values for L and C in the
test circuit. The values of these
components are determined from
the following relationships:

PW = » (LC)*/*
C = Irx (PW)/7 V,
where V, is the peak voltage across

the capacitor.

A typical practical circuit for
measurement of the recovery time
of a fast-recovery rectifier is shown
in Fig. 67. The diode in parallel
with the S6431M SCR in this cir-
cuit carries the reverse current
through the LC circuit so that the
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RISE TIME
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Fig. 67—A typical, practical circuit for measurement of the recovery time of a fast-
recovery rectifier,



58

reverse recovery characteristics of
the rectifier are not affected by the
reverse recovery characteristic of
the SCR.

Many other circuits have been
used for measuring reverse recovery
time. Fig. 68 shows one method
which has been used as the basis for
reverse-recovery data by some man-
ufacturers. In this circuit, the for-
ward-current supply and the asso-
ciated resistors are adjusted to
provide a specified value of forward
current. The reverse-current supply
is adjusted to supply a specified
value of reverse-recovery current
when switch S is closed. In some
cases, the switch S and the reverse-
current supply are replaced by a
pulse generator.

ZENER
DIODE

FORWARD—- SILICON REVERSE -
CURRENT  RECTIFIER CURRENT
SUPPLY . SUPPLY
_ CURRENT - +
MONITORING
RESISTOR T
TO WIDE BAND
OSCILLOSCOPE
B .
FORWARD
CURRENT ‘
REVERSE
RECOVERY ¥
CURRENT
10 %
REVERSE
| I-—'rr RECOVERY
CURRENT
92C¢S-25686

Fig. 68—Typical circuit used to measure
reverse recovery time of a rectifier.

Unfortunately, most of the differ-
ent methods of measuring reverse
recovery time yield widely varying
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results. The values obtained depend
on many factors, including the mag-
nitude of forward current, the mag-
nitude of reverse-recovery current,
the point on the waveform at which
recovery time is measured (usu-
ally 10 per cent of peak reverse cur-
rent), and the rate at which forward
current decays toward zero (usually
a function of circuit layout, stray
capacitance, and inductance).

Correlation of reverse-recovery
time measurements between equip-
ments at different locations becomes
difficult in circuits which produce
very rapid rates of change in cur-
rent (such as the circuit shown in
Fig. 68). Seemingly minor changes
in circuit layout can have a large
effect on the measured reverse-recov-
ery time. The circuit shown in Fig.
66, which wuses a half-sine-wave
test-current pulse, yields results
which are readily reproducible, even
with widely differing circuit layouts.
For this reason it is considered the
most meaningful method of evaluat-
ing the reverse-recovery characteris-
tic of a rectifier.

Types of Recovery Characteristics
—In a given circuit, three types
of recovery characteristics may ex-
ist, depending upon the type of rec-
tifier used. Although the exact shape
of recovery characteristic is a func-
tion of the circuit, the basic form
of the characteristic is as shown
in Fig. 69. The characteristic shown
in Fig. 69(a) is associated with a
standard rectifier not designed for
fast turn-off characteristics.

Fig. 69(b) shows the recovery
characteristic of a rectifier which
recovers its blocking-voltage capa-
bility suddenly. Alhough this “snap-
off” type of turn-off characteristic
is an indication of good high-fre-
quency operation, it can produce
undesired effects. If the peak mag-
nitude of reverse current from
which the rectifier snaps off is rela-
tively high, an appreciable amount
of energy is contained in the har-
monics generated by the snap-off.
If sensitive radio or television re-
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\

(a)

(b)

()
92C5-25687

Fig. 69—Rectifier reverse-recovery char-

acteristics: (a) for conventional rectifiers;

(b) snap-off fast-recovery characteristic; (c)

fast-recovery characteristic without abrupt
switch off.

ceiving equipment is in the vicinity,
these harmonies can create interfer-
ence problems. If considerable lead
inductance is associated with the
rectifier, the snap-off can induce
ringing in the lead inductance that
may result in circuit malfunction.
In some cases, the high di/dt asso-
ciated with the lead inductance can
induce voltages large enough to de-
stroy the rectifier.

The characteristic shown in Fig.
68(c) represents a rectifier which
turns off rapidly, but at a some-
what more gradual rate than the
rectifier recovery characteristic
shown in Fig. 69(b). Reverse-re-
covery time is only slightly longer
than that of the snap-off type, but
the generation of harmonics and
ringing effects is tremendously re-
duced. RCA fast-recovery rectifiers
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are designed to have a reverse-re-
covery characteristic similar to that
shown in Fig. 69(c). This type of
characteristic is achieved by use of
gold-doping to control the lifetime
of minority carriers and a junction
geometry designed to prevent abrupt
decreases in the peak negative cur-
rent. Fig. 70 shows the reverse-re-
covery characteristics of a typical
RCA fast-recovery rectifier designed
for use in an SCR horizontal-deflec-
tion system.
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Fig. 70—Reverse-recovery characteristics
of an RCA-D260IDF fast-recovery
rectifier.

Controlied-Avalanche
Rectifiers

Controlled-avalanche types are
recommended for silicon-rectifier ap-
plications in which the ability to
withstand high voltage transients is
an important design consideration.
In controlled-avalanche rectifiers,
the voltage at which avalanching
occurs is predetermined during man-
ufacture by precise control of the
resistivities (i.e., doping-impurity
concentrations) in the junction areas
and by careful attention to the
geometry of the silicon pellet.

In the manufacture of controlled-
avalanche rectifiers, special care is
taken to assure exceptional regular-
ity of the silicon pellet and an even
distribution of impurities in both
the n- and p-type regions of the
semiconductor junction. In addi-
tion, the edges of the silicon p-n
junction are shaped to reduce the
intensity of localized electric fields
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at the junction surface. These con-
ditions assure that breakdown will
be uniform across the entire junc-
tion area rather than concentrated
at weak spots close to the junction
surface. Such uniform avalanching,
when maintained within acceptable
limits, is not destructive.

Extensive tests of controlled-
avalanche rectifiers permit precise
predictions of the behavior of these
devices under high-reverse-voltage
conditions. The rectifiers are tested
to determine their ability to with-
stand high-voltage transients and
are subjected to life tests to deter-
mine their capability for sustained
operation in the avalanche region.
The slope of the current-voltage
curve in the avalanche region de-
fines the dissipation level at the
onset of avalanche breakdown and
also the maximum dissipation level
that the rectifiers are rated to with-
stand under reverse-bias conditions.

Within the specified ratings,
controlled-avalanche rectifiers can
safely absorb large bursts of en-
ergy, such as may result from
abrupt switching of inductive cir-
cuits.

Zener Diodes

Zener diodes are silicon rectifiers
in which the reverse current remains
small until the breakdown voltage is
reached and then increases rapidly
with little further increase in volt-
age. 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 zener diodes
makes them useful as stabilizing de-
vices and as reference sources.

RCA Solid-State Devices Manual

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 tran-
sistor amplifier or oscillator circuits.
Fig. 71(a) shows the transfer char-
acteristics of a transistor; Fig.
71(b) shows the forward character-
istics of a compensating diode. In a
typical circuit, the diode is biased
in the forward direction; the operat-
ing point is represented on the diode
characteristics by the dashed hori-
zontal line. The diode current at
this point determines a bias voltage
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Fig. 71—(a) Transfer characteristics of
transistor; (b) forward characteristics of
compensating diode.
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which establishes the transistor idl-
ing current. This bias voltage shifts
with varying temperature in the
same direction and magnitude as the
transistor characteristic, and thus
provides an idling current that is
essentially independent of tempera-
ture.

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 Low- and Medium-
Frequency Power Transistors.

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 dc 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-
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
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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 rectifier in a multiple arrange-
ment. In the case of low-power units,
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 rec-
tifier, a number of rectifiers can be
used in parallel, each with its own
fuse. Additional fuses should be
used in the ac line and in series
with the load for protection against
dc load faults. In high-power rec-
tifiers, an arrangement of circuit
breakers, fuses, and series resist-
ances 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. In
such arrangemnts, however, some
means must be provided to assure
proper division of current through
the parallel rectifiers. Parallel rec-
tifier arrangements are not in gen-
eral use. Designers normally use a
polyphase arrangement to provide
higher currents, or simply substi-
tute the readily available higher-
current rectifier types.
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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,
con rectifier. 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
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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 rectifiers.
Shunt resistors are used in steady-
state applications, and shunt capaci-
tors in applications in which tran-
sient voltages are expected. Both
resistors and capacitors should be
usd if the circui is to be exposed to
both de and ac components. When
only a few rectifiers are in series,
multiple transformer windings may
be used, each winding supplying its
own assembly consisting of one
series diode. The outputs of the
diodes are then connected in series
for the desired voltage.
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Low- and Medium-Frequency

Power 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 a
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. As explained in
the section Materials, Junctions, and
Devices, a device containing two p-n
junctions biased in opposite direc-
tions is called a junction or bipolar
transistor.

Fig. 72 shows such a two-junction
device biased to provide power gain.
The thick end layers of the tran-
sistor are made of the same type
of material (n-type in this case),
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Fig. 72—An n-p-n structure biased for
power gain.

and are separated by a very thin

layer of the opposite type of ma-

terial (p-type in the device shown).

By means of the external batteries,
the left-hand (n-p) junction is
biased in the forward direction to
provide a low-resistance input cir-
cuit, and the right-hand (p-n) junc-
tion is biased in the reverse 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 percent of the electron
current reaches the right-hand n-
type region. This high percentage of
currrent penetration provides power
gain in the righ-resistance output
circiut 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.

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
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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 element of the semiconduc-
tor material is changed during the
growth of the original erystal ingot
to provide the p-n-p or n-p-n regions.
The grown ecrystal is then sliced
into a large number of small-area
devices, and contacts are made to
each region of the devices. Fig. 73 (a)
shows a cross-section of a grown-
junetion 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. 73(b).
After proper heating, the impurity
“dots” alloy with the semiconductor
materials to form the regions for the
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Fig. 73—Cross-sections of junction tran-
sistors.
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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
shown in Fig. 73(c¢). Two advantages
are derived from this structure:
(a) the resultant built-in voltage or
“drift field” speeds current flow, and
(b) the ability to use a heavy im-
purity concentration in the vicinity
of the emitter and a light concen-
tration in the vicinity of the col-
lector makes it possible to minimize
capacitive charging times. Both
these advantages lead to a substan-
tial extension of the frequency per-
formance over the alloy-junction
device.

The diffused-junction transistor
represents a major advance in tran-
sistor technology because increased
control over junction spacings and
impurity levels makes possible sig-
nificant improvements in transistor
performance capabilities. A cross-
section of a single-diffused “home-
taxial” structure is shown in Fig.
74(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
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 strue-
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-
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Fig. 74—Cross-sections of diffused transistors.

quency response and other important
characteristies. Fig. 74(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. 74(c) shows a typical
double-diffused planar transistor. The
base and emitter regions terminate
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. 74(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 proceseds atom by atom,
and is a perfect extension of the
erystal lattice of the wafer on which
it is grown. In the epitaxial-base
transistor shown in Fig. 75(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
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. 75(b), has the added
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Fig. 75—Cross-sections of epitaxial tran-
sistors.

OVERLAY TYPE

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. 75(c) shows a section
through a typical overlay emitter
region.

After fabrication, individual tran-
sistor chips are mechanically sepa-
rated and mounted on individual
headers. Connector wires are then
bonded to the metalized regions, and
each unit is encased in plastic or a
hermetically sealed enclosure. In
power transistors, the wafer is us-
usally 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

RCA Solid-State Devices Manual

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. 76, 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 megohm, the
voltage or power gain in this type
of configuration may be in the order
of 1500.

The direction of the arrows in Fig.
21 indicates electron current flow.
As stated previously, most of the cur-
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Fig. 76—Common-base circuit configura-

tion.
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rent from the emitter flows to the col-
lector; the remainder flows through
the base. In practical tiransistors,
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. 76 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’ ont 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. 77, 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

92C¢S5-25695%

circuit con-

Fig. 77—Common-emitter
figuration.

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 ig. 77.
When the input voltage is positive,
as shown at AB, it increascs the
forward bias across the base-emitter
junetion, and thus increases the total
current flow through the transistor.
The increased electron flow through
Ri. 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. 78, is the common-collector
(or grounded-collector) ecircuit. In
this configuration, the signal is intro-
duced into the base-collector circuit
and extracted from the emitter-
collector circuit. Because the input
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
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Fig. 78-—Common-collector circuit con-
figuration.
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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
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. 76
through 78 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.

BASIC TRANSISTOR
CHARACTERISTICS

HE term “characteristic” is used

to identify the distinguishing elec-
trical features and values of a tran-
gistor. 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 de potentials applied to
the transistor electrodes. Dynamic
characteristics are obtained with an
ac voltage on one electrode under
various conditions of dc potentials
on all the electrodes. The dynamic
characteristics, therefore, are indica-
tive of the performance capabilities
of thetransistor under actual work-
ing conditions.

Current-Voltage Relationships

The currents in a transistor are
directly related to the movement of
minority carriers in the base region
that results from the application of
voltages of the proper polarities to
the emitter-base and collector-base
junctions. A definite mutual relation-
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ship exists between the transistor
currents and the voltages applied to
the transistor terminals. Graphical
representations of the variations in
transistor currents with the ap-
plied voltages provide an excellent
indication of the operation of a tran-
sistor under different biasing condi-
tions. Transistor manufacturers
usually provide curves of current-
voltage characteristics to define the
operating characteristics of their de-
vices. Such curves are provided for
either common-emitter or common-
base transistor connections. Fig. 79
shows the bias-voltage polarities
and the current components for both
common-emitter and common-base
connections of a p-n-p transistor.
For an n-p-n transistor, the polari-
ties of the voltages and the directions
of the currents are reversed.
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Fig. 79—Transistor bias-voltage polarities

and current components for (a) the com-

mon-emiltter connection and (b) the com-
mon-base connection.

The common-emitter connection,
shown in Fig. 79(a), is the more
widely used in practical applications.
In this connection, the emitter is
the common point between the input
(base) and output (collector) cir-
cuits, and large current gains are
realized by use of a small base cur-
rent to control a much larger emit-
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ter-to-collector current. The com-
mon-base connection, shown in Fig.
79(b), differs from the common-
emitter connection in that the volt-
ages applied to the transistor are
referred to the base rather than to
the emitter.

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.

Fig. 80 shows the input (transfer)
and output (collector) current-volt-
age characteristics of a typical
p-n-p transistor in a common-base
connection. The input characteristic
curves, in Fig. 80(a), show the
base current as a function of the
emitter-to-base voltage for different
values of collector-to-base voltage.
For any given value of collector
voltage, the base current varies with
the emitter-to-base voltage in a man-
ner similar to that of any forward-
biased narrow p-n junction. After
the initial interval required for the
forward-bias voltage to overcome
the energy barrier at the junction,
the current-voltage relationship is
almost linear. The slight effect that
the collector voltage has on the base
current results because variations
in the collector voltage change the
effective width of the base.

The effective base width is the
distance between the edges of the
opposing (collector and emitter)
depletion layers. This distance is
significantly less than the actual
thickness of the n-type base material
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Fig. 80—Common-base characteristics of
a typical p-n-p transistor.

because both depletion layers pene-
trate into the base region. Because
of the small forward bias applied to
the emitter-base junction, the emit-
ter depletion layer is much narrower
than that of the collector-base junc-
tion, and it does not change appreci-
ably with the small range of varia-
tion allowed in the emitter-to-base
voltage. The collector-junction de-
pletion layer, however, varies mark-
edly with the much larger changes
in collector voltage and causes an
attendant change in the effective
base width. An increase in collector
voltage causes a slight increase in
base current (for a constant emit-
ter-to-base voltage) because the hole
gradient in the p-n-p transistor in-
creases as the effective base width
decreases. Many other transistor
characteristics are also affected by
changes in collector voltage because
of the dependence of the effective
base width on the collector deple-
tion layer.

The common-base output charac-
teristics, shown in Fig. 80(b), reveal
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that the collector current is very
nearly equal to the emitter current
and is largely independent of col-
lector voltage. This current is made
up of the small reverse current Icso,
which results from the extraction of
thermally generated holes from the
base region, and the forward current
produced by the diffusion of holes
from the emitter. The diffusion cur-
rent is almost independent of voltage
because all the holes that reach the
edge of the collector depletion layer
are extracted by the reverse-biased
junction. The collector current re-
mains essentially constant, even
down to zero voltage, at which point
the excess holes are still extracted
by the collector. A small forward
voltage (less than 1 volt) must be
applied to the collector to increase
the hole density just outside the june-
tion and oppose the diffusion from
the emitter in order to reduce the
collector current to zero. The char-
acteristic curves show that the col-
lector current varies extremely
rapidly with voltage in this region.

The common-emitter characteris-
ties of a p-n-p transistor, shown in
Fig. 81, are similar to those of the
common-base connection. There are,
however, several important differ-
ences, the most marked being the
small magnitude of the base current
which replaces the emitter current
in both sets of curves. The base cur-
rent consists of two components,
each of which is in the order of
microamperes. These components in-
clude the current produced by an
inward flow of electrons to replace
those lost in the hole injection and
diffusion mechanisms, and a current
that is largely the result of the ex-
traction of thermally generated
holes making up the leakage cur-
rent of the collector. The total base
current, therefore, is just sufficient
to make up the losses in the current
transfer from emitter to collector.
If the base current is increased (by
means of the external ecircuit), more
holes can diffuse from emitter to
collector, and a considerable increase
in the collector current occurs.
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Fig. 81—Common-emitter characteristics
of a tvpical p-n-p transistor.

Physically, this condition is pro-
duced by increased hole injection
and, therefore, by an increase in the
emitter-to-base voltage required to
produce an increase in base current.
Although changes in base current
and voltage must occur together, it
is preferable to think of the tran-
sistor as a current-controlled de-
vice; for this reason, the common-
emitter characteristics are usually
shown for constant base currents,
as indicated in Fig. 81. The curves
in this figure confirm that small
changes in base current produce
much larger changes in collector
current.

A final point to note about the
common-emitter characteristies is
that the current falls rapidly to
zero for small collector-to-emitter
voltages. The collector-to-emitter
voltage is normally divided between
the two junctions to provide a small
forward bias for the emitter-base
junetion and a much larger reverse
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bias for the collector-base junction.
If the emitter-to-collector voltage
is reduced to the “saturation” value,
which is a fraction of a volt, the
collector reaches zero bias; below
this value, it becomes slightly for-
ward-biased. This condition occurs
near the knee of the characteristics.
Slightly below the saturated con-
dition, holes continue to flow into
the collector, in spite of its forward
bias. If the emitter-to-collector volt-
is reduced further, the collector cur-
rent falls rapidly to zero.

The input characteristics for the
common-emitter connection are simi-
lar to those for the common-base
connection, except for the greatly
reduced magnitude of the base cur-
rent compared with the emitter cur-
rent. For the base current to be
zero, the emitter junction must have
a small forward bias; as a result,
all the input characteristics cross
the current axis. The collector volt-
age again affects the characteris-
tics by varying the effective base
width, and thus the current gain.
With a constant emitter hole density
(Ve constant), the base current
falls as the collector voltage is
raised, and the base transport be-
comes more efficient.

Current-Gain Parameters

Power gain in transistor circuits
is usually obtained by use of a small
control signal to produce larger sig-
nal variations in the output current.
The gain parameter most often spe-
cified is the current gain (8) from
the base to the collector. The power
gain of a transistor operated in a
common-emitter  configuration s
equal to the square of the current
gain B times the ratio of the load
resistance r. to the input resistance
rm, as indicated in Fig. 82.

Although the input resistance ri.
affects the power gain, as shown by
the equations given in Fig. 82, this
parameter is not usually specified
directly in the published data on
transistors because of the large
number of components of which it is
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Fig. 82—Test circuit and simplified

power-gain calculation for a transistor op-
erated in a common-emitter configuration.

comprised. In general, the input im-
pedance is expressed as a maximum
base-to-emitter voltage Vge under
specified input-current conditions.

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
particular circuit configuration.

The current gain (or current
transfer ratio) of a transistor is
expressed by many symbols; the fol-
lowing are some of the most com-
mon, together with their particular
shades of meaning:

1. beta (B8)—general term for
current gain from base to collector
(i.e., common-emitter current gain)

2. alpha (a)—general term for
current gain from emitter to collec-
tor (i.e.,, common-base current gain)

3. hre—ac gain from base to col-
lector (i.e., ac beta)
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4. hpg—dc gain from base to col-
lector. (i.e., dec beta)

Common-base current gain, a, is
the ratio of collector current to
emitter current (ie., a = I¢/Ig).
Although «a is slightly less than unity,
circuit gain is realized as a result
of the large differences of input
(emitter-base) and output (collec-
tor-base) impedances. The input
impedance is small because the
emitter-base junction is forward-
biased, and the output impedance is
large because the collector-base junc-
tion is reverse-biased.

Common-emitter current gain, g,
is the ratio of collector current to
base current (i.e., 8 = Ic/Is). Use-
ful values of B are normally greater
than ten.

In the common-base circuit shown
in Fig. 76 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-
sate emitter current Ig:

Ic 098 1
——— = 0.9
a I I 8
In the common-emitter ecircuit

shown in Fig. 77, the base is the
input electrode and the collector is
the output electrode. The de beta,
therefore, is the ratio of the steady-

state collector current Ic to the
steady-state base current Is:
Ic 0.98 I
—_— = = 49
A Is 0.02 I

Because the ratios given above are
based on steady-state currents, they
are properly called de 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. 83 shows
typical electrode currents in a
common-emitter circuit (a) under no-
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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.
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Fig. 83-—Flectrode currents under (a) no-
signal and (b) signal conditions.

The current-gain parameters a
and 8 are determined by three basic
transistor parameters (emitter ef-
ficiency v, collector efficiency a*, and
base transport factor Bo) that are
directly dependent upon the physi-
cal properties of the device. The
following equations express the de-
pendence of the current-gain para-
meters a and B on the three physical
parameters:

a = YBoa®

g = YBoa* -
1 — (yBoa*)

The collector efficiency o* is gener-
ally very near unity and this value
is usually assumed for this para-
meter in the calculations for a and

8.
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Emitter Efficiency—In a forward-
biased n-p-n transistor, electrons
from the emitter diffuse into the
base, and holes from the base diffuse
into the emitter. The total emitter
current Ir is the sum of the hole-
current component I, and the elec-
tron-current component I. and,
therefore, may be expressed as fol-
lows:

Le=5L + I

The potential collector current, Ic,
is the difference between the drift
currents and is given by

Ie=L — I,

The holes that diffuse from the
base into the emitter originate in
the base de¢ supply and add to the
total base current. This hole cur-
rent I,, however, does not contribute
to the collector current and, in ef-
fect, represents a loss in current
gain that is directly attributable to
poor emitter injection efficiency. The
loss in current gain can be held to
a minimum if the resistivity of the
base is made much greater than that
of the emitter so that the number
of free holes in the base available
to diffuse into the emitter is sub-
stantially smaller than the number
of free electrons in the emitter
available to diffuse into the base.

Base Transport Factor—If high
emitter efficiency is assumed, the
electrons injected from the emitter
into the base diffuse to the collec-
tor junction. Some of these elec-
trons, however, recombine with free
holes in the base and, in effect, are
annihilated. Base current must flow
to replenish the free electrons used
in the recombination process so that
the emitter-to-base forward bias is
maintained. In other words, charge
neutrality must prevail.

The base transport factor Bo is
an indication of the extent of re-
combination that takes place in the
base region of a transistor. For a
high value of the base transport

factor Bo, the lifetime of holes in
the base (a function of the property
of the material) must be long, or
the time necessary for the electrons
to reach the collector must be short.
Any reduction in the time required
for the electrons to reach the col-
lector requires a decrease in base
width or an increase in the acceler-
ating ficld used to speed the holes
through.

The value of the base transport
factor should be in the order of
0.98 for the transistor to provide
useful gain.

Transconductance

Extrinsic transconductance may
be defined as the quotient of a small
change in collector current divided
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 uint 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 Frequencies

For all transistors, there is a fre-
quency f at which the output signal
cannot properly follow the input
signal because of time delays in the
transport of the charge carriers.
The three principal cut-off frequen-
cies, shown in Fig. 84, may be de-
fined as follows:

1. The base cut-off frequency f,,
is that frequency at which alpha («)
is down 3 dB from the low-frequency
value.

2. The emitter cut-off frequency f,.
is that frequency at which beta (3)
is down 3 dB from the low-frequency
value.
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Fig. 84—Cut-off frequencies.

3. The frequency fr is that fre-
quency at which beta theoretically
decreases to unity (i.e., 0-dB gain)
with a theoretical 6-dB-per-octave
fall off. This term, which is a useful
figure of merit for transistors, is
referred to as the gain-bandwidth
product.

The frequency fr is related to the
time delays in a transistor by the
following expression:

1
27 X tq

fr ~
where Xtq is the sum of the emitter-
delay time constant t., the base
transit time tw, the collector deple-
tion-layer transit time t.m, and the
collector-delay time constant t..

The gain-bandwidth product fr is
the term that is generally used to
indicate the high-frequency capa-
bility of a transistor. Other pa-
rameters that critically affect high-
frequency performance are the
capacitance or resistance which
shunts the load and the input im-
pedance, the effect of which is
shown by the equations given in
Fig. 82.

The base and emitter cut-off fre-
quencies and the gain-bandwidth
product of a transistor provide an
approximate indication of the useful
frequency range of the device, and
help to determine the most suitable
circuit configuration for a particular
application.

The specification of all the charac-
teristics which affect high-frequency

performance is so complex that often
a manufacturer does not specify all
the parameters, but instead speci-
fies transistor performance in an
rf-amplifier circuit. This information
is very useful when the transistor
is operated under conditions very
similar to those of the test circuit,
but is difficult to apply when the
transistor is used in a widely differ-
ent application. Some manufacturers
also specify transistor performance
characteristics as a function of fre-
quency, which alleviates these prob-
lems. (High-frequency power tran-
sistors are discussed in more detail
in a later section of this Manual.)

Cutoff Currents

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.

In the common-base configuration,
the collector reverse (leakage) cur-
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rent, Icso, is measured with the
emitter circuit open. The presence
of the second junction, however, still
affects the level of the current be-
cause the emitter acquires a small
negative bias when it is open-
circuited. This bias reduces the hole
gradient at the collector and causes
the reverse current to decrease. This
current, therefore, is much smaller
with the emitter open than it is
when the emitter-base junction is
short-circuited. In the characteris-
tic curves shown in Fig. 80(b), the
magnitude of the current Icmo is
considerably exaggerated. This cur-
rent is normally in the order of
microamperes or less, although it is
often increased by excess surface
currents in the same way as the re-
verse current of any p-n junction.

The reverse current increases with
collector voltage, and may lead to
avalanche breakdown at high volt-
ages, as described for the silicon
rectifier.

The common-emitter reverse col-
lector current Iczo, measured with
zero input current (Iz = O in this
case), is very much larger than the
reverse collector current Icso in the
common-base conneé¢tion. When the
base current is zero, the emitter
current adjusts itself so that the
losses in the hole-injection and dif-
fusion mechanisms are exactly bal-
anced by the supply of excess
electrons left in the vicinity of the
collector by hole extraction. For this
condition, the collector current is
equal to the emitter current.

The common-emitter reverse col-
lector current Iceo increases with
collector voltage, unlike the com-
mon-base reverse collector current
Icso. This behavior is another con-
sequence of the variation in the ef-
fective base width with collector
voltage. The narrower the effective
base region, the more efficient is the
transfer of current from emitter to
collector. The more efficient base
transport with the higher collector
voltage permits a higher emitter cur-
rent to flow before the losses are
again balanced by the supply of elec-

trons from the vicinity of the col-
lector.

Breakdown Voltages

Transistor breakdown voltages de-
fine the voltage values between two
specified 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. 85 shows a series of
collector-characteristic curves for
different base-bias conditions. It can
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Fig. 85—Typical collector-characteristic
curves showing locations 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 V@ericeo, With external base-to-
emitter resistance V@emces, with the
base shorted to the emitter Vi grices,
and with a reverse base-to-emitter
voltage Vemcrv.
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As the resistance in the base-to-
emitter circuit decreases, the col-
lector characteristic develops two
breakdown points, as shown in Fig.
85. After the initial breakdown, the
collector-to-emitter voltage decreases
with increasing collector current
until another breakdown occurs at a
lower voltage. This minimum collec-
tor-to-emitter breakdown voltage is
called the sustaining voltage.

Punch-Through Voltage

Punch-through (or reach-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.

Saturation Voltage

The curves at the left of Fig. 85
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.

Effect of Temperature on
Transistor Characteristics

The characteristics of transistors
vary with changes in temperature.
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In view of the fact that most circuits
operate over a wide range of en-
vironments, a good circuit design
should compensate for such changes
so that operation is not adversely
affected by the temperature depend-
ence of the transistors.

Current Gain—The effect of tem-
perature on the gain of a silicon
transistor is dependent upon the
level of the collector current, as
shown in Fig. 86. At the lower cur-
rent levels, the current-gain parame-
ter hee increases with temperature.
At higher currents, however, hrr

CURRENT GAIN (heg}

COLLECTOR CURRENT (I¢)

92¢5-25705

Fig. 86—Current gain as a function of
collector current at different temperatures.

may increase or decrease with a
rise in temperature because it is
a complex function of many compo-
nents.

Base-to-Emitter Voltage—Fig. 87
shows the effect of changes in tem-
perature on the base-to-emitter volt-
age (Vae) of silicon transistors. Two

COLLECTOR CURRENT (I}

L

BASE-TO-EMITTER VOLTAGE (Vgg)

92CS-25706
Fig. 87—Collector current as a function
of base-to-emitter voltage at different tem-
peratures,
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factors, the base resistance (rw’)
and the height of the potential bar-
rier at the base-emitter junction
(Ver'), influence the behavior of the
base-to-emitter voltage. As the tem-
perature rises, material resistivity
increases; as a result, the value of
the base resistance rw’ becomes
greater. The barrier potential Vgg’
of the base-emitter junction, how-
ever, decreases with temperature.
The following equation shows the re-
lationship between the base-to-
emitter voltage and the two tempera-
ture-dependent factors:

Vee = Ir ro’ + Vir

= hIc row' + Var'

FE

As indicated by this equation, the
base-to-emitter voltage diminishes
with a rise in temperature for low
values of collector current, but tends
to increase with a rise in tempera-
ture for higher values of collector
current.

Collector-to-Emitter Saturation
Voltage—The  collector-to-emitter
saturation voltage Vce(sat) is af-
fected primarily by collector resis-
tivity (pc) and the amount by which
the natural gain of the device (hre)
exceeds the gain with which the cir-
cuit drives the device into satura-
tion. This latter gain is known as
the forced gain (hrer).

At lower collector currents, the
natural hee of a transistor increases
with temperature, and the IR drop
in the transistor is small. The collec-
tor-to-emitter saturation voltage,
therefore, diminishes with increasing
temperature if the circuit continues
to maintain the same forced gain.
At higher collector currents, how-
ever, the IR drop increases, and
gain may decrease. This decrease in
gain causes the collector-to-emitter
saturation voltage to increase and
possibly to exceed the room-temvera-
ture (25°C) value. Fig. 88 shows
the effect of temperature on the col-
lector-to-emitter saturation voltage.

COLLECTOR-TO-EMITTER
SATURATION VOLTAGE [V (sat)]

COLLECTOR CURRENT (Ic!
92CS-25707

Fig. 88—Collector current as a function
of collector-to-emitter saturation voltage at
different temperatures.

Collector Leakage Currents—Re-
verse collector current Iz is a re-
sultant of three components, as
shown by the following equation:

In:Ix)+IG+Is

Fig. 89 shows the variations of
these components with temperature.
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Fig. 89—Reverse collector current as a
function of temperature.

The diffusion or saturation current
I is a result of carriers that dif-
fuse to the collector-base junction
and are accelerated across the de-
pletion region. This component is
small until temperatures near
175°C are reached. The component
I results from charge-generated
carriers that are created by the flow
of diffusion carriers across the de-
pletion region. This component in-
creases rapidly with temperature.
Io and I¢ are referred to as bulk
leakages. The term Is represents
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surface leakage which is caused by
local inversion, channeling, ions, and
moisture. This leakage component is
dependent on many factors, and its
variations with changes in tempera-
ture are difficult to predict.

At low temperatures, either sur-
face or bulk leakage can be the domi-
nant leakage factor, particularly in
transistors that employ a mesa
structure. At high temperatures,
charge-generated carriers and dif-
fusion current are the major causes
of leakage in both mesa and planar
transistor structures; the current
Is, therefore, is the dominant leak-
age component. Because of the domi-
nance of surface leakage Is at low
temperatures and the fact that this
leakage may vary either directly or
inversely with temperature, it is not
possible to define a constant ratio
of the leakage current at low tem-
peratures to that at high tempera-
tures. In view of the fact that power
transistors are normally operated at
high junction temperatures, it is
more meaningful to compare the
leakage characteristics of both mesa
and planar transistors at high tem-
peratures. The relative reliability of
different types of power transistors,
which is in no way related to the
magnitude of low-temperature leak-
age current, is also best compared
at high temperatures.

Leakage currents are important
because they affect biasing in am-
plifier applications and represent the
off condition for transistors used
in switching applications. The sym-
bol I» used in the preceding dis-
cussion represents any of several
different leakage currents commonly
specified by transistor manufactur-
ers. The most basic specification is
Icro, which indicates the leakage
from collector to base with the
emitter open. This leakage is simply
the reverse current of the collector-
to-base diode.

In addition to the Icpo value, Icey,
Icro, and Icer specifications are often
given for transistors. Icgy is the
leakage from the collector to emitter
with the base-emitter junction re-
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verse-biased. Icer is the leakage cur-
rent from the collector to the emitter
with the base and emitter connected
by a specified resistance. Iceo is the
leakage current from collector to
emitter with the base open. Icev dif-
fers from Icso only very slightly and
in most transistors the two parame-
ters can be considered equal. (This
equality is not maintained in sym-
metrical transistors.) Icgo is simply
the product of Icso at the voltage
specified and the hrg of the transis-
tor at a base current equal to Icgo.
Icro is of course the largest leakage
current normally specified. Icer is
intermediate in value between Icey
and Icgo.

MAXIMUM RATINGS

All solid-state devices undergo ir-
reversible changes if their tempera-
ture is increased beyond some critical
limit. A number of ratings are given
for power transistors, therefore, to
assure that this critical temperature
limit will not be exceeded on even a
very small part of the silicon chip.
The ratings for power transistors
normally specify the maximum volt-
ages, maximum current, maximum
and minimum operating and storage
temperatures, and maximum power
dissipation that the transistor can
safely withstand.

Voltage Ratings

Maximum voltage ratings are
normally given for both the collec-
tor and the emitter junctions of a
transistor. A Vago rating, which in-
dicates the maximum base-to-emitter
voltage with the collector open, is
usually specified. The collector-junc-
tion voltage capability is usually
given with respect to the emitter,
which is used as the common termi-
nal in most transistor circuits. This
capability may be expressed in sev-
eral ways. A Vcro rating specifies the
maximum collector-to-emitter volt-
age with the base open; a Vcer rat-
ing for this voltage implies that the
base is returned to the emitter
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through a specified resistor; a Vess
rating gives the maximum voltage
when the base is shorted to the emit-
ter; and a Vcev rating indicates the
maximum voltage when the base is
reverse-biased with respect to the
emitter by a specified voltage. A
Veex rating may also be given to
indicate the maximum collector-to-
emitter voltage when a resistor and
voltage are both connected between
base and emitter.

If a maximum voltage rating is
exceeded, the transistor may “break
down” and pass current in the re-
verse direction. The breakdown
across the junction is usually not
uniform, and the current may be
localized in one or more small areas.
The small area becomes overheated
unless the current is limited to a
low value, and the transistor may
then be destroyed.

The collector-to-base or emitter-
to-base breakdown (avalanche) volt-
age is a function of the resistivity
or impurity doping concentration at
the junction of the transistor and
of the characteristics of the circuit
in which the transistor is used.
When there is a breakdown at the
junetion, a sudden rise in current
(an *“avalanche”) occurs. In an
abruptly changing junction, called a
step junction, the avalanche voltage
is inversely proportional to the im-
purity concentration. In a slowly
changing junction, called a graded
junction, the avalanche voltage is
dependent upon the rate of change
of the impurity concentration (grade
constant) at the physical junction.
Fig. 90 shows the two types of junc-
tion breakdowns. The basic transis-
tor voltage-breakdown mechanisms
and their relationship to external
circuits are the basis for the vari-
ous types of voltage ratings used by
transistor manufacturers.

The collector voltage can be
limited below its avalanche break-
down value if the depletion layer
(space-charge region) associated
with the applied collector voltage
expands through the thin base width
and contacts the emitter junction.
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Fig. 90—Step-junction and graded-junc-
tion breakdown.

The doping in the base (under the
emitter) and the base width in re-
lation to the magnitude of applied
voltage govern whether punch-
through occurs before avalanche.
Higher doping concentrations and
wider bases increase punch-through
voltage Vpr in accordance with the
following relationship:

qNW?*
2kE,

PT —

where q is the electronic charge,
N is the doping-level concentration
in the base, W is the base width,
k is the dielectric constant, and E.
is the permittivity of free space
(kE. is approximately 1 X 107
farad per centimeter for silicon).

Current and Temperature
Ratings

The physical mechanisms related
to basic transistor action are tem-
perature-sensitive. If the bias is not
temperature-compensated, the tran-
sistor may develop a regenerative
condition, known as thermal run-
away, in which the thermally
generated carrier concentration ap-
proaches the impurity carrier con-
centration. [Experimental data for
silicon show that, at temperatures
up to 700°K, the thermally generated
carrier concentration n, is deter-



mined as follows: n, = 3.87 x 10"
X T X (3/2) exp (—1.21/2kT).]
When this condition becomes ex-
treme, transistor action ceases, the
collector-to-emitter voltage Vee col-
lapses to a low value, and the cur-
rent increases and is limited only
by the external circuit.

If there is no current limiting,
the increased current can melt the
silicon and produce a collector-to-
emitter short. This condition can oc-
cur as a result of a large-area av-
erage temperature effect, or in a
small area that produces hot spots
or localized thermal runaway. In
either case, if the intrinsic tempera-
ture of a semiconductor is defined
as the temperature at which the
thermally generated carrier concen-
tration is equal to the doped im-
purity concentration, the absolute
maximum temperature for transis-
tor action can be established.

The intrinsic temperature of a
semiconductor is a function of the
impurity concentration, and the
limiting intrinsic temperature for a
transistor is determined by the most
lightly doped region. It must be em-
phasized, however, that the intrin-
sic temperature acts only as an up-
per limit for transistor action. The
maximum operating junction tem-
perature and the maximum current
rating are established by additional

factors such as the efficiency of heat.

removal, the yield point and melt-
ing point of the solder used in fab-
rication, and the temperature at
which permanent changes in the
junction properties occur.

The maximum current rating of
a transistor indicates the highest
current at which, in the manufae-
turer’s judgment, the device is use-
ful. This current limit may be es-
tablished by setting an arbitrary
minimum current gain or may be
determined by the fusing current
of an internal connecting wire. A
current that exceeds the rating,
therefore, may result in a low cur-
rent gain or in the destruction of
the transistor.

The basic materials in a silicon
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transistor allow transistor action at
temperatures greater than 300°C.
Practical transistors, however, are
limited to lower temperatures by
mounting systems and surface con-
tamination. If the maximum rated
storage or operating temperature is
exceeded, irreversible changes in
leakage current and in current-gain
characteristics of the transistor re-
sult.

Power-Dissipation Ratings

A transistor is heated by the elec-.
trical power dissipated in it. A
maximum power rating is given,
therefore, to assure that the tem-
perature in all parts of a transistor
is maintained below a value that
will result in detrimental changes
in the device. This rating may be
given with respect to case tempera-
ture (for transistors mounted on
heat sinks) or with respect to “free-
air ambient” temperature. Case
temperature is measured with a
small thermocouple or other low-
heat-conducting thermometer at-
tached to the outside of the case or
preferably inserted in a very small
blind hole in the base so that the
measurement is taken as close to
the transistor chip as possible. Very
short pulses of power do not heat
the transistor to the temperature
which it would attain if the power
level was continued indefinitely. Rat-
ings of maximum power consider
this factor and allow higher power
dissipation for very short pulses.

The dissipation in a transistor is
not uniformly distributed across the
semiconductor wafer. At higher
voltages, the current concentrations
become more severe, and hot spots
may be developed within the tran-
sistor pellet. As a result, the power-
handling capability of a transistor
is reduced at high voltages. The
power rating of a transistor may be
presented most easily by a limiting
curve that indicates a peak-power
safe operating region. This curve
shows power-handling capability as
a function of voltage for various
time durations.
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BIASING

For most non-switching applica-
tions, the operationg 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
consgists of forward bias across the
emitter-base junction and reverse
bias across the collector-base junc-
tion. In Figs. 76, 77, and 78, two
batteries were used to establish bias
of the correct polarity for an n-p-n
transistor in the common-base, com-
mon-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
resistance.)

Basic Methods

A simplified biasing arrangement
for the common-base circuit is shown
in Fig. 91. Bias for both the collector-
base junction and the emitter-base
junction is obtained from the single
battery through the voltage-divider
network consisting of resistors R.
and Rs. (For the n-p-n transistor
shown in Fig. 91 (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. 91(b), the
polarity of the battery and of the
electrolyte 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-

n=p-n

(b) 92¢S-25710
Fig. 91—Biasing network for common-base
circuit for (a) n-p-n and (b) p-n-p
transistors.

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. 92 is commonly called “fixed
bias”. In this case, both the base and
the coleletor 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 s for the transistor
(which, in turn, establishes the de-
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sired emitter current Ig), by means
of the following expression:

VBB - VBE
I

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

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

200000 %RB
OHMS

Rs =

+—VeB
-T 6V
o— —0
92CS-25711
Fig. 92—*“Fixed-bias” arrangement for

common-emitter circuit.

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

6 — 0.6

Ry =—— 2
T 27 x 107

= 20,000 ohms

The fixed-bias arrangement shown
in Fig. 92, 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
to temperature changes. This prob-
lem is partially overcome in the “self-
bias” arrangement shown in Fig. 93.
In this circuit, the base resistor is

Rp
VvV E¢
3V
c
B8 RL
E
*=ves
-1— 6V
O . O

92CS-25712
Fig. 93—*"Self-bias” arrangement for com-
mon-emitter circuit.
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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
Rz is then determined as described
above, except that the collector volt-
age Vex is used in place of the sup-
ply voltage Vags:

VCE —_ VBE
Is
3 —106
T 27 x 10°

Res =
= 90,000 ohms

The arrangement shown in Fig. 93
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.
94 the voltage-divider network com-
posed of R, and R: provides the

R

92C5-25713 _
——— 0
Fig. 94—Bias network using voliage-
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. 93,
but is commonly used kecause of its
inherent stability.

The common-emitter circuits shown
in Figs. 95 and 96 may be used to
provide stability and yet minimize
loss of gain. In Fig. 95, a resistor
Re 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 Rg provides addi-
tional stability. It is bypassed with
capacitor Ce. The value of Cg de-
pends on he lowest frequency to be
amplified.
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+V
Re T- -]

1% ) 92C5-25714 ©

Fig. 95—Bias network using emitter sta-
bilizing resistor.

In fig. 96, the R:Rs voltage-divider
network is split, and all ac feedback
currants through R: are shunted to
grovnd (bypassed) by capacitor C..

Ra  R3

92CS-25715

Fig. 96—Bias network using split voltage-
divider network,

The value of R, is usually larger
than the value of R.. The total re-
sistance of R: and R. should equal
the resistance of R, in Fig. 94.

In practical circuit applications,
any combination of the arrange-
ments shown in Figs. 93, 94, 95, and
96 may be used. However, the sta-
bility of Figs. 93, 94, and 96 may be
poor unless the voltage drop across
the lad 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. 97(a) is used to
compensate for the rapid increase
of collector current with increasing
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 acompensation over a desired
temperature range.

The diode biasing network shown
in Fig. 97(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
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-

SUPPLY SUPPLY
vOLTAGE D VOLTAGE
- B -

g
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VOLTAGE —o, S
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92Cs- 25716

Fig. 97—Bius networks including (a) a
thermistor and (b) a voltage-compensating
diode.



84

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. 92
through 96 are generally used in
class A circuits. Class B circuits
normally employ the bias networks
shown in Fig. 97. 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
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rise in steady-state collector current
from the room-temperature value,
as follows:

Ile—I
SF = Jomr = o

ICBO’ hd ICBOI

where Ic, and Icpor are measured at
25°C, Iceoz is measred at the maxi-
mum expected ambient (or junction)
temperature, and Icmax 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 rv’ (base-
connection resistance), to determine
suitable resistance values for the
transistor circuit. Fig. 98 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.

R
3 R4 R3
Ry _ Rp
+_‘.‘_ +—‘.‘—
‘I'; Ry Rs Ry
1
L L
R+ Ro' +R +
sp- BRI+ R2) ¢ o BRI+ Req) s BLPHQ)
R2'+ B Ry Req +8 R Q+BPp
Rp'=Rp+ rp' . R4Rs Q=R2'(R3+R4+R5)+R4Rs
Req=R2 *Ra *Rs P=R| (R3+R4+Rs)+R3Rs
92¢s-25717 Rp'=Rp + rp’ R2'=Ra+ry

Fig. 98—Bias-stability-factor equations for three typical

circuit configurations.
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COUPLING METHODS

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. 99. 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
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.
99 provides bias for the transistor.
The voltage divider is bypassed by
capacitor C; to avoid signal attenua-

T c
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Fig. 99—Transformer-coupled common-
entitter stage.

tion. The stabilizing emitter resistor
Re permits normal variations of the
transistor and circuit elements to be
compensated for automatically with-
out adverse effects. This resistor Re
is bypassed by capacitor C.. The
voltage supply Vs is also bypassed,
by capacitor Cs, 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.

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. 100 shows a two-stage RC-
coupled circuit using n-p-n transis-
tors in the common-emitter configu-
ration. The method of bias is similar
to that used in the transformer-
coupled cireuit of Fig. 99. The major
additional components are the col-
lector load resistances Riu, and Ry
and the coupling capacitor C.. The
value of C. must be made fairly
large, in the order of 2 to 10 miero-
farads, because of the small input
and load resistances involved. (It
should be noted that electrolyte 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 electrolyte 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
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Fig. 100—Two-stage resistance-capacitance coupled circuit.

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 de signals. Low-
frequency response is usually limited
by other factors than the coupling
network.) In the direct-coupled am-
plifier shown in Fig. 101, resistor
Rs 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. 94
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.

Because so few circuit parts are
required in the direct-coupled ampli-

a
Le

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.

SPECIAL CONSIDERATIONS
FOR POWER TRANSISTORS

In power transistors, the main de-
sign consideration is power-handling
capability. This capability is deter-
mined by the maximum junction
temperature a transistor can with-
stand and how quickly the heat can
be conducted away from the june-
tion.

In general, the basic physical
theory that definies the behavior of
any bipolar transistor in relation to
charge-carrier interactions, current
gain, frequency capabilities, voltage
breakdown, and current and tem-

92Cs-25720

Fig. 10]—Two-stage direct-coupled circuit.
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perature ratings is not significantly
different for power types. Power
transistors, however, must be cap-
able of large current densities and
are required to sustain large volt-
age fields. For power types, there-
fore, the basic transistor theory must
be expanded to include the effect
that these conditions have on the
physical behavior of the devices.
In addition, the physical capabili-
ties of power transistors must be
defined in terms of factors, such as
second-breakdown energy levels, safe
operating area, and thermal-cycling
stresses, that are not usually con-
sidered for small-signal types.

Limiting Phenomena in
Power Transistors

Power transistors have many fea-
tures in common with small-signal
transistors, but what distinguishes
power transistors is their ability to
handle currents up to a few hundred
amperes, voltages up to a few thou-
sand volts, large power dissipations,
and drastic current and voltage
surges.

Several phenomena which are of
minor significance in small-signal
bipolar transistors become important
as currents and voltages are in-
creased, and ultimately they limit
performance. These phenomena in-
clude: base widening, emitter de-
biasing, second breakdown, high-
voltage surface effects, and thermal
fatigue.

Base widening—Base widening
occurs in all bipolar transistors hav-
ing a lightly doped collector region.
This effect, shown in Fig. 102, is
caused by the mobile carrier flow
within the unit, which modifies the
electric field distribution so that the
effective positions of the base-collec-
tor junction and the collector de-
pletion region are different from
their positions when there is no cur-
rent flow.

Consider an n*-p-n-n* transistor
with no current flowing and a fixed
base-collector reverse bias. Under
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Fig. 102—Base-width modulation in power

transistors: (a) no current flow (base nar-

rowing); (b) high current flow (base widen-
ing).

these conditions, the depletion region
penetrates the base and the lightly
doped collector body. Equal fixed
total donor and acceptor charges are
uncovered on both sides of the metal-
lurgical junction. Initiating current
flow (mobile charge) has three ef-
fects. First, the mobile charge car-
riers in the base are of the same
sign as the uncovered fixed charge;
the depletion region in the base
shrinks and the base widens. Second,
the mobile carriers in the collector
are of the opposite sign and thus
subtract from the fixed charge. This
condition tends to cause the depletion
region in the collector to expand to
uncover the requisite charge. Third,
the current flow in the transistor in-
troduces an ohmic voltage drop in
the lightly doped n part of the col-
lector body. Because this voltage
drop subtracts from the applied col-
lector-to-base potential, less voltage
is available for the depletion region,
and the base becomes wider again.

At high current densities and low
collector voltages, the transistor-base
widens beyond the metallurgical



base-collector junction and ap-
proaches the n collector region. In
this condition, the current gain and
gain-bandwidth product (fr) de-
crease and the device approaches the
performance of a simple three-layer
(n*-p-n*) transistor. Base widening
with its resultant decreases in cur-
rent gain introduces a quasi-satura-
tion region into the common emitter
static characteristics, as shown in
Fig. 103. Operation in this region
significantly increases stored charge,
rise, and fall times (rs, 7&, 7¢). Fig.
104 shows the influence of base
widening on the gain-bandwidth
product fr.
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Fig.  103—Quasi-saturation in  power
transistors (n*-p-n-n* doping profile).
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Fig. 104--Effect of base widening on gain-
bandwidth product fr.

Debiasing—There are two debias-
ing phenomena of significance in bi-
polar power transistors. The first,
resistive debiasing, shown in Fig.
105, results from the voltage drops
along the resistance in emitter and
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base fingers and in the base region
beneath the emitter. These voltage
drops cause heavier injection from
the edges of the emitter and in
emitter regions closest to the emit-
ter contact.

Resistive debiasing beneath the
emitter because of the voltage drop
in the base resistance can be mini-
mized by making the emitter fingers
narrow, the base wide, and the base
resistivity beneath the emitter as
small as possible. Metallizing the
emitters so that the contact is local-
ized toward the finger center inserts
a lateral emitter voltage drop which
tends to offset the base resistance
drop.

Thermal Debiasing, shown in Fig.
106, the second debiasing phenome-
non, is a consequence of uninten-
tional temperature differences be-
tween various locations of the emit-
ter. Forward current from the
emitter is strongly dependent on the
temperature of the emitter-base
junction, as illustrated in Fig. 106.
For example, a temperature of 12°C
between two regions of the emitter-
base junction results in 3.8 times
more current from the hotter re-
gion. Because unequal injection re-
sults in unequal dissipation, the hot
region tends to become hotter and
injects more.

Thermal debiasing can be mini-
mized in two ways. First, the emit-
ter can be separated into a number
of discrete emitters and a ballast
resistance placed in series with each
discrete emitter. These resistors in-
sert a voltage drop in each emitter
proportional to the current being
passed through the emitter, thus
inserting current feedback and equal-
izing the currents between emitters.
A second method utilizes a low
thermal-resistance coupler between
emitters. The emitters are made
iso-thermal and, therefore, inject
equally. This technique is illustrated
in Fig. 107.

Second Breakdown—A  bipolar
transistor operated at high power
densities is subject to a failure mode
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Fig. 105—Resistive debiasing phenomena: (a) along emitter finger; (b) beneath emitter.
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Fig. 107—Isothermal emitter technique.

termed “second breakdown” in which
the emitter-collector voltage sud-
denly drops, usually 10 to 25 volts.
Unless the power is rapidly removed,
the transistor is destroyed or ma-
terially degraded by overheating.
Second breakdown (S/b) is a ther-
mal hot-spot formation within the
transistor pellet. It has two phases
of development. First is the con-
striction phase where, because of
thermal regeneration, the current
tends to concentrate in a small area.
The second phase is the destruction
phase. In this second phase, local
temperatures and temperature gradi-
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ents increase until they cause perma-
nent device damage.

The constriction or regeneration
phase of second breakdown may be
initiated in any number of ways.
One section of the emitter-base
juncton need only be higher in tem-
perature than the others. Such a
hot spot might be caused by resis-
tive debiasing, divergent heat flow
to the device heat sink, an inhomo-
geneity in the thermal path, or
other irregularities or imperfections
within the device. Once a slightly
hotter emitter-base region is pres-
ent, positive thermal feedback be-
gins: the hot region injects more
and therefore gets hotter. If the
available power is limited or the ef-
fective thermal resistance of the hot
spot is sufficiently low, the peak
temperature remains below a critical
temperature, and stable operation
continues. When the peak tempera-
ture reaches a value such that local
base-collector leakage currents reach
base current magnitude, the device
regenerates into second breakdown,
often very rapidly.

Second breakdown may occur
when the device operates with a
forward-biased emitter-base junc-
tion or during the application of
reverse bias. In the forward-biased
form of second breakdown, shown
in Fig. 108, the current Is/, above
which the device switches into sec-
ond breakdown is specified as part

E

YeYvYryevywvvyevyw
Casd /.M'- 7 D
AT

P54 50 %

nt \
Te

——INJECTED ELECTRONS
HOLES

HOT SPOT

NORMAL

TEMPERATURE

DISTANCE ACROSS THE PELLET

92¢s- 23727

Fig. 108—F orward-biased second
breakdown.
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of the “safe-operating area” rating
system developed by RCA for power
transistors. (This system is ex-
plained later in this section.) Emit-
ter and base resistive ballasting
effectively increase forward-biased
Is/v» of a device. Emitter ballasting
equalizes currents by inserting in
each emitter region a voltage drop
proportional to the current passing
through the junction. Base ballast-
ing inserts a voltage drop propor-
tional to base current in the various
base regions thus equalizing drive
conditions within the device and
maintaining uniformity. Thermal
coupling between emitter regions
may also be used to improve the for-
ward biased Is/» performance of a
transistor. This previously illus-
trated design approach tends to hold
all regions of the emitter-base junc-
tion at the same temperature and
same forward bias, thus maintaining
uniform current flow.

Second breakdown is also observed
when a transistor operating with an
inductive load is turned off. Fig. 109
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Fig. 109—Reverse-biased second
breakdown.

shows this form of second break-
down. When the emitter-base junc-
tion is reverse biased, the edges of
the emitters are quickly turned-off
by the voltage drop caused by the
reverse flow of the base current
through the base resistance under
the emitter. Collector current tends
to be rapidly reduced; however, the
inductive load responds to the de-
crease in collector current by driv-
ing the collector-emitter voltage to
a value at which breakdown can oc-
cur in the collector-base space charge
region Vemeex. The multiplied cur-
rent resulting from the breakdown
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is focused towards the emitter cen-
ters, keeping the centers on for a
longer time. When all center sec-
tions of the emitters behave alike,
the power is dissipated uniformly
by all emitters. If, however, a hot
spot exists or develops, the energy
stored in the load inductance is
dumped into this region. The central
region of this “hogging” emitter
rapidly rises in temperature, reach-
ing a value where the hot spot sus-
tains itself and second breakdown
occurs. Emitter ballasting is not ef-
fective in protecting against reverse-
biased second breakdown because
the hogging portion of the emitter
is fed internally from a current
source, and this current source is
insensitive to the relatively small
differences in emitter potential. Bal-
lasting against reverse-biased second
breakdown is best done in the col-
lector by the addition of a resistive
layer which decreases the internal
collector-emitter voltage in the af-
fected region. The maximum energy
that may be stored in the load in-
ductance before second breakdown
(Es/v) is specified for most RCA
power transistors intended for
switching applications.
High-Voltage Surface Effects—As
the voltage ratings of a power tran-
sistor are increased, it becomes more
difficult to achieve theoretical bulk
breakdown values. Furthermore,
both the breakdown voltage and
junction leakage currents may vary

under operating conditions. The
problem is usually due to surface
phenomena.

High-voltage transistors require
large depletion widths in the base-
collector junction. This requirement
suggests that at least one side of
the junction must be lightly doped.
Fig. 110 shows what happens in a
normal mesa-type device. ,The ex-
ternal fringing electrical fields termi-
nate on the silicon and modify the
depletion regions at the surface. If
these fringing fields are large and
configured as shown, a local high
field condition is established at the
surface and premature breakdown
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Fig. 110—-Electric field distribution in
high-voltage “mesa” n-p-n transistor.

occurs. High-intensity fringing fields
exist well outside the junction and
contribute to the movement of ions
external or internal to the applied
passivation layers, leading to in-
stabilities.

The state-of-the-art ‘“cures” for
these problems are: junction con-
touring to reduce the magnitude and
the shape of the fringing fields; em-
pirical determination of the proper
surface etch and the optimum or-
ganic encapsulant; or glassing of
the junctions to contain the fring-
ing fields. The latter two solutions
do not usually yield breakdown volt-
ages equal to the bulk values, but
they do lessen the surface instability.

To achieve breakdown voltages ap-
proaching the bulk values it is neces-
sary that the fringing field be prop-
erly shaped, and once properly
shaped it must be kept in this con-
dition. Field electrodes are being in-
vestigated to accomplish this ob-
jective.

Thermal Fatigue—A power tran-
sistor is often used in applications
where the power in the device is
eycled; the transistor is heated and
cooled many, times. Because the
transistor is constructed of ma-
terials that have different thermal
expansion coefficients, stress is
placed on the chip, the metallur-
gical bond, and the heat spreader.
If the stress is severe enough and
sufficient cycles are encountered,
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the device fails. Usually the chip
separates from the heat spreader
or one of the contact connections
opens. The stress is proportional
to the size of the pellet, the tem-
perature variation, elasticity of
the connecting members, and the
differences in  thermal-expansion
coefficients. Anything which con-
centrates the stress, such as voids
in the mounting system, aggravates
the condition.

The rate of degradation of a
metallurgical bond under stressed
conditions is also proportional to the
average and peak temperature ex-
cursions of the bond. The failure-
rate dependency of thermal fatigue
and other phenomena can be as much
as double for every 10°C increase
in average and peak temperature.
The most economical way to buy
reliability in power transistor ap-
plication is, therefore, to reduce
these temperatures by careful con-
sideration of heat flow during equip-
ment design.

Several techniques are used to im-
prove thermal-cycling ecapability
within  power transistors. One
method is to mount the chip on a
metal such as molybdenum, whose
thermal expansion coefficient is
similar to silicon, and to braze this
metal to the package. In this way
stresses are evenly distributed, as
in a graded glass seal. Another
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method, applicable on units using
the lead solder mounting technique,
uses a controlled solder process in
which the thickness and composition
of the lead solder are carefully
controlled at all times.

An  equipment  manufacturer
should make certain that power-
transistor circuit included in his
systems are designed so that ecyelie
thermal stresses are mild enough to
assure that no transistor fatigue
failures will occur during the re-
quired operating life of his equip-
ment.

RCA has developed a thermal-
cycling rating system that relates
the total power dissipation Pr and
the change in case temperature ATc
to the total number of thermal cycles
N that the transistor is rated to
withstand.

Fig. 111 shows a typical thermal-
cycling rating chart for a power
transistor. This chart is provided
in the form of a log-log presenta-
tion in which total transistor dissi-
pation is denoted by the ordinate
and the thermal-cyeling capability
(number of cycles to failure) is in-
dicated by the abscissa. Rating
curves are shown for various mag-
nitudes of changes in case tempera-
ture. Use of the thermal-eycling
rating charts makes it possible for
a circuit designer to avoid transistor
thermal-fatigue failures during the
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Fig. 111—Thermal-cycling rating chart for an RCA hermetic power transistor.
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operating life of his equipment. In
general, power dissipation is a fixed
system requirement. The design can
also readily determine the number
of thermal cycles that a power tran-
sistor will be subjected to during
the minimum required life of the
equipment. For these conditions, the
charts indicate the maximum allow-
able change in case temperature. (If
the rating point does not lie exactly
on one of the rating curves, the al-
lowable change in case temperature
can be approximated by linear in-
terpolation. The designer can then
determine the minimum size of the
heat sink required to restrict the
change in case temperature within
this maximum value.

RCA thermal-cyeling ratings al-
low a ecircuit designer to use power
transistors with assurance that
thermal-fatigue failures of these de-
vices will not oceur during the mini-
mum required life of his equip-
ment. These ratings provide valid
indications of the thermal-cycling
capability of power transistors for
all types of operating conditions.

On the basis of these ratings, limit-
ing conditions can be established
during circuit design so that the
possibility of transistor thermal-
fatigue failures are avoided.

Design Tradeoffs

Many design variations are used
to reduce the limitations imposed by
base widening, emitter debiasing,
second breakdown, high voltage sur-
face effects, and thermal fatigue.
Each design is replete with com-
promises, both subtle and obvious.

A power transistor may have its
base-collector and emitter-base june-
tions delineated by two methods,
shown in Fig. 112. First, selective
etching may be used to create a
multi-level ‘“mesa” outline, where
the junctions terminate at the edge
of the mesa. Second, masked impur-
ity diffusion may be used to convert
selected areas to “planar” type junec-
tions. A power transistor may be
produced by using one or both of
these techniques for the two junec-
tions.

EMITTER-BASE JUNCTION

MESA

PLANAR

MESA

BASE-COLLECTOR JUNCTION

PLANAR

92C5-25730

Fig. 112—Junction delineation techniques used in power transistors.
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Planar junctions can be produced
with much finer dimensions than
mesa junctions while the surface
oxide remains covered and ostensibly
flat. These characteristics are neces-
sary in high frequency and multi-
element types. Mesa junctions are
dimensionally inferior but produce
junctions with higher breakdown
voltages: absence of the radius ef-
fect eliminates local internal high
electric-field regions. For voltages
greater than approximately 300 volts,
the mesa junction is the most eco-
nomical fabrication technique. Mesa
type emitter-base junctions also
eliminate edge injection and thus
result in better high-current cur-
rent gain.

A power transistor’s doping profile
may consist of three to six layers
obtained by impurity diffusion and/
or epitaxial techniques. The basic
three-layer profile, shown in Fig.
113, is preferred because of its sim-
plicity, but it necessitates a compro-
mise between voltage and response-
time capability. This compromise is
required because the collector de-
pletion region forms mostly in the

1 «—— EMITTER
4+ BASE
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Fig. 113—Basic n-p-n power transistor dop-
ing profiles: (a) n*-p-n*, (b) n*-p-n-n*,
(¢c) n*-p-n--n-n*, (d) n*-p-p~-n--n-n*.

RCA Solid-State Devices Manual

transistor base; consequently, the
base must be wide for higher volt-
age capability. The addition of a
lightly doped collector layer, as
shown in Fig. 113(b), allows the
collector depletion region to expand
into the collector rather than into
the base, and the base can be kept
thin. In this way the voltage capa-
bility is increased without reduction
in the device response time if base
widening is not encountered. The
additional layers, as shown in Figs.
113(¢) and 113(d), control base
widening, improve voltage break-
down through control of the fring-
ing field which surrounds the device,
or provide ballasting against second
breakdown.

A power transistor may be con-
sidered a composite of many unit
transistors in parallel. The emitter-
base geometry is designed so that
each unit transistor is operating
efficiently and that, in parallel, all
unit transistors operate together,
sharing the load current. Fig. 114
shows some of the emitter-base
geometries used. In most cases, the
emitter-base geometry is complex to
maximize the emitter periphery-to-
area ratio (E,/E.) and often con-
sists of a number of separate emit-
ters to minimize resistive and
thermal debiasing effects.

Power transistors are assembled
and packaged in many different
ways, and packaging power transis-
tors present unique engineering
challenges. Designers must achieve
efficient heat removal, freedom from
material fatigue failure under cy-
cling operation, and high-current
low-resistance contacts. In many
cases, these considerations dictate
the pellet design, overriding other
considerations.

Good engineering is the art of
profitably trading off individual
parameters without compromising
total system performance, and
power-transistor design makes good
use of this art.

Table IX shows qualitatively the
relationships between the major
physical device design parameters
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and the major electrical parameters.
Table X shows how the parameters
of second breakdown, voltage, radia-
tion resistance, and cost relate to
the more conventional device electri-
cal parameters. An examination of
these tables indicates that a large
number of compromises can be made
in the design of the circuit-transis-
tor system to optimize its cost effec-
tiveness. Some of the more salient
physical reasons behind the inter-
relationships are described in the
following paragraphs.

The time responses of a power
transistor are basically related to
the transit time of a free carrier
from the emitter to the collector and
to the rate at which charge can be

built up or decayed within the struc-
ture. Obviously, devices having short
conduction spaces minimize the tran-
sit time; the base must be kept thin.
Thin, low-resistivity collector ma-
terial keeps the space charge region
short and limits base widening.
These factors also limit the amount
of stored charge, thereby reducing
switching times. Narrow, highly
interdigitated ballasted emitters
keep current flow and stored charge
more uniform and allow faster
charge removal from the base. All
of the above factors contribute to a
low saturation voltage in the tran-
sistor. A compromise in saturation
voltage (Vcewan) must be made,
however, if lifetime reduction tech-
niques, such as gold doping, are used
during manufacture or if lifetime
decreases because of radiation dam-
age. High collector-emitter voltage
must be traded against time re-
sponse, because such devices depend
on wide, high resistivity collector
and base regions. Furthermore, be-
cause lifetime reduction techniques
are not completely applicable,
switching times are longer.

To achieve high-current capability,
the emitter must have a large area,
be highly efficient, and inject uni-
formly. An emitter with many thin
fingers meet these conditions and
gives a high emitter periphery-to-
area ratio. Emitter ballasting also
helps. But base widening must be
avoided because it limits the current
density within a device for any rea-
sonable current gain, and thin, low-
resistivity collector material used to
prevent base widening is inconsist-
ent with high collector-emitter volt-
ages.

High current gain necessitates
high emitter efficiency, narrow base
widths, and high minority carrier
lifetime. High emitter efficiency re-
quires a lighter doped base. Thin,
high-resistivity base regions ag-
gravate emitter debiasing effects;
narrow, uniformly injection emit-
ters are desirable to maximize high-
current gain. Again, because base
widening effects must be avoided,
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Table IX—AQualitative relationships between physical and electrical
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Symbols for Tables IX and X
Jfr—current gain-bandwidth product
7é—delay time

TR—Tise lime

7¢—fall time

T§—S§tOrage time

Is/v—forward second-breakdown current
hreg—dc current gain

low-voltage devices have the ad-
vantage.

The ability of a transistor to
withstand high transient energy dis-
sipation (second breakdown) is en-
hanced by keeping the base wide and
its resistivity low. This condition

voltages (power corner, worst-case point).

Vcg—collector-to-emitter voltage
Vegat)—collector-to-emitter saturation voltage
Ic—collector current

Eg/v—rteverse second-breakdown energy

4 Increase

¥+ Decrease

conflicts with time response and
current gain objectives. A design for
uniform injection using narrow
emitter fingers and incorporating
ballasted emitter sites counters ther-
mal or electrical debiasing effects
but tends to increase Vcewan. Collec-
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tor regions should be thick and the
resistivity as low as possible with-
out losing collector ballasting re-
sistance. Multi-resistive layers in
the collector are beneficial but add
to the cost. In general, techniques
used to assure high second break-
down capability slow time response,
increase saturation voltage, and add
to cost. For a given volt-ampere
product, extremes in voltage or cur-
rent aggravate the second break-
down problem. In some cases, input
regulation and transient control to
an entire system is economical be-
cause lower-cost power transistors
can then be utilized.

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 rat-
ing curve. This type of rating curve
defines, for both steady-state and
pulsed operation, the voltage-cur-
rent boundaries that result from the
combined limitations imposed by
voltage and current ratings, the
maximum allowable dissipation, and
the second-breakdown (Is/v) 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 junec-
tion temperatures, or operating case
temperature), this limiting is de-
fined by a constant-power hyper-
bola (I = KV-') which can be rep-
resented on the log-log voltage-cur-
rent 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 dura-
tion of the applied voltage and
current decreases. The power-
handling capability of the transis-
tor also increases with a decrease
in pulse duration because thermal

mass of the power-transistor chip
and associated mounting hardware
imparts an inherent thermal delay
to a rise in junction temperature.

Fig. 115 shows a forward-bias
safe-area rating chart for a typical
silicon power transistor, the RCA-
2N3585. The boundaries defined by
the curves in the safe-area chart in-
dicate, for both continuous-wave
and nonrepetitive-pulse operation,
the maximum current ratings, the
maximum collector-to-emitter for-
ward-bias avalanche breakdown-volt-
age rating [VaM = 1, which is usu-
ally approximated by Veso(sus)],
and the thermal and second-break-
down ratings of the transistors.
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Fig. 115—Safe-area rating chart for the
RCA-2N358S5 silicon power transistor.

As shown in Fig. 115, the ther-
mal (dissipation) limiting of the
2N3585 ceases when the collector-
to-emitter voltage rises above 100
volts during de operation. Beyond
this point, the safe operating area
of the transistor is limited by the
second-breakdown ratings. During
pulsed operation, the thermal limit-
ing 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 re-
gion 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-
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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. 115, safe-area ratings are nor-
mally 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. 116 shows temperature de-
rating curves for the 2N3585 safe-
area chart of Fig. 115. These curves
show that thermal ratings are af-
fected far more by increases in case
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Fig. 116—Safe-area temperature-derating
curves for the RCA-2N3585 silicon power
transistor.

temperature than are second-break-
down ratings. The thermal (dissipa-
tion-limited) derating curve de-
creases linearly to 2zero at the
maximum junction temperature of
the transistor [T;(max) = 200°C].
The second-breakdown (Is/sv-limited)
temperature derating curve, how-
ever, is less severe because the in-
crease in the formation of the high
current concentrations that cause
second breakdown is less than the
increase in dissipation factors as the
temperature increases.

Because the thermal and second-
breakdown deratings are different, it
may be necessary to use both curves
to determine the proper derating
factor for a voltage-current point
that occurs near the breakpoint of
the thermal-limited and second-
breakdown-limited regions on the
safe-area curve. For this condition,
a derating factor is read from each
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derating curve. For one of the read-
ings, however, either the thermal-
limited section of the safe-area curve
must be extrapolated upward in volt-
age or the second-breakdown-limited
section must be extrapolated down-
ward in voltage, depending upon
which side of the voltage breakpoint
the voltage-current point is located.
The smaller of the collector-current
values obtained from the thermal
and second-breakdown deratings
must be used as the safe rating.
For pulsed operation, the derating
factor shown in Fig. 116 must be ap-
plied to the appropriate curve on
the safe-area rating chart. For the
derating, the effective case tempera-
ture Tc(eff) may be approximated
by the average junction temperature
T,(av). The average junction tem-
perature is determined as follows:

T,(av) = Tc + Pav (85¢)

This approach results in a conserva-
tive rating for the pulsed capability
of the transistor. A more accurate
determination can be made by com-
putation of actual instantaneous
junction temperatures. (For more
detailed information on safe-area
ratings and temperature derating
the reader should refer to the RCA
Power Circuits Designer’s Hand-
book, Technical Series SP-52, pp. 126
to 145.)

POWER TRANSISTORS IN
SWITCHING SERVICE

An important application of power
transistors is power switching.
Large amounts of power, at high
currents and voltages, can be
switched with small losses by use
of a power transistor that is al-
ternatively driven from cutoff to
saturation by means of a base con-
trol signal. The two most important
considerations in such switching ap-
plications are the speed at which
the transistor can change states be-
tween saturation and cutoff and the
power dissipation.
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Basic Operation

Transistor switching applications
are usually characterized by large-
signal nonlinear operation of the
devices. The switching transistor is
generally required to operate in
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. 117. These characteristics are
divided into three regions of opera-
tion, i.e., cutoff region, active region,
and saturation region.
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Fig. 117—Typical collector characteristic
of an n-p-n transistor showing three prin-
cipal 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
Iceo, Icev, or Icno, depending on the
type of base-emitter biasing used.

Fig. 118 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. 118.

In the active region, the emitter-
base junction is forward-biased and
the collector-base junction is reverse-
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Fig. 118—Mainority-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.

biased. Switching from the cutoff
region to the active region is ac-
complished along a load line, as
indicated in Fig. 117. The speed of
transition through the active region
is a function of the frequency-re-
sponse characteristics of the device.
The minority-carrier concentration
for the active region is shown by
curve 2 in Fig, 118.

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 [Vae(sat)] is
greater than that across the collec-
tor-base junction, there is a net
collector-to-emitter voltage referred
to as Ver(sat). It is evident that any
series-resistance effects of the emit-
ter and collector also enter into de-
termining Vce(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. 118.

A basic saturated-transistor
switching circuit is shown in Fig.
119. The voltage and current wave-
forms for this circuit under typical
base-drive conditions are shown in
Fig. 120. Prior to the application of
the positive-going input pulse, the
emitter-base junction is reverse-
biased by a voltage —Vsz(off) =
Vsaa. Because the transistor is in the
cutoff region, the base current Is is
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Fig. 119~—Basic saturated transistor switch-
ing circuit.

the reverse leakage current Ingy,
which is negligible compared with
Is;, and the collector current Ic is
the reverse leakage current Icss,
which is negligible compared with
Veel

Rc. When the positive-going
input pulse V. is applied, the base
current In immediately goes positive.
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Fig. 120—Voltage and current waveforms
for saturated switching circuit shown in
Fig. 119,

The collector current, however, does
not begin to increase until some
time later. This delay in the flow
of collector current (t.) 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
[—Vee(off)] to a forward bias suf-
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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
Var 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
(Cr), and the static forward current-
transfer ratio (hex) 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 (%=zfr) 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 (Is) is
applied to the device, and the product
Imher is less than Vee/Re, the
collector current rises exponentially
until it reaches the steady-state
value Inihre. If Jaihee is greater than
Vee/Re, the collector current rises
toward the value Ishre. The tran-
sistor becomes saturated when Ic
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reaches the value Ics(=~ Voec/Re).
At this point, Ic is effectively
clamped at the value Vec/ Re.

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

After the collector curren 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 determined by the minority-
carrier lifetime in the base and col-
lector regions, on the amount of
reverse “turn-off” base current (Ia:),
and on the overdrive “turn-on” cur-
rent (Is;) which determined how
deeply the transistor was driven
into saturation. (In non-saturated
switching, there is no excess charge
in the base region, so that storage
time is negligible.)

When the stored charge (Qs) has
decayed to the 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 the active region. The
fall time, however, depends on I,
whereas the rise time was dependent
on Ie. Fall time, like rise time, also
depends on fr and Cec.

The approximate values of In,
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Ine, and Ics for the circuit shown in
Fig. 119 are given by:

VG e Vnn bl VBE(Sat)

Im —
Rs

Vees + Ver(sat)

I, =—2o t TerSab)
Rs

Les — Vee — Ver(sat)
<= Re

Switching Characteristics

The electrical characteristies 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 hrs and the saturation
voltages Ver(sat) and Vge(sat) are
of fundamental importance in a
switehing 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 de design of saturated cir-
cuits. Consequently, hre is always
specified for a switching transistor,
geenrally at two or more values of
collector current. Vcg(sat) and
Vee(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, Vcr(sat) and
Ve (sat) need not be specified. For
such applications, it is important to
specify Vus 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 Cu, respec-
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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 h¢. at
a fixed frequency anywhere from
1/2 to 1/10 fr. Because Cov, Cis,
and fr vary nonlinearly over the
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
Cob, Clb, 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.
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Voltage ratings for switching
transistors are more complicated.
In the basic switching circuit shown
in Fig. 119, three breakdown voltages
must be considered. When the tran-
sistor is turned off, the emitter-base
junction is reverse-biased by the
voltage Vee(off), (i.e, Vms), the
collector-base junction by Ve +
Ves, and the emitter-to-collector
junction by 4 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 Vmeso must be
greater than Vgg(off).

The minimum collector-to-base
breakdown voltage Vricso must be
greater than Vec 4 Viee(off).

The minimum collector-to-emitter
breakdown voltage Vsmcer. must be
greater than Vecc.

Vemeso and Vismcso are always
specified for a switching transistor.
The collector-to-emitter breakdown
voltage Vsmcro is usually specified
under open-base conditions. The
breakdown voltage V(smceru (the sub-
script “RL” indicates a resistive
load in the collector circuit) is gen-
erally higher than Vricro. The re-
quirement that Vwmmceo be greater
than Vcc is overly pessimistic. The
requirement that Vsnceru be greater
than Vec 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. 119, these cur-
rents are determined by the follow-
ing conditions:

Icsvl Vs

_ V(‘C
Isev] Vaz =

Vl;n(off) = — Vss
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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.

Inductive Switching

Most inductive switching circuits
can be represented by the basic
equivalent circuit shown in Fig. 121.
This type of circuit requires a rapid
transfer of energy from the switched
inductance to the switching mechan-
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
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

Vee

TRANSISTOR
UNDER TEST

92CsS-25739

Fig. 121—Basic equivalent circuit for in
ductive switching circuit.

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 in Fig. 122.
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Fig. 122—Typical reverse-bias second-
breakdown (E,/,) rating curves.

HANDLING CONSIDERATIONS

The generation of statiec charge in
dry weather is harmful to all tran-
sistors, and can cause permanent
damage or catastrophic failure in
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 protgction 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 b per cent can cause changes
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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 is causes. In addition, sensitive
measurements should be made in
shielded screen rooms if possible.
Care must also be taken to avoid
the exposure of transistors to other
ac or magnetic fields.

Many transistor characteristics are
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sensitive to variations in tempera-
ture, and may change enough at high
operating temperatures to affect cir-
cuit performance. Fig. 123 illustrates
the effect of increasing temperature
on the common-emitter forward cur-
rent-transfer ratio (beta), the de
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.

RCA POWER-TRANSISTOR
PRODUCT MATRICES

RCA offers a very extensive line
of low- and medium-frequency power
transistors for use in a broad range
of linear and switching applications.
In the following power-transistor
matrices, Tables XI through XVII,
these devices are categorized accord-
ing to current and power ratings,
pellet size, structure, and typical ap-
plications. Detailed ratings and
characteristics data on these devices
are given in the RCA technical data
bulletin on each transistor. The data
bulletin file numbers are also listed
in the matrix charts.

FORWARD CURRENT-
TRANSFER RATIO

60
TEMPERATURE—*C

SIS SR S—
80 100

92¢S5-25741

Fig. 123—Variation of transistor character-
istics with temperature.
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Table XI—Monolithic Darlington Power Transistors
lcto 10 A...P;to 100 W ... hg: to 1000 min.

105

I,=~10 A mex 1o 8 A mex 1.~ B A max I = 10 A max. I = 10 A max. 1= 10 A max.
=60 W max. Py = 90 W max Py = 60 W mex. Py = 100 W mex. Py = 60 W max. Pr = 70 W max.
VERSAWATT T0-3 ERSAWATT (703 VERSAWATT (703)
{T0-220} (TO-220) {10-220)
130 x 1304 136 x 136 136 x 138 136 x 138 138 x 136 138 x 138
Family Designation
RCAB203 2NG385 TABS04 2N6385 2NG388 RCA8350
[P-N-P] {NP-N] [N-P-N] {N-P-N] [N-P-N] [P-N-P]
RCAB8203 RCA1000 RCA122 2N638 2N6386 RCAB8350
VeeRiws) = 40V | Vegotusl =60V | Vegpiwil @ 100V | vegatasi =40 v | Vegglws) = 40V Vegniws) = 40V
heg = 1000-20000 | hgg = 1000min. | beg = 1000 min. hgg = 1000 min. hgg = 1000 min. hEg = 1000-20,000
®-3A ®3A ®3a ®5A ®3A ®-5A
11 = 20 MHz min. ton = 1 48 typ. 1 = 20 MHz min. ton = 1 U8 VP, ton = 1M 1YP. 17 = 20 MHz min,
e~ -8A Y= 3 typ. =318 typ. =348 typ.
e s tve. =1 vp. =1 typ.
le=10A 1c=10A Py =d0W
cT cT
File No. 235 Fite No. 594 Fils No. 840 Fite No. 609 File No. 610 File No. 861
RCA125 RCA1001 2N60S5 RCA120 RCAB350A
Vego = ~60 V Vegolws) =80V Vegolsust =80V | vegpimmi=60v | Vet = sov
hEg = 1000 min. hgg = 1000 min. hgg = 750 min. hgg = 1000 min. | heg = 1000-20,000
®-3A ®3A ®eA ®3A @-5A
fr=20MHz min, | ton= 1 evp. ton = 118 typ. fy = 20MHzmin. | 7 = 20MHz min.
o= -8A 4y =3 vo. 1= 3 1yp. 1.=8A
= s typ. 1y 1 4 typ. Py -60W
1.=8A
Fite No. B41 File No. 594 Fite No. 563 File No. 840 file No. 861
RCA8203A 2N6384 2NG387 RCA83508
Vegrins) = 60V Vegohws) =60V | Veggolws) =60V | vegpiws) = —80v
hgg = 1000-20,000 hgg = 1000 min. hEg = 1000 min hEg = 1000-20,000
®-5A ®5A e5A @-5A
1y = 20 MHz min. ton =V M8 1YP. ton = V46 typ. fr = 20 MHz min
le=—10A t= 3us typ. 1= 3 tvp
4= 14 vp. = 1mtvp.
U 1= 10A,Py - d0W
Fite No. 835 File No. 609 Fite No. 610 File No. 8681
RCA128 2N6056 RCAI21
Vego ® 80V Vegolwst =80V | vegqlaust =80 v
uf:g 1000 min. hEg = 750 min, nf:’z 1000 min.
@®-3A ®4A O3A
1 = 20 MHz min ton = t M 1y, f1 = 20 MHz min
le=-8A Yy = 348 typ. I.=BA
=) s typ. Pr=60W
Ie=8A
File No. 841 Fite No. 563 Fite No. 840
RCAB2038 2N6385 2N6388
Vegrlus) = -80 v Veeolws) =80V | veggisush =80 v
uf:- 1000-20,000 hgg = 1000 min hFEEIMmin
®-5A ®5A e5a
fy = 20 MHz min. ton = 1 8 1yp.
le=—10A Y= 3 typ.
=1 typ.
1c=10A,Pr=40W
CcT
Filte No. 836 File No. 609 Fite No. 610

A Pellet size — values shown are edge dimensions

in mils

CT — Complementary Type Available
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Table Xll—Hometaxial-Base N-P-N Power Transistors
lcto 80 A...Prto 300W ...V to 170 V

1o~ 4 Amax.
1= 1.5 A max. 1= 1.5 A max lc= 1.5 A max 10" 35 A max. 1= 4 A max c
F1 =5 W max PreB7swmex | Preszswmex | - 10w max P = 50 W max. R e
10-39)* (T0-39)° T0-39)° (T0-39)° (TO-66)°
(10220}
90 x 904 90 x 90 90 x 90 90 x 90 130 x 130 130 x 130
Family Designation
2N 1482 2N1482 40349 2N5786 2N 3054 2N5298
2N1479% 40347 40349 2N5786® 40250 41504
v, 60V Vegylwst =60V | Vegytsust = 160V | vegpisusi=asv | vepyisusi=sov | v otsus - 35 v
(3% v CER (43 CER
heg - 20-60 h:':‘-’ 25-100 nf:- 30125 heE = 20-100 heg © 25-100 heg = 25 min
@200 mA @450 mA @150mA @16A @15A @1a
tr = 15MHz yp fr = 1.5MHz typ. fr =1 MHz min fr = 1.2 MHz 1vp. f1 = 0.8 MHz min.
T T T T T
Pre29w
cT cr
Fule No. 135 File No 88 File No. 88 File No. 413 File No. 112 File No. 77§
2N1481° 40348 2N5785® 2N6260 2N5295
Vegy “ 60V Vegybust = 90V Veeriusl 285V | vegytsusi =sov 2N5296
heg = 35100 hpg = 30125 heg = 20-100 bEg © 20-100 VegRisus) = 50 v
@200 mA 300 mA @12A @15A heg - 30-120
tr =1 S MHZ yp. f7 = 1 MHz. min 7 =08 MHZz min @ra
Pr=22W ty < 0.8 MHz min,
cr cT
File No. 135 File No 88 Fule No. 413 File No §27 File No. 322
2N 1480 2N5784® 2N3054 2N5297
Vegy ® 100V Vegrlust = 80V Vegrlsus) = 60 v 2N5298
hEg = 20 min heg = 20 100 hgE < 25150 VegRlsust = 70 v
@200 mA @1aA @054 hgg = 20-80
i1 = 1 MHz min 1y <08MHzmin. | @15
Py=25W f7 = 0.8 MHZ min.
cr cr cT
File No. 135 File No. 413 File No. 527 Fite No. 322
2N14820 2N6261 2N5293
Veey 100 vV Vcenfws! « 85 V 2N5294
heE = 35100 hgg = 26-100 Veerlws) = 75V
@200 mA @154 eg " 30-120
1 = 0.8 MHz min. @05A
Pyes0W {1 = 0.8 MMz min
cT
File No. 135 Fite No. 527 File No. 322

& !’elle.tl size — values shown are edge dimensions
in mils

* Available with
a. flange for easy heat sinking Ro,c — 15° C/W
b. free-air radiator Re;, — 40-50° C/W

> Available with free-air radiator Ro;, — 30° C/W

© These transistors are also available in T0-5 packages
in U.S.A., Canada, Latin America, and Far East

CT — Complementary Type Available
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Table Xil—Hometaxial-Base N-P-N Power Transistors (cont'd)

Ilcto80A...P;to

300W ...V to 170 V

. Ie = 3A max, 1= 4 A max. 1= 4 A max. 1= 7 A max
e BEUCGIT Py = 36 W max P = 50 W max Py = 50 W max Py = 50 W max.
e x. Py = 50 W max ERS,
o8 (TOB6) T T T VERSAWATT
170-220) {T0-220) {T0-220) (TO-220
130 x 1304 130 x 130 130 x 130 130 x 130 130 x 130 150 x 150
Family Designation
2N1486 2N3441 2N6478 2N6478 2N6478 2N5496
2N1483 2N6263 2N6477 RCA29/SDH RCA31/SDH 2N5491
Veey " 80V | Vegptwsd = 130V | Vegptu) - 130V | v - d0v Vegp - 0V 2N5490
heg = 2060 hgg = 20-100 hgg = 25-100 hgg = 40 min. heg © 25 min VceRlust = 50 v
@ 750 mA @054 e1a @0.2A @tra hgg = 20-100
fy = 1.2MHz tvp. 17 = 0.8 MHz min t = 0.8 MHZ min fr-08MHzmin. | @74
Pr=20W DEZTY Ic=4A fr  0.8MHzmin
Fra3sw Pr=36w
cT
File No. 137 File No. 629 File No. 680 File No. 792 File No. 793 File No. 353
2N 1485 2N3491 2N6478 RCA29A/SDH RCA31A/SDH 2N5495
Vcey =60V Veertwst =150V | vepglsusi= 150V | Vg =60V Vego =60V 2N5494
CEV CER CER CEO CEQ
hgg = 35100 hgg = 25-100 heg = 25100 hgg = 40 min hpg = 25 min Vceriwst = 50 v
@750 mA @05A @1a €0.2a @1a hgg © 20-100
ty = 1.2MHz vp. {1 = 0.8 MHz min. fy = 0B MHz mun, 11 = 0.8 MHz min. @3a
Py 1"4A 1.=4A fy = 0.8 MHz min
Pr=36wW Pr=36wW
cT cT
File No. 137 File No. 529 File No 680 File No. 792 File No. 793 File No. 353
2N1484 2N6264 RCA298/SDH RCA31B/SDH 2N5493
v, 100 v Vcerbus) = 170 v v, BOV \Z 80V 2N5492
CEV CER CEO CEO
heg = 2060 hgg = 2060 hgg © 40 min hpg = 25 min Veerlws) < 65V
@ 750 mA e1a ©0.2a @1A bgg = 20-100
fy = L2MHz 1vp. 1 = 08 MHz min fr=08MHzmin. | @254
Py - 50W DEXYY I=4A {7 = 0.8 MHZ min
Fro3sw 3w
cT
File No. 137 Fite No. 529 File No. 792 File No. 793 Fule No. 353
2N 1486 RCA29C/SDH RCA31C/SDH 2N5497
Vegy = 100V Veeo © 100V Veeo = 100V 2N5496
hFCEE\-I 35-100 hgg * 40 min. heg = 25 min Veeriust = 80V
@750 mA @02A @A NEg = 20100
7 = 0.8 MHz min. fr=08MHzmn. | @354
1. =25A Ic=25A 17 = 0.8 MHz min
T 50w Pr=50W
cT
File No. 137 File No. 792 File No. 793 File No. 363

4 Pellet size — values shown are edge dimensions

in mils

- Available with free-air radiator Ro;, — 30° C/W
CT — Complementary Type Available
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Table XIl—Hometaxial-Base N-P-N Power Transistors (cont’d)
lcto 80A,..Prto300W ...V to 170V

IC-GAM. J -BAmn 1.=10 A max 1= 15 A max I = 16 A max
P =75 Wmax. -83W T = 150w Pf-|50wm-x, P =75 W max
(To-3) vsIsAwnT 10-36) To-3) VERSAWATT
(70-220) (T0.220)
180 x 1804 180 x 180 180 x 180 180 x 180 180 x 180
Family Designation
2N 1490 2N5037 2N2016 2N3055 2N6103
2N1487 2N5034 2N2015 RCS242 RCA41/SDH
Vegy " 60V Vegatws) =45V | veeotusi = 50v | Vegpbus =50V | veggraov
nFCE 1545 hgg = 2080 nfsemso heg = 20 min hgg = 30 min
@15A @4A @®5A e3aA ®03A
f1 = 800 kHz rmin. fy = 0.8 MMz min. 17 = 0.8 MHz rmin
6 A RERIIY =164
File No. 139 File No. 244 File No. 12 File No. 778 File No. 794
2N1489 2N5035 2N2016 2N6371 RCA41A/SDH
Vegy - 60V VeeRfisus) = 45 v Veggtws) =65V | Vegyims) =50V | vegg=60V
hgg = 2575 heg = 20-80 heg = 1550 heg = 1560 hEg = 30 min.
@15A @aa @5Aa e8A @03A
17 = 800 kMz oun fy = T MHz typ. 7= 0.8 MHz oun
I‘ 6A P7-||7W lc'|0A
cr
File No. 139 Frie No. 244 File No. 12 Fue No. 607 Fiie No. 794
2N1488 2N5036 2N6253 RCA41B/SDH
Vegy - 100V VegRiws) = 60 v Vegplus) =85V | Voo =80V
heg - 1545 hEg = 20-80 heg = 2070 heg = 30 min
CREYS esa e3a ®03A
f7 = 800 kHz un i1 = 0.8 MHz rmin 7 = 0.8 MHz min
I='8A PT-HSW Ic'lOA
File No. 139 Frle No. 244 File No. 524 File No. 794
2N1490 2N5037 2N 3055
Vegy =100V | Vegpts =60 v VegRiws) = 70V
CEV CER £Rlw
neg - 2675 heE - 2080 et 2070
@15A @5A ®4A
'T = 800 kHz mun. 'T = 0.8 MHz min,
8A Py =115W
cT
Fite No. 139 File No. 244 File No. 524
2N6254
VegRlsust =85 v
heg = 2070
®s5a
f1 = 0.8 MMz min
Pre150W
. Pellet size — values shown are edge dimensions File No, 524

in mils
CT — Complementary Type Available



Low- and Medium-Frequency Power Transistors

109

Table XlIl—Hometaxial-Base N-P-N Power Transistors (cont'd)
lcto 80 A...P:to300W ...V to 170 V

A Pellet size — values shown are edge dimensions

in mils

CT — Complementary Type Available

1o 16 A max 1010 A max, 1= 30 A max, 1o = 16 A max. Ic = 80 A max,
Py = 75 W max. Py e 150 W max Py = 250 W max. Py = 250 W max. Py = 300 W max
VERSAWATT (T0-3) iTO-3} {T0-3) {Modified TO-3}
{T0-220)
180 x 1804 180 x 180 250 x 250 250 x 250 380 x 380
Family Designation
2N6103 2N3442 2N3771 2N3773 2N5578
2N6102 2N4347 2N6257 2N4348 2NS575
2N6103 Vegyiwsl = 140v | Vegptusi=asv | veeytusi = 1a0v | veegtun =50 v
Vcepims) <45V | heg = 1560 hgg = 1575 heg = 1560 heg = 10-40
heg = 1560 @24 @8A @54 @60 A
@8A fr = 0.8 MHz typ. fr20.6MHzmin. | fr = 0.7 MMz typ, ty = 0.4 MHz aun,
{1 = 0.8 MHz min Py=100W Pr=150W Prei120w
lc = 16 A max 1= 20A I2" 104
cT
File No. 485 File No. 528 File No. 525 File No. 526 File No. 359
2N6098 2N3442 2N37T" 2N3773 2NS578
2N6099 Veeyiwsi 2180V | Veggpiwn) =45V | veeybusi = 160V | Vegglus) = 20 v
Vegrisus) = 65 v hgg  20-70 hgg = 15-60 hgg = 1560 heg = 1040
heg = 2080 e3a @1sa esa @40
YWY f1 7 0.8 MMz 1yp. 11 = 0.8 MHz min fr=07MHz typ 1 = 0.4 MHz min
tr = 0.8 MHz min Pr=117w Pr=150wW Pp=150W
1o = 10.A max 1= 30 A 1. 164
File No. 485 File No. 528 File No, 625 File No, 526 Fite No. 359
2N6100 2N6262 2N3772 2N6259
2N6101 Vegylus) = 170V | Veepiwsl = 70V | Vegpisus) = 160 v
Veentust - 75 v | ngg 2070 hEg = 15:60 heg - 1560
hgg © 20.80 ®3a @10a esa
@54 4 = 0.8 MH2 mun 17 * 0.8 MHz nun. f1 = 0.6 MHz typ.
f1* 0.8MHz min. | Pp=150W Pr=150W Py =250 W
1 * 10 A max. 1= 16A
cT
File No. 485 File No. 528 Fue No. 525 File No. 526
2N6258 43104
VegRisus) = 85 v v, 160 v
CER CEX
heg = 204 heg = 1560
@154 @8aA
1 = 0.6 MHz mun i1 = 0.7 MHz typ
Py = 250 W XYY
1" 30A Py = 150 W
File No. 525 File No. 622
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Table XlIll—Epitaxial-Base N-P-N and P-N-P Power Transistors
lcto 15A ... Prto 200W ... Ve to 125 V

1= —2 A max. le= 2 A max 1= —2 A max 1g= 2 Amax 1= ~2 A max. 1= 2 A max
P71 = 10 W max. Py = 10 W max Pr = 10 W max. Po= 10 W max. Py = 10 W max. Py = 10 W mex
RCP Plastic RCP Plastic RCP Plastic RCP Plastic RCP Plastic RCP Plastic
42x 424 42 x 42 42 x 42 42 x42 42x 42 42x 42
Family Designation
RCP700 RCP701 RCP700 RCP701 RCP700 RCP701
[P-N-P] [N-P-N) {P-NP] {N-P-N) {P-N-P) IN-P-N]
RCP706 RCP707 RCP702A RCP703A RCP700A RCP701A
Vegolws) = =30 v | Vegpltsust = 30V | Vepgtsust = 40V | vepotusi = d0v | vepotsust = —40v | vepglsust = 40 v
CEQ! CEO CEQ 'CEQHUs ‘ceolsus 'CEQ
hgg = 20 mun, hgg = 20 min hgg = 30-150 h;ngJSO n;Egsozso hgg = 50-250
@500 mA @ 500 mA @ -500 mA @500 mA @ -500 mA @500 mA
fy = 50 MHz min fy = 50 MHz min f1 = 50 MHz min f1 = 50 MHz min f1 = 50 MHz min i1 = 50 MHz mun
T T T T T
cT cT cT cY cT cT
File No. 821 Fibe No. 820 File No. 821 File No. 820 File No. 821 File No. 820
RCP704 RCP705 RCP7028 RCP7038 RCP7008 RCP7018
Vegotsust = 30V | vegqgtsusi = 30V | Vegplsust - —60V | vegglsusi = 60 v Veeolsus) = 60V | Vepaisus) =60V
h:E(-)SOmm h:EEDSOmm. heg = 30-150 heg = 30-150 heg = 50-250 h;EOSO-TSO
@ -500 mA @500 mA @ ~500 mA @500 mA © -500mA @500 mA
f1 = 50 MHz min ty = 50 MHz mun, 'T-SOMHI min fy = 50 MHz min. i1 = 50 MHz min ty = 50 MHz mun.
T T T T T
cT cT cr cT cT cr
File No. 821 File No. 820 File No. 821 File No. 820 File No. 821 File No. 820
RCP7068 RCP7078 RCP702C RCP703C RCP700C RCP701C
Veeoplsust = -60 Vv | Vegglsust ~60V | Vepqgisusl - 80V | Vegolus) =80V | Vepgtusi= -80V | Vegtsus) =80 v
nFCEE?zo.mn h;Egmmin hgg = 30150 hgg = 30-150 hgg = 50-250 n;:(-)sozso
@ -500 mAa @ 500 mA @ -500 mA @ 500 mA @ —500 mA @500 mA
t = 50 MHz min f7 = 50 MHz min fy*50MHzmuin. | f7 =50 MHzmin. | i1 * 50 MHz min f1 = 50 MHz mun
cY cT cT cT cT cT
File No. 821 File No. 820 File No. 821 File No. 820 File No. 321 File No. 820
RCP7048 RCP7058 RCP704D RCP703D RCP700D RCP701D
Vegolust = 80V ] Vegglsus) =80V [ vepqtsust - 100 V| Veggisust = 100 v | Vegglsush = 100 V] Vg fsus) = 100 v
heg = 50 min hEg = 50 min heg - 30-150 heg = 30-150 hig - 50-250 heg = 50-250
@ -500 mA @500 mA @ -500 mA @500 mA © -500 mA @500 mA
'T = 50 MHz min. 'T = 50 MHz min 'T = 50 MHz min tr = 50 MHz min. f1 = 50 MHz min. 'T * 50 MHz mun,
cT cT cY cY cT cT
File No. 821 File No. 820 File No. 821 File No. 820 File No. 821 File No. 820

A!’elle'tl size — values shown are edge dimensions
n mis
CT — Complementary Type Available
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Table XIii—Epitaxiai-Base N-P-N and P-N-P Power Transistors

{cont'd)

lcto15A...Pprto200 W ...V to 125V

1y = 4 MHZ min,

1o = =26 max 1,76 A max 1, = -6 A max. lg= 7 A max. 1o =7 A max.
Py = 10 W max. PF = 40 W max P = 40 W max Py = 40 W max Py = 40 W max
(10-39)* TO-66)** (TO-861** VERSAWATT VERSAWATT
T0-220) {T0-220}
90 x 904 90 x 90 90 x 90 90 x 90 90 x 90
Family Desgnation
2N5783 2N6372 2N5954 2N6292 2N6292
[P-N-P] IN-P-N] [P-N-P) IN-P-N-] [N-P-N]
2N5783* 2N6374 2N5956 2N6288 41500
:cge‘;!:“m-ﬂ VI Veertsust =asv | veggisi= a5 v 2N6289 Veex = 385V
FE heg © 20-100 heg = 20-100 Veegiun) = 40V heg = 25 min
®-16A @A ®-3a heg = 30-150 @1A
ty = B MHzmin ty = 4 MHz min fy = 5 MHZ min. ®3a ty = 4 MHZ min

ty = 8 MHz min.

17 = 4 MHz N,

1y = 5 MHZ min,

ty 4 MH2 min

cT CcT CcT cT
File No. 413 File No. 675 File No. 675 File No. 676
2NS781¢ 2N6372 2N5964 2N6292
Vegalws) = -0V | Vepptiesi =88V | vegptuws) = -85V 2N6293
hgg = 20-100 heg ® 20-100 heg = 20100 VceRius) = 80V
e-1a e2a @-2a heg = 30-150
1 © 8 MHZ min, fy = 4 MH2 min, fy = S MH2 mn ®2A

1y = 4 MHZ min.

@-1a
fy = 6 MHz mun.

cr cT cr cr
File No. 413 File No. 675 File No. 675 File No. 676
2N6467 2NB473
VegRisus) = 105 V| Vegplsust = 110V
heg = 20-100 heg = 30-150
®15A

fy = 5 MHz typ.

f7 = § MHz min.

File No. 675

cT
File No. 675 File No. 676
2NB468 2NB474
Vegriws) = 126 V| Vegglwsis 130v
heg = 20-100 heg = 30150
e-1a e1a

ty = 5 MHZ typ.

cT
Fite No. 676
-

A Pellet size — values shown are edge dimensions

in mils
* Available with

a. flange for easy heat sinking Ro,c — 15° C/W
b. free-air radiator Ro;, — 40-50° C/W

** Available with free-air radiator Ro,, — 30° C/W

® These transistors are also available in T0-5 packazes
in U.S.A., Canada, Latin America, and Far East

CT — Complementary Type Available

cT cT cT cT cT
Fite No. 413 Fite No. 675 File No. 675 Fite No. 676 Fite No. 772
2N57820 2N6373 2N5955 2N6290
Vegriwst = -85V 1 Vegglsl =85V | Vepgiws) - 65V 2N6291
hgg = 201 heg = 20-100 hgg = 20-100 Vegrtws) = 60V
®-12A @25A ©-25A Ngg = 30150
@25A
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Table Xill—Epitaxial-Base N-P-N and P-N-P Power Transistors
(cont'd)
lcto 15A ... P10 200 W ... Vo to 125V

'c' -7 A max. Ic -7 A max. 'c 15 A max. I - -15 A max. I‘ 15 A max. lc -15 A max.
Py = 40 W max. [ 40 W max. P‘ 125 W max. PY 125 W max. PT-'ISWmax. PT * 75 W max.
VERSAWATT VERSAWATT {TO0-3 {T0-3) VERSAWATT VERSAWATT
{TO-220) (TO-220} {T0-220) {TO-220)
90 x 904 90 x 90 150 x 150 150 x 150 150 x 150 150 x 150
Family Designation
2N6107 2N6107 2N6AT72 2N6248 2N6488 2N6491
{P-NP] |P-N-P] INP-N} (P-NP] [N-P-N] [P-N-P]
41501 2N6110 2N6470 2N6469 2N6486 2N6489
VeeRlus) = -38 V 2N6111 Veentust =45V | Veggtsust - 45 v | Vegplsus) =50V | Veggpisust - —50V
hgg = 26 min, Vegrlsus) = —40V 1 bgg = 20-100 hgg - 20-100 heg = 30-150 hgg = 30-150
e-1a hEg = 30-150 esa e-s5a esa e-6a
@-3Aa 1 = 5 MHz typ. 11 = 6 MHz min. f1 = 5 MHZ typ. f1 = 5 MHz typ.
f = 10 MHz min.
cT cT (23 cv cT cT
File No. 770 File No. 676 File No. 677 File No. 677 File No. 678 File No. 678
2NG108 2N64A71 2N6246 2N6487 2N6490
2N6109 Veerlws) =65V | Veggptsusi - ~65 v | Vegglsus) ~ 0V | Vegglsus) - 70V
Vegrisus) = —80V § hpg = 20-100 heg - 20-100 hgg = 30-150 hpg = 30-150
nFE-IDISO e7Aa e-7Aa @5A @-5A
-25A 'T * 6 MHz wyp. 'T 6 MHZz min 'T =6 MHz 1yp. 'T = 5 MHz typ.
tr= 10 MHz min.
cv CcT Ccv cT cv
File No. 676 File No. 677 FileNo. 677 File No. 678 Fite No.678
2N6106 2N6GA72 2N6247 2N6488 2N6491
2N6107 Veeriws) “ 85V | Vogpisust = -85V | Vegpsus) - 90V | Vegglus) - -0V
Vcertsus) - ~80V | heg © 20100 hgg = 20-100 heg = 30-150 hgg = 30-150
hgg = 30-150 e6A @ 6A @4a @-4a
@-2A 'T 5 MHZz typ. 'T 6 MHz min 'T =5 MHz typ 'T =5 MHZz typ.
'T 10 MHz min
cv (23 CcT cT (23
File No. 676 File No. 6277 File No. 677 File No. 678 Fie No. 678
2N6475 2N6248
V, (sus) 10V V, sus) 105 Vj
CER CER'sus!
hgg = 30-150 hgg - 20100
@-15A @ 5A
'T 5 MHz 1yp. 'T 6 MHZz min.
cT
File No. 676 File No. 677
2N6476
V, {sus) 130V
CER
hEg 30-150
@-1A
'T =5 MHz typ.
A pellet size — values shown are edge dimensiens
cv 1 H
Fite No. 675 in mits .
CT — Complementary Type Available
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Table XIV—High-Voltage N-P-N and P-N-P Power Transistors
lcto 30A...frto 20 MHz ... Py to 1715 W

1¢ = 150 mA mex. 1= 150 mA max. Ic = 150 mA max. lo= 1A mex. te= 1A max,
Fre6zswmm | Fre625Wma | Fro628Wmax | #5-20Wmex. Pr=10Wmax.
RCP Plastic RCP Plastic ACP Plastic (Plastic TO-5) (TO-39)*
32x 324 32x 32 32x 32 32x 32 42 x 42
Family Designation
RCP1M RCP111 RCP111 2N6177 2N3439
{NPNJ [N-P-N] [N-P-N] [N-P-N] [N-P-N]
RCP117 RCP113A RCP1NIA 41505 2N3440°
Veeofsus) = 100V | Veealsi =200 vl Vegots) = 200V ] vegplsush= 200 v | Voggisust = 300 v
CEQ ¢ CEO CER
heg S 20 min ,.FEE?;.““ FE - 50-300 nf:t-)zo min. heg = 40-160
@25ma e25ma ®25mA @50mA @20ma
t = 80 MHz typ. f1 = 80 MHZ typ. f1 = 80 MHz typ. i1 = 15 MHz min
Fils No. 822 File No. 822 Fite No. 822 File No. 771 File No. 64
RCP115 RCP1138 RCP111B 2N6175 2N3439°
Vegglmst = 100V | veggtust =250V | veggtoust = 250 v 408858 Vegrisus) = 400 V
heg = 50 min. heg * 30-150 hgg = 50-300 “Plastic 2N3440" hgg = 40-160
0265ma @25ma @25mA Vegriws =300V | @20ma
f1=80MHz typ. | f1 =80 MHz typ. f1 = 80 MHzZ typ. hgg = 30-190 ty = 15 MHz min
@20maA
f1 = 20 MHz min.
§ . cv §
File No. 822 Fils No. 822 File No. 822 File No. 508 File No. 64
RCP117B RCP113C RCPIC 2N6176
Vegolws) = 250 V | Vegglaush = 300V | Vegglsush = 300 V 408868
hEg = 20 min heg = 30150 heg = 50-300 VeeRisust = 350 v
@25 mA @25ma ®25ma hgg = 30-150
1« 80 MHz typ. 1 = 80 MHz typ. 1 = 80 MHz typ. ®20mA
f1 = 20 MHz min.
cr
File No. 822 Fite No. 822 File No. 822 Fite No. 508
RCP1158 RCP113D RCP1110 2N6177
Veeolws) ® 250V | vegptwsi =350V | Vepolwst - 350V 40887=
hgg = 50 min heg = 30-150 heg = 50-300 “Plastic 2N3439"
*25mA ®25ma ®25ma VegRsush = 400V
f1 = 80 MHz typ. f1 = 80 MHz typ. f = B0 MH typ. heg = 30-150
@50 mA
t1 = 20 MHZ min.
cT
File No. 822 Fite No. 822 File No. 822 File No. 508

4 Pellet size — values shown are edge dimensions
in mils

- Available with
a. flange for easy heat sinking Re,c = 15° C/W
b. free-air radiator Rg;, = 45° C/W

" Type with a factory-attached heat clip

® These transistors are also available in T0-5 packages
in US.A., Canada, Latin America, and Far East

CT — Complementary Type Available
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Table XIV—High-Voltage N-P-N and P-N-P Power Transistors (cont'd)
lcto 30 A...f:to 20 MHz ... Py to 175 W

Ig= —1 A mex 1c=5 A max. Ic = =5 A max. Ig = =2 Amax. Ic = 10 A peak
Py = 10W max. Py = 35W max Py = 35 W max. Py =20 W max. Py = 45 W max.
{TO-39)* {TO-66}** (TO-661° (TO-66)°* (TO-66)°*

42 x 424 103 x 103 124 x 124 124 x 124 130 x 130
Famiiy'Duigﬂllion
2N5415 2N3585 2N6213 2N6213 2N6079
{P-N-P] [N-P-N] [P-N-P] [P-N-P] [N-P-N}
RCS880 2N3583 2N6211 RCS560 2N6078
Vegolust = —150 V| Vegplus) =250V | vepglunl = -250 VY Vegplnl = 225 V] Veggisust - 275V

heg = 20150 hgg = 40 min. heg = 10100 heg = 7.6 min. hgg = 12:70
@ -50 mA © 100 mA @A » —0.75 A ®12A
Pr=75W hgg = 10 min. f1 = 20 MHz min. 1 = 20 MHz mun t, =03 typ
era 1§ 0.3 us typ
f1 = 15 MHz min.
cT
Fie No. 777 File No. 138 File No. 507 File No 782 File No. 492
2N5415 2N3584 2N6212 RCS559 2N6077
Vegolwst = —200 V] veggisush =300V | vegptsust = -325 v Veggisusl = —250 V] Veggisust = 300V
heg © 30-150 heg = 40 min hgg = 10100 hgg = 10-100 heg = 12:70
@ -50 mA @ 100 mA @-1A @-075A @12a
'T' 15 MHz min. "FE = 25100 'T' 20 MHz rmun IY-IOMHr min. l,-o3us|vp
Rpe=10W @14 1§ = 0.3us typ
1 = 15 MHz min.
cT cT cT cT
File No 336 File No. 138 File No. 507 File No. 782 File No 492
RCS881 2N3585 2N6213 2N6079
Vegolus) = 250 V] veggtsus = d00v | vegplsus) = -375 v Vegghvs) = 375V
thEozom.n hgg ~ 40 min nfi = 10-100 hgg 12:50
® -35mA @ 100 ma 1A ®12A
1 = 15 MHz mun hEg = 25-100 7 = 20 MHz mun. t, =03 us tvp
Pr=75W 1A 1y~ 03us yp
1 = 15 MHz min,
cT
File No. 780 File No. 138 Fite No 507 File No 492
RCS882 2N4240 2N6214 40851
Vegrlsus) = 350 V| Veggpbust = 400V | veggisus) = 425 v Veegplust 375V
hpg * 20 min hgg = 40 min. hgg = 10-100 hgg * 12 min
®-35mA @100 mA @-1a @12A
ty = 15 MHZ min. hgg = 30150 17 = 20 MHz min t, = 0.3 s tvp.
Pr=75wW @750 mA 15 =03 ps tvp
f1 =16 MHz min.
File No. 781 File No. 138 File No 507 File No. 498
2N5416 40850
chﬁi;ﬂm 350 V] vegglsus) - 400 v
hgg = 30 hg g = 25 min. + . N
FE FE A —
e i Pellet size — values shown are edge dimensions
f1 = 15 MHZ min. 17 = 15 MHz min in mils
Pr=10W B s :
T Available with
a. flange for easy heat sinking Ro,c — 15° C/W
cT . . r
File No. 336 File No. 498 b. free-air radiator Re,, — 45° C/W

** Available with free-air radiator Re,;, — 30° C/W
CT — Complementary Type Available
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Table XIV—High-Voltage N-P-N and P-N-P Power Transistors (cont'd)
lcto30A...frto 20 MHz ... Py to 1715 W

A pellet size — values shown are edge dimensions

in mils

# For new equipment design only—not recommended

for retrofit.

to = 10 A peak 1.~ 5A max. 1o =7 Amax. fe = 15 A peak fe = 30 A pesk
Pr= 125W max. Py = 100 W max. Py = 125 W max. Pr= 110 W max. Py =175 W max.
(TO-3) T10-3) (T0-3) {T0-3) (70-3}
Switching Linear Switching
130 x 1308 130 x 130 I 130 x 130 180 x 180 210x 210 260 x 260
Family Designation
2NS5840 2N5840 2N5240 2N6510 2N5804 2N6252
[N-P-N) [N-P-N] [N-P-N] IN-P-N] [N-P-N] [N-P-N]
RCA 410# 41506 2N5239 2N6510 2N5804 2N6249
Vegotws) - 200V | Vegglws) =200V | Vegglsush - 280V | Vegqtus = 250V | Veggisust = 300V | Veegfsust - 225V
heg = 3090 hEg = 8 min hEg = 20 min, hEg = 10 min. heg = 26250 heg = 10-50
e1a e2a eza e3a G05A @10A
1, = 0.35 is typ. hgg = 2080 1 = 3 MHz min, hgg = 10-100 1, = 0.8 5 p.
1§ = 0.15 s typ. @04 A @5A 1g = 0.5 is typ.
tq = 5 MHz min t,= 04 45 yp.
1= 1.2 wyp
Fils No. 509 File No. 776 File No. 321 File No. 848 File No. 407 Fils No. 523
RCA 411# 2N5838 2N5240 2N6511 2NS805 RCS564
Veeotwe) = 300V | veggisusi =275V | Veentsust < 350V | vegpisus = 300V | Vegglsus) < 398V | Vegplsush = 225 v
heg = 30 heg = 20 min. heg = 20 min hgg = 10 min heE = 25:250 hgg = 5min
e1a @05A eza f4A @054 Q10A
t, = 0.35 i typ. hpg = 840 heg = 2080 f1 = 3 MHz min, hgg = 10-100 t, = 0.8 45 wp.
14 = 0.15 ps typ. e3a @044 esa 1= 1pstyp
t, = 0.8 s typ. =5 MHz min. 4y = 0.45 1vp.
ty = 0.4 s 1yp. tg= 1.2 s typ.
File No, 510 File No. 410 File No. 321 File No. 848 File No. 407 File No. 782
RCA 413z 2N5839 2N6512 40853 2N6250
Veeolsust = 325V | Vegglsus) = 300V Veggisvs) = 350V | Vegglsus) = 376V | Vegplsush = 300 V
heg = 2080 hgg = 20 min. heg = 10 min hgg © 10 min, hegg = 850
®05A @05A eaa @5A @A
1, = 0.35 pis typ. hgg = 1050 tr = 3IMHz min t, = 0.4 s vp. t, = 0.8 s typ.
= 0.15 Us typ. @2A 1y = 1.2 typ. ty = 0.5 15 typ.
t, = 0.6 s typ.
1 = 0.35 tis typ. ~
File No. 511 File No. 410 File No. 848 File No. 498 File No. 523
RCA 423 2N5840 2N6514 286251
Vegolwst= 325 V | vegglsus) = 375V VegRisus) = 350 V Veenlsus) = 375 V
heg - 30-90 heg = 20 min, heg = 10 min heg = 650
@ta @05A @sa f10Aa
1y = 0.35 ps typ. hgg © 1050 f1 = MHz min. t, = 0.8 5 typ.
1y = 0.15 Us typ. @2A 1 = 0.5 i vp.
1, = 0.6 s typ.
14 = 0.35 s 1vp.
File No. 512 i Fite N:ﬂo File No. 848 Fite No. 523
RCA 431# 40852 2N6513 40854
Vegolwsh =325V | Vegglsush = 375V Vceatus) = 400V VegRlvs) = 325V
heg = 15-35 heg = 12 min, hEg = 10 min, heg = Bmin.
®25A @1.2A Q@4A @10A
.= 0.35 i typ. t, = 0.5 s typ. tr = 3 MHz min. 1, = 0.8k typ.
4 = 0.15 i typ. g = 0.35 s typ. - 1= 0.5 typ.
File No. 513 File No. 498 File No. 848 File No. 498
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Table XV—High-Speed Switching N-P-N and P-N-P Power
Transistors
lcto 60 A ... f, to 250 MHz ... P; to 140 W

lc-|Amu. I_=—1A max. Ic-2Arrux. Ic-ZAmu. Ic--zAmax. I:-ZAmnx.
Py =5W max. P = 7Wmax. Py = 5 W max. Pr= 10 W max. Py = 10 W max. Py = 25 W max.
(10-39)* {10-39)* {Lo Profile TO-39) {TO-39)~ (TO-39}° (‘Inlic TO-5)
30 x 304 30 x 30 32x32 42x42 42x 42 42 x 42
Famity Designation
2N2102 2N4036 2N5262 2N5320 2N5322 2N6179
[NP-N] [P-N-P] [N-P-N] [N-PN] [P-N-P) [N-P-N]
41502 41503 2N5189 2N5321° 2N5323® 2N8179
v, (sus) = 30 V. \/ fsus) = -30 vV v, {sus) = 35 V. VceRisus) = 65 V v, lsus) = 65V “Plastic 2N5321"
neE2 20 min. neg 2 20 min. heg 2 18 mn hre - 40.250 heg - 40250 Voeglan) =65V
@150 mA @ -150mA @A @ 500 mA @ FE™
Pre3w f1 =250 MHz min. | 11 = 50 MHz min @500 mA
Ton = 40 ns max, ton = 80 ns max, f1 = 50 MHz min.
tott = 70 ns max Taf¢ = 8OO ns max. on ™ 80 ns max.
545 = 8OO ns max,
cT cT cT cT cT
Fie No. 773 File No. 774 File No. 296 Fite No. 325 File No. 325 File No. 562
2N30538 2N4037° 2N5262 2N5320° 2N5322¢ 2N6178
VeeRims) =50V | Vopplsusi= 60V | Vepalsws) =50V | Vegglsusi =90 v | Veggisus) = ~90V | “Plastic 25320
::E = 50.250 "::E = 50-250 ;;5925min :;:00 30-130 :FESO?JIIJ ""CEH‘;_‘::”W \'
150 mA ? -150mA 1A mA - mA FE =
ty = 100 MHz min. | fr = 60 MHz min fr = 250 MHzmin. | t1 = 50 MHz min hgg = 10 min €500 mA
Pr=5w ton = 30 ns max ton = B0 ns max. @-1a {1 = 50 MHz min.
toff = 60 ns max oty = 8OO ns max. f1 = 50 MHz min ton = 80 ns. max.
ot = 8OO ns. max
cT cT cT cT cT
File No. 432 File No 216 File No. 313 Fde No. 325 File No, 325 Fite No. 562
2N2102¢ 2N4036®
v, {sus) = 80 vV v, lsut) « -85V
CER El
heg = 40120 nfe'-‘wuo
@150 mA @ -150 mA
fr =120 MHz . | (1 = 80 MHz mun
Pr=sw
cT cT
File No. 106 File No. 216
na3tas 4 Pellet size — values shown are edge dimensions
Vogmbsus) - 86V inmils
ore - 0750 - Available with
1 = 60 Mtz mun a. flange for easy heat sinking Re,c — 15° C/W
b. free-air radiator Rg,, — 50° C/W
® These transistors are also available in T0-5 packages
Fie No. 216 in U.S.A,, Canada, Latin America, and Far East
CT — Complementary Type Available
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Table XV—High-Speed Switching N-P-N and P-N-P Power
Transistors (cont'd)
lcto 60 A..,.frto 250 MHz ... Py to 140 W

|P=--2Amu. lo= 7 Amax. 1o = 15 A max. le= 20 A max Ic = 25 A max. 1o = 30 A mex.
o 25 W max. Py = 35 W max. pr=8swmax. | pya 140 Wmax. Py= 125 W max, Py = 140 W max,
(Plastic TO-5} (TO-661°* (Radial) TO-3) (T0-63) (10-3)
42x 428 103 x 103 156 x 155 146 x 183 215x 222 220 x 220 achiel
Family Designation Family Designation
2N6181 2N3879 2N6480 2N5038 2N3263 2N5671 2N6033
[P-N-P) [N-P-N] [N-P-N) [N-P-N] (N-P-N] [N-P-N] [N-P-N}
2N6181 2'(‘138)73‘ 2N6479 2NS5039 2N 3266 2NS671 2N6032
“Plastic 2N5323" VeeRisus) = 680V {isolated Collecior) 2N32648
Vegrisst = 65V | heg = 20 min. Vegptust =95V | S a0y | Veeats) - nov
heg = 40- @4a 2N6481 heg = 20 min hCElj 2080 heg = 20min Vegplsus) = 110V
@ -500 mA heg = 50-200 {Non-lsotated Coll.) | @104 @F& A @20a heg = 1050
t1 = 50 MMz min. Vegrlus) =80V | Ppe = 30150 heg = 20-100 @504
T @054 CER t1 = 20 MHz min E e
f = 60 MHZz min. Pgg * 20 mun. @24 ton - 0.5 s max @154 _ 7 x 50 MHz mi.
t, = 400 ns max @12A f1 = 60 MHz min 1ot = 2 15 max #y = 50 MHz min. (-oﬁsm;
14 = 400 03 max. 72 100MHz tvp. | lon %1‘6 Lah ton = 0.5 s max [eCE
cT 1c=74 Radiation Hard ot * max. togs = 2 Hs max
File No. 562 © File No. 766 Fite No, 702 Fute No. 698 File No. 54 ©'File No. 383 File No. 462
2N6180 2N3879 2N6480 2NS038 2N3265 2NS672 2N6033
'Plastic ZN5322" VegRlsust =90 v {1sotsted Collector) | Veogglsus) = 110V 2N3263e Vegrisus) = 140V | Vegglsusi = 140V
VegRiwst = -90V heg = 40 mun, 2N6482 heg = 20 min Vegpisush - 110V heg = 20 min heg = 10-
"eg * 30-130 e {Non-lsolated Colt} | €124 hpg " 2578 @204 L0 )
@ -500 mA Mg = 20-80 Vegrtsus =80V heg = 50-200 e15a hgg = 20-100 f1 = 50 MMz min,
heg = 10 min. [ 2V hgg = 20 min, @2a t7 = 20 MHz min @154 1= 1 s max.
®-1A f1 = 80 MHz min @124 f1 = 60 MHz min ton = 0.5 s max f1 = 50 MMz min, 1 0.5 is max
t1 = 50 MHz min. 1, = 400 ns max. 17 = 100 MH2 typ. 1on = 0.5 s max tofy = 2 Ms max. ton = 0.5 s max
S Rediation Mard Tofe = 2 pis max Toty * 2 ks mox
cT 1L=74
File No. 562 © File No. 766 File No. 702 File No. 698 File No. 54 Fite No. 383 File No, 462
2N5202 2N6496
Veggpiws = 15V VegRisus) = 130 v
hEg = 10-100 heg = 12:100
®4a @8a
f1 = 80 MHz min. f1 = 60 MHZz min
1, = 400 ns max. 1, * 0.5us max.
!;"Wnsmlx. |; 15 s max.
lc=4A ty = 0.5 s max
File No. 766 File No. 698
2N6500 2N6354
Vegplus) = 110V VegRisus) » 130V
nf:- 15-60 heg = 20150
®3A @5Aa
f1 = 60 MHz min heg = 10-100
1, = 400 ns max. @10a
Yy = 500 ns max. {7 = BOMHz min.
Ic=4A 1, = 0.3 s max
tg = 0.2 s max
1o~ 12 A pesk
File No. 766 File No. 582

4 _l'elle_tl size — values shown are edge dimensions
in mils

** Available with free-air radiator Rg,, — 30° C/W

1 Also available with heat radiator (40375).

® Flat radial lead version

CT — Complementary Type Available
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Table XVI—Power Transistors For Output and Driver Stages in
Audio-Frequency Linear Amplifiers

Power Output Class B Driver
Output Bull. Circuit Transistors Transistors Vgg Muit,
{8 S2imped.) | Fite No. No. NPN PNP NP-N PNP ias)
A0128 RCA1C10 | RCAICT - - -
642 {True-Comp.) (2N6292) | (2N6107)
2w
A012D RCA1C10 | RCAIC1
642 {IC Driving (2N6292) | (2N6107) - - -
True Comp.)
RCA1C14
643 A025C 2] S RCA1A06 | RCA1A0S S
25W {Quasi-Comp.} | (2N5496) {2N2102) | {2N4036)
AQ25B RCA1C0S | RCA1C06 | RCA1A06 | RCA1A0S _
644 (Full-Comp.) (2N6292) | (2N6107) | (2N2102) | {2N4036)
RCA1C09 ]
645 AD40C 121 - RCA1A06 | RCA1ACS S
{Quasi-Comp.) | (2N6103) (2N2102) | (2N4036)
A040B RCA1C07 | RCA1C08 | RCATA06 | RCA1A05
40W 646 {Ful-Comp.) (2N6488) | (2N6491) | {(2N2102) | (2N4036) -
A040D
{Full-Comp. RCA1B07 | RCA1B08 _ _ RCA1A18
791 Darlington (2N6385) | (TA8925) (2N2102)}
Output)
AQ70A RCA1BO1
647 {Quasi-Comp. B} = RCA1A03 | RCA1A04
l Hom. Output) | (2N3055) (2N5320) | (2N§322)
o RCA1B06
648 AQ70C (2 RCA1C03 | RCA1A04 | RCA1A18
(Quasi-Comp.} (2NS840} {2N6474) | (2N6476) | {2N2102)
A120C RCA1B04 |
120w 649 {Quasi-Comp. 14 - RCA1C12 | RCAIC13 | RCA1AI8
Parallel OQutput) | {2N5240) {2N6474) | (2N6476) | (2N2102)
A200C RCA1B0S RCA1B0S
200W 650 {Quasi-Comp. i6) 2] - RCA1A8
Parallel Qutput) | (2N5240) {2N5240) {(2N2102)}

Numbers in brackets indicate number of devices used in the stage.
Type numbers in parentheses indicate the transistor-family designation.

Table XVII—Typical Power Output with 4- and 16-Ohm Load for AF
Linear Amplifiers Listed in Table XVI

AT
AN AD12B | AD12D | AO25A | A025B | A040A | A040B | A040D | A070A | AO70cC | A120C | Az00C
I -

'T:::)mceadlsd1641641641641648416416416416

Typical Power

12°16.5| 9° |6.5|45 |16 |45 {16 |55 | 25 | 75 [ 25 | 40 | 30 | 100 40 | 100 | 50 |180| 80 | 300130
Output - W

* Power output limited by driver-circuit capability.
Several of these amplifiers are shown in circuits section
of this manual.
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High-Frequency Power

OWER transistors are used in

high-frequency amplifiers for
military, industrial, and consumer
applications. They are operated class
A, B, or C, with frequency- or am-
plitude-modulation, single sideband
or double sideband, in environments
ranging from airborne to marine.

The increasing number of rf
power transistors available today
offers the circuit designer a wide
selection from which to determine
the optimum type for a particular
application. The choice is based on
factors such as maximum power out-
put, maximum operating frequency,
operating efficiency, power gain, re-
liability, and cost per watt of power
generated. The ultimate choice of
the transistors produced by any
manufacturer, therefore, is depend-
ent upon how well the devices per-
form in relation to these critical
factors. RCA “overlay” silicon power
transistors offer significant advan-
tages for rf power applications at
frequencies that extend well into
the microwave region.

PHYSICAL DESIGN

During the past several years, con-
siderable effort has been expended
to improve the quality and reliability
of high-frequency power transistors
and simultaneously to advance the
power-frequency capability of these
devices. The technological develop-
ments that resulted from this effort

Transistors

have made possible transistor struc-
tures that can provide substantial
power output and gain and high op-
erating efficiency at frequencies that
extend well into the microwave re-
gion. Such devices can now be pro-
duced with confidence in high-volume
productions for use in applications
in which high-quality performance
and high reliability are primary re-
quirements.

At high current levels, the emitter
current of a transistor is concen-
trated at the emitter-base edge. This
current-crowding effect results be-
cause the current flow through the
base region, between the emitter
and the collector, causes a voltage
drop that produces the maximum
forward bias at the edge of the
emitter closest to the base contact.
The center of the emitter, therefore,
injects very little current. Because of
this edge-injection phenomenon, a
high emitter periphery-to-area ratio
is essential to the achievement of
high current-handling capability.
This requirement has been a major
factor in the evolution of transistor
emitters from the circle type, to
the line type, to the comb type, and
finally to the overlay type of struc-
ture.

In addition to the requirement for
a high emitter periphery-to-area
ratio, power transistors intended for
use in high-frequency applications
must also exhibit a low capacitance
and a short carrier transit time
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between emitter and collector. These
latter factors critically affect the
frequency capabilities of the device
and, therefore, must be considered
in the design of a high-frequency
transistor structure.

Overlay Transistor Structure

The exceptional high-frequency
power capabilities of the overlay
power transistors result from the
unique emitter construction used in
these devices. In overlay transis-
tors, the size of the emitters is sub-
stantially reduced, and a large num-
ber (from 16 to several hundred)
of separate emitter sites are con-
nected in parallel. This method of
construction results in the high emit-
ter periphery-to-area ratios, and
makes possible the high current-
handling capabilities, low capaci-
tances, and short transit times be-
tween emitter and collector, that are
required for rf power transistors.

The overlay transistor takes its
name from the emitter metallization,
shown in Fig. 124, that lies over
the base instead of adjacent to it
as in the interdigitated structure.
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The actual base and emitter areas
beneath the metal pattern are in-
sulated from one another by a silicon
dioxide layer. The overlay arrange-
ment provides a substantial increase
in over-all emitter periphery with-
out increasing the physical area of
the device, and thus improves the
power-frequency capability of the
device.

In addition to the standard base
and emitter diffusions, an added dif-
fused region in the base serves as
a conductor grid. This p* region of-
fers three advantages: (1) it dis-
tributes base current uniformly over
all the separate emitter sites, (2) it
reduces the base-contact resistances
between the aluminum metallization
and the silicon material, and (3) it
permits the use of larger emitter
sites which makes possible higher
design ratios and wider emitter
metallizing fingers that result in
lower current density.

For lower-power hf/vhf and
small-signal uhf RCA transistors,
an interdigitated structure is used.
In this structure, as shown in Fig.
125, the emitters and bases are built
like a set of interlocking combs. The
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Fig. 124—Top and cross-sectional view of a typical overlay transistor.
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Fig. 125—Top and cross-sectional view of a typical interdigitated transistor.

sizes of the emitter and base areas
are controlled by masking and dif-
fusion. The oxide deposit, formed
of silicon heated to a high tempera-
ture, masks the transistor against
either an n- or p-type impurity. This
oxide is removed by the usual photo-
etching techniques in areas where
diffusion is required.

Polycrystalline Silicon Layer

The broad emitter fingers and the
noncritical metal definition of the
overlay transistor structure makes
possible the introduction of addi-
tional conducting and insulating
layers between the aluminum metal-
lization and the shallow diffused
emitter sites that are required for
good high-frequency performance.
RCA has developed a technique in
which a polyerystalline silicon layer
(PSL) is used to separate these re-

gions. Fig. 126 shows a cross-
sectional diagram of an overlay
transistor structure in which this
interlayer is used.

Use of the polyerystalline silicon
layer between the aluminum metalli-
zation and the shallow diffused emit-
ter region forms an insulating
barrier that substantially reduces
the possibility of “alloy spikes” that
result from intermetallic formations
of silicon and aluminum under
severe hot-spot conditions. Such
intermetallic formations can cause
transistor failures because of emit-
ter-to-base shorts.

As shown in Fig. 126, the poly-
crystalline silicon layer also forms
a barrier between the aluminum
emitter fingers and the oxide insula-
tion layer over the base. This barrier
minimizes the possibility of dielec-
tric failure, which can also lead to
emitter-to-base shorts because of an
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Fig. 126—Cross-section of an overlay transistor structure that contains the polycrystal-
line silicon layer (PSL).

interaction between the aluminum
and the silicon dioxide.

The addition of the polycrystalline
silicon interlayer contributes sub-
stantially to the reliability of high-
frequency power transistors. Re-
liability studies of uhf power tran-
sistors operated under overstress
conditions (i.e., at a junction tem-
perature greater than 200°C) have
demonstrated an order-of-magnitude
improvement in the mean time be-
tween failures of devices that em-
ployed the PSL technique over that
of devices in which the PSL tech-
nique was not used. The PSL tech-
nique, therefore, is being used in-
creasingly in RCA high-frequency
power transistors.

Emitter-Site Ballasting

In many RCA high-frequency
power transistors, the PSL tech-
nology is used as the medium for
the introduction of emitter-site bal-
lasting. The resistivity and contact-
ing geometry of the aluminum to
the polycrystalline silicon interlayer
are controlled to form a ballast
resistor in series with each emitter
site. These resistors function as

negative-feedback elements to pre-
vent excessive current in any por-
tion of the transistor and, in this
way, minimize the possibility of hot
spots in the device. Because the
emitter in an overlay transistor is
segmented into many separate sites
connected in parallel, each hot spot
may be isolated and controlled, and
the injection of charge carriers
across the transistor chip is made
more uniform.

Emitter-site ballasting makes pos-
sible a more effective use of emitter
periphery and, therefore, results in
an increased transistor power-output
capability. In addition, this ballast-
ing makes high-frequency power
transistors more immune to fail-
ures caused by high VSWR condi-
tions such as may be encountered in
some broadband amplifiers. Tran-
sistor failures because of high output
VSWR conditions are often related
to forward-bias second breakdown.
The feedback action of the emitter
ballasting resistor tends to minimize
the formation of localized concentra-
tion of current that is characteris-
tic of forward-bias second break-
down. As a result, transistors that
employ emitter-site ballasting have
a substantially higher capability to
withstand high VSWR conditions.
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OPERATING CHARACTERISTICS

At rf and microwave frequencies,
the operation of a power transistor
is critically dependent upon the
high-frequency capability of the de-
vice. The ability of the transistor
to provide significant power gain,
develop useful power output, oper-
ate efficiently in circuit applications,
and operate over substantial band-
widths, are direct functions of this
capability.

Output Power

The power-output capability of a
transistor is determined by current-
and voltage-handling capabilities of
the device in the frequency range
of interest. The current-handling
capability of the transistor is limited
by its emitter periphery and epi-
taxial-layer resistivity. 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.

The breakdown voltage at high
frequencies is subsrartially higher
than the dc or static value. In gen-
eral, the breakdown characteristic
increases from the Vcro value under
de conditions to a value approach-
ing Vcso at a frequency f equal to
or greater than fr.

Another parameter that limits the
power-handling capability of the
transistor is the saturation voltage.
The saturation voltage Vcr(sat) at
high frequencies 1is significantly
greater than the de¢ value because
the active area is smaller than at
de.

In general, the operating voltage
regtrictions are the same for all
high-frequency power transistors;
therefore, only current-handling
capability differentiates high-power
transistors from lower-power units.

At high current levels, the emitter
current of a transistor is concen-
trated at the emitter-base edge;
therefore, transistor current-han-
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dling capability can be increased
by the use of emitter geometries
which have high emitter-periphery-
to-emitter-area ratios and by the
use of improved techniques in the
growth of collector substrate ma-
terial. Transistors for large-signal
applications are designed so that the
peak currents do not cause base
widening which would limit the
current-handling capability of the
device. Base-width widening is se-
vere in transistors in which the col-
lector side of the collector-base
junction has a lower carrier con-
centration 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 widen-
ing severely limits the breakdown
voltages, as discussed previously. As
a result, the use of a different-re-
sistivity epitaxial layer for different
operating voltages is becoming com-
mon.

Power Gain

The power gain of a high-fre-
quency transistor power amplifier is
determined by the dynamic fr, the
dynamic input impedance, and the
collector load impedance, which de-
pends on the required power out-
put and the collector voltage swing.
The power gain, P.G., of a transis-
tor power amplifier can be expressed
as follows:

_ (f</f)*R..
P.G. = Re(Z.w)
where fr is the dynamic gain-band-
width product, f is the frequency of
operation, Ry is the real part of the
collector parallel equivalent load
impedance determined by the re-
quired power output, and Re(Zi.)
is the real part of the dynamic input
impedance when the collector is
loaded with Zi.

The above equation for power
gain shows that for high-gain op-
eration of power transistors, the de-
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vice should have high current gain
at the frequency of operation under
large current swing conditions. This
performance is achieved with shal-
low diffusion techniques.

For class B or C operation, the
load resistance Ri is defined ap-
proximately as follows:

~ [VC(‘ e Vcn(Sat)r
R= K

where K is unity or less, depending
on the class of operation. The real
part of the dynamic input imped-
ance, Re(Z..), varies considerably
with signal level, and varies in-
versely with the power output of
the device. The package parasitic
inductances also are important in
determining the value of Re(Zi.).

Efficiency

The collector efficiency of a tran-
sistor amplifier is defined as the
ratio of signal power output at the
frequency of interest to the de input
power. It can be calculated as:

Ne = Mv NI NPekt
where 3. is the efficiency of conver-
sion of dc collector voltage to signal-
frequency collector voltage (deter-
mined primarily by the ratio of
Vee to Ver and the class of opera-
tion), 5 is the efficiency of conver-
sion of dec collector current to
signal-frequency collector current
(determined primarily by the class
of operation and the transit time in
the collector depletion region for
high-frequency transistors), and nexe
is the circuit efficiency, which is de-
termined by the loaded and unloaded
Q’s of the collector circuit. (The
amplifier collector efficiency 5., which
is a function of both circuit and
transistor parameters, should not
be confused with the collector effi-
ciency e*, which is a basic transistor
parameter determined solely by the
physical structure of the device, as

RCA Solid-State Devices Manual

explained in the section Low- and
Medium-Frequency Power Transis-
tors.)

Bandwidth

The bandwidth of a transistor
power amplifier is determined by the
intrinsic frequency capability of the
transistor (directly related to fr),
package parasitic elements, and the
input and output matching circuits.

SPECIAL RATING CONCEPTS

Unlike low-frequency high-power
transistors, many rf devices can fail
within the dissipation limits set by
the classical junction-to-case thermal
resistance during operation under
conditions of high load VSWR, high
collector supply voltage, or linear
(Class A or AB) operation. Failure
can be caused by hotspotting, which
results from local current concen-
tration in the active areas of the
device, and may appear as a long-
term parameter of degradation.
Localized hotspotting can also lead
to catastrophic thermal runaway.

Hot-Spot Thermal Resistance

The presence of hotspots can
make virtually useless the present
method of calculating junction tem-
perature by measurements of aver-
age thermal resistance, case tem-
perature, and power dissipation.
However, by use of an infrared
microscope, the spot temperature of
a small portion of an rf transistor
pellet can be determined accurately
under actual or simulated device
operating conditions. The resultant
peak-temperature information is
used to characterize the device ther-
mally in terms of junction-to-case
hot spot thermal resistance, 6;s-c.

The use of hotspot thermal re-
sistance improves the accuracy of
junction temperature and related
reliability predictions, particularly
for devices involved in linear or
mismatch service.
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DC Safe Area

The safe area determined by in-
frared techniques represents the
locus of all current and voltage com-
binations within the maximum rat-
ings of a device that produce a spe-
cified spot temperature (usually
200°C) at a fixed case temperature.
The shape of this safe area is very
similar to the conventional safe area
in that there are four regions, as
shown in Fig. 127: constant current,
constant power, derating power, and
constant voltage.
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Fig. 127—Safe-area curve for an rf power
transistor determined by infrared
techniques.

Regions I and IV, the constant-
current and constant-voltage re-
gions, respectively, are determined
by the maximum collector current
and Vceo ratings of the device. Re-
gion II is dissipation-limited; in the
classical safe area curve, this region
is determined by the following re-
lationship:

max —

Tl(max) = S

b5-c

where Tc¢ is the case temperature.

This relationship holds true for
the infrared safe area; Pm.. may
be slightly lower because the refer-
ence temperature T;(max) is a peak
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value rather than an average value.
The hotspot thermal resistance
(85s-c) may be calculated from the
infrared safe area by use of the
following definition:

bss-c = —T,s = Te

P
where T;s is highest spot tempera-
ture [T;(max) for the safe area] and
P is the dissipated power (= I X
V product in Region II).

The collector voltage at which re-
gions II and III intersect, called the
knee voltage Vi, indicates the col-
lector voltage at which power con-
striction and resulting hotspot for-
mation begins. For voltage levels
above Vk, the allowable power de-
creases. Region III is very similar
to the second-breakdown region in
the classical safe area curve except
for magnitude. For many rf power
transistors, the hotspot-limited re-
gion can be significantly lower than
the second-breakdown locus. Gener-
ally Vi decreases as the size of the
device is increased.
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Fig. 128—Thermal profiles of a ballasted
and an unballasted power transistor during
dc operation.

Fig. 128 shows the temperature
profiles of two transistors with iden-
tical junction geometries that oper-
ate at the same dc power level. If
devices are operated on the dissi-
pation-limited line of their classical
safe areas, the profiles show that
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the temperature of the unballasted
device rises to values 130°C in ex-
cess of the 200°C rating. Tempera-
tures of this magnitude, although
not necessarily destructive, seriously
reduce the lifetime of the device.

Effect of Emitter Ballasting

The profiles shown in Fig. 128 also
demonstrate the effectiveness of
emitter ballasting in the reduction
of power (current) constriction. In
the ballasted device, a biasing resis-
tor is introduced in series with each
emitter or small groups of emitters.
If one region draws too much cur-
rent, it will be biased towards cut-
off, allowing a redistribution of cur-
rent to other areas of the device.

The amount of ballasting affects
the knee voltage, Vk, as shown in
Fig. 129. A point of diminishing re-
turns is reached as Vx approaches
Veeo.
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Fig. 129—Safe-area voltage for an rf
power lransistor as a function of total
ballasting resistance.

RF Operation

In normal class C rf operation, the
hotspot thermal resistance is ap-
proximately equal to the classical
average thermal resistance. If the
proper collector loading (match) is
maintained, 6,s.c is independent of
output power at values below the
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saturated- or slumping-power level,
and is independent of collector sup-
ply voltage at values within 430
per cent of the recommended oper-
ating level.

Power constriction in rf service
normally occurs only for collector
load VSWR’s greater than 1.0. A
transistor that has a mismatched
load experiences temperatures far in
excess of device ratings, as shown
in Fig. 130(a) for VSWR = 3.0.
For comparison, the temperature
profile for the matched condition is
shown in Fig. 130(b).
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Fig. 130—Thermal profile of a power

transistor during rf operation: (a) under

mismatched conditions; (b) under matched
conditions.

Fig. 131 is a typical family of
thermal-resistance curves that indi-
cate the response of a device to vari-
ous levels of VSWR and collector
supply voltage. 6;s-c responds to
even slight increases in VSWR
above 1.0 and saturates at a VSWR
in the range of 3 to 6. The saturated

‘
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Fig. 131—Mismatch-stress thermal char-
acteristics for the 2N5071.

level increases with increasing sup-
ply voltage. Devices with high knee
voltages tend to show smaller
changes of 4:;s.c with VSWR and
supply voltage. 8;s-c under mismatch
is independent of frequency and
power level, and reaches its highest
values at load angles that produce
maximum collector current. Power
level does, however, influence the
temperature rise and probability of
failure.

Device failure can also occur at
a load angle that produces minimum
collector current. Under this con-
dition, collector voltage swing is
near its maximum, and an avalanche
breakdown can result. This mechan-
ism is sensitive to frequency and
power level, and becomes predomi-
nant at lower frequencies because
of the decreasing rf-breakdown
capability of the device.

Collector mismatch can be caused
by the following conditions:

1. Antenna loading changes in
mobile applications when the vehicle
passes near a metallic structure.

2. Antenna damage.

3. Transmission-line failure be-
cause of line, connector, or switch
defects.

4, Variable loading caused by non-
linear input characteristics of a
following transistor (particularly
broadband) or varactor stage.
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5. Supply-voltage changes that re-
flect different load-line requirements
in class C.

6. Tolerance variations in fixed-
tuned or stripline circuits.

7. Matching network variations in
broadband service.

Case-Temperature Effects

The thermal resistance of both
silicon and beryllium oxide, two ma-
terials that are commonly used in
rf power transistors, increases
about 70 per cent as the tempera-
ture increases from 25 to 200°C.
Other package materials such as
steel, kovar, copper, or silver, ex-
hibit only minor increases in ther-
mal resistance (about 5 per cent).
The over-all increase in disc of a
device depends on the relative
amounts of these materials used in
the thermal path of the device; typi-
cally the increase of 8is-c¢ ranges
from 5 per cent to 70 per cent. Fig.
132 shows the rf and dc¢ thermal
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Fig. 132—Thermal-resistance
for the 2N5071.

coefficient

resistance coefficients for a typical
rf transistor. For both cases, the
coefficient is referenced to a 100°C
case and is defined as follows:

81s-c

Kbto =
015-¢c at Te = 100°C
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The rf coefficient changes more
than the dec coefficient, because of
the power constriction that occurs in
rf operation at elevated case tem-
perature.

RELIABILITY
CONSIDERATIONS

When the rf and thermal capabili-
ties of a transistor have been es-
tablished, the next step is to estab-
lish the reliability of the device for
its actual application. The typical
acceptable failure rate for transis-
tors used in commercial equipment
is 1 per cent per 1000 hours (100,000
hours MTBF) ; for transistors used
in  military and high-reliability
equipment, it is 0.01 to 0.1 per cent
per 1000 hours. Because it is not
practical to test transistors under
actual use conditions, d¢ or other
stress tests are normally used to
simulate rf stresses encountered in
class B or class C circuits at the
operating frequencies. Information
derived from these tests is then used
to predict the failure rate for the
end-use equipment. The tests used
to assure reliability include high-
temperature storage tests, de¢ and
rf operating life tests, dc stress step
tests, burn-in, temperature cycling,
relative humidity, and high-humidity
reverse bias. The end-point measure-
ment for these tests should include
collector-to-emitter voltage Vego and
emitter-to-base voltage Vgso in addi-
tion to the common end-point collec-
tor-to-emitter current Icwo, collector-
to-base voltage Vcgo, collector-to-
emitter saturation voltage Vce(sat),
power output, and power gain.

One of the common failure modes
in rf power transistors is degrada-
tion of the emitter-to-base junction.
The high-temperature storage life
test and the de¢ and rf operating life
tests can accelerate this failure
mode, and it can be detected by
measurement of Vggo.

Plastic uhf power transistors are
more sensitive to emitter-to-base-
junction degradation than similar
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hermetic devices. The enhancement
of this failure mode in plastic de-
vices can be caused by moisture
penetration into the very close
geometries used in uhf power tran-
sistors. Thermal fatigue is also a
problem that affects the reliability
of uhf plastic power transistors, be-
cause large thermal-expansion dif-
ferences exist between the plastic
encapsulant and the fine bonding
wires (usually 1 mil) used in the
devices.

PACKAGES -

The package is an integral part
of an rf power transistor. A suitable
package for rf applications should
have good thermal properties and
low parasitic reactances. Package
parasitic inductances and resistive
losses have significant effects on
such circuit performance charac-
teristics as power gain, bandwidth,
and stability. The most critical para-
sitics are the emitter and base lead
inductances. Table XVIII gives the
inductances of some of the more im-
portant commercially available rf
power-transistor packages. Photo-
graphs of the packages are shown
in Fig. 133. The T0O-60 and TOQ-39
packages were first used in devices
such as the 2N3375 and the 2N3866.
The base and emitter parasitic in-
ductance for both TO-60 and TO-39
packages is in the order of 3 nano-
henries; this inductance represents
a reactance of 7.5 ohms at 400 MHz.
If the emitter is grounded intern-
ally in a TO-60 package (as in the
RCA-2N5016), the emitter lead in-
ductance is reduced to 0.6 nano-
henry.

Hermetic low-inductance radial-
lead packages are also available.
The HF-19 package introduced by
RCA for the 2N5919 utilizes
ceramic-to-metal hermetic seals, has
isolated electrodes, and has rf per-
formance comparable to an rf plas-
tic package. This package is also
available in a studless version (HF-
31) for miniaturized or low-power
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Fig. 133—Packages for RCA rf and niicrowave power transistors.
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Table XVIIl—Summary of RCA Packages for RF Power Transistors

APPROXIMATE UPPER FREQUENCY

PACKAGE INDUCTANCE OF OPERATION

(nH) (MHz)
70-39 3 500
T0-60 (isolated emitter) 3 400
T0-60 (internally grounded emitter) 0.6 500
UHF HERMETIC STRIPLINE
HF-19 (STUD) = JEDEC T0-216AA 0.5 1000
HF-31 — STUDLESS JEDEC T0-216AA 0.5 1000
HF-32 (FLANGED) 0.5 1000
MICROWAVE
HERMETIC STRIPLINE
HF-28 (FLANGED) 0.2 2500
COAXIAL HERMETIC
HF-11 = JEDEC T0-215AA 0.1 3000
HF-21 = JEDEC T0-201AA 0.2 2500

applications, and in a grounded-
emitter flanged version (HF-32) for
compact applications.

Low-parastic hermetic packages
are available for microwave appli-
cations. The HF-11, a medium-
power hermetic coaxial package
first used for the RCA-2N5470, em-
ploys ceramic-to-metal construction
and has parasitic inductances in the
order of 0.1 nanchenry. A larger,
higher-power version, the HF-21,
uses the same constructional tech-
niques and has parasitic inductances
in the range of 0.2 nanohenry. The
stripline equivalent of this package
is the HF-28 and has approximately
the same parasitic reactances as the
HF-21.

Table XIX compares the perform-
ance of the TO-39 package, the
HF-19 hermetic stripline package,
and the HF-11 coaxial package with
the same transistor chip. At a fre-
quency of 1 GHz and an input power
of 0.3 watt, the coaxial package per-

forms significantly better than
either the stripline or the TO-39
package. The coaxial package re-
sults in twice as much output power
as the TO-39 package. In addition,
the coaxial-package transistor is
capable of delivering an output of
more than 1 watt with a gain of
5 dB at 2 GHz.

RCA RF AND MICROWAVE
POWER TRANSISTORS

Transistors that can generate tens
of watts of power output at fre-
quencies up to and beyond 2.3 GHz
are finding applications in a wide
variety of new equipment designs.
Some of the major applications for
these new transistors are in the fol-
lowing types of equipment:

1. Telemetry
2. Microwave relay links
3. Microwave communications

Table XIX—Package Performance with Same Transistor Chip

tGHz  P.W
7039 1 03
HF-19 ] 03
HF-11 1 03
HF-11 2 0.3

P.-W PGB 7o(28V)}%
] 5 3
15 7 15
22 8.6 50
] 5 35
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Phased-array radars

5. Mobile radio and radio-tele-
phones

6. Navigational-aid systems
(DME, Collision Avoidance,
TACAN)

7. Electronic countermeasures
(ECM)

8. Microwave power sources and
instrumentation

9. Intrusion-alarm systems

In such equipment, transistors offer
the advantages of simplified circui-
try, wide bandwidths, and improved
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reliability, together with reduced
size and weight.

The selection of the proper tran-
sistor for a specific application is
determined by the required power
output, gain, and circuit preference.
As shown in Table XX, RCA offers
the circuit designer a wide variety
of rf and microwave power tran-
sistors from which to choose the
optimum type for a particular ap-
plication. The selection charts in
Figs. 134, 135, and 136 show the
power-frequency capabilities, sup-
ply-voltage options, and typical ap-
plications of these devices.

Table XX—RCA RF and Microwave Power Transistors

Min. Output Min. Output
T Package Collector- Frequency Power (W} T Package C°"'c'|°" Frequency Power (xl'
vee Type Y., (MH2)  or Noise v Type PPY , (MHZI  or Noise
Voltage (V) Fipure (dB) Valtage (V) Figure (dB)
2N918  TO-72 6-15(Vcg) 60 NF = 6 2N5179  TO-72 6(vce! 200 NF =45
2N1491  TOS 20 70 0.01 2N5180 TO-72 10(Vgg) 200 NF - 45
2N1492 TOS 70 0.1 2N5470 TO-215AA 28 2000
2N1493 TO-S 50 70 0.5 2N5913  TO-39 12 470 2
2N2631 TO-39 28 50 75 2N5914 TO-216AA 12 470 2
2N2857 TO-72 615(Vcg) 450 NF =45 2N5915  TO-216AA 12 470 6
2N2876 TO-60 28 50 10 2N5916 TO-216AA 28 400 2
2N3118  TO-6 28 50 1 2NS917  HF-31 28 400 2
2N3119  TO-S 28 50 1 2N5918  TO-216AA 28 400 10
2N3229 TO-60 50 50 15 2N5919A TO-216AA 28 400 16
2N3262 TO-39 {High-speed switching) 2N6269 HF-28 22 2300 65
2N3375 TO-60 28 400 3 2N6389 TO-72 10 890 NFf - 6
2N3478 TO-72 615(Vgg) 200 NF -4.5  2N6390 HF46 28 2000 3
2N3553 TO-39 28 175 25 2N6391  HF 46 28 2000 5
2N3600 TO-72 6-15(Vcg) 200 NF =45 2N6392 HF 46 28 2000 10
2N3632 TO-60 28 175 135 2N5920 TO-215AA 28 2000 2
2N3733 TO-60 28 400 10 2N5921 TO-201AA 28 2000 5
2N3839 TO-72 6-15(VcE) 450 NF = 3.9 2N5995 TO-216AA 125 175 7
2N3866 TO-39 28 1 2N6093 TO-217AA 28 30 75 (PEP)
2N4012  TO-60 28 1000 25 2N6104 HF-32 28 400 30
{tripler)
2N4427 TO-39 12 175 1 2N6105 TO-216AA 28 400 30
2N4440 TO-60 28 400 5 2N6265 HF-28 28 2000 2
2N4932 TO-60 135 88 12 2N6266 HF.28 28 2000 5
2N4933 TO-60 24 88 20 2N6267 HF.28 28 2000 10
2NS016  TO-60 28 400 15 2N6268 HF-28 22 2300 2
2N5070 TO-60 28 30 25 (PEP) 2N6393 HF 46 28 2000 10
2N5071  TO-60 24 76 24 40080 TOS 12 27 0.1
2N5090 TO-60 28 400 12 40081  TOS5 12 27 04
2N5102 TO-60 24 136 15 40082  TO-39 12 27 3
2N5109 TO-39 15 200 NF =3 40280 TO-39 135 175 1
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Table XX—RCA RF and Microwave Power Transistors (cont'd)

Min. Output Min. Output

Type  Package Oolloq':v- Frequency Pawer (W) = Package °°"'°:°" Frequency Power (VTI‘)‘
Type Voltage (V) (MHz) or Noise ype Type pply (MH2) or Noise

Figure {dB) Voltage (V) Figure (dB)
40281  TO-60 135 175 4 40967  HF 44 125 470 2
40282  T0O-60 135 175 12 40968 HF 44 125 470 6
40290  TO-39 125 135 2 40972  TO-39 125 175 1.75
40291 TO-60 125 135 2 40973 HF 44 125 175 10
40292 TO-60 125 135 6 40974 HF 44 125 175 25
40340 TO-60 13.5 50 25 40975 TO-39 125 118 0.05
40341 TO-60 24 50 30 40976 TO-39 125 118 0.5
40446 TO-39 + flange 12 27 3 40977 HF 44 125 118 6
40581 TO-39 12 27 3.5 41008 HF 47 9 470 05
40582 TO-39 + flange 12 27 35 41008A HF41 9 470 05
40608 TO-39 15 200 NF =3 41009 HF-47 9 470 2
40637A TO-18 12 175 0.1 41009A HF 41 9 470 2
40665 TO-60 28 175 135 41010 HF 41 g9 470 5
40666  TO-60 28 400 3 41024  TO-39 28 1000 1
40836 TO-215AA 21 2000 0.5 41025 HF 41 28 1000 3
40837 TO-215AA 28 2000 15 41026 HF 41 28 1000 10
40894 TO-72 12 200 rf amp 41027 HF .41 22 1000 3
40895 TO-72 12 200 mixer 41028 HF 41 22 1000 10
40896 TO-72 12 200 osc 41038 TO-46 20 1680 0.75
40897 TO-72 12 10.7 it amp 41039 TO-39 15(Vcel 200 NF = 3.2
40898 TO-215AA 22 2300 2 RCA2001 HF 46 28 2000 1
40899 TO-201AA 22 2300 6 RCA2003 HF46 28 2000 25
40909  TO-201AA 25 2000 2 RCA2005 HF 46 28 2000 5
40915 TO-72 10 450 NF =25 RCA2010 HF 46 28 2000 10
40936 TO-60 28 30 20 (PEP) RCA3001 HF 46 28 3000 1
40953 TO-39 125 156 1.7 RCA3003 HF 46 28 3000 2.5
40954  HF44 125 156 10 RCA3005 HF 46 28 3000 45
40955 HF 44 125 156 25
40964 TO-39 12 470 0.4
40965 TO-39 12 470 05

High-reliability versions of many of these JEDEC and RCA types can be obtained. Such
devices are listed and described in the RCA DATABOOK Series SSD-207, “High-Reliability
Solid-State Devices.”
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Fig. 134—RF power transistors for operation from a supply voltage of 9 or 12.5 volts.
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Fig. 135—RF power transistors for operation from a supply voltage of 22 or 28 volts.
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Fig. 136—RF power transistors for operation from a supply voltage of 28 or 50 volts.
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MOS Field-Effect Transistors

(MOS/FET’s)

ETAL - OXIDE - SEMICON-

DUCTOR (MOS) field-effect
transistors represent a unique and
important category of solid-state de-
vices. In comparison to bipolar tran-
sistors, these devices exhibit a very
high input impedance and can
handle a very wide dynamic range
of input signals. In addition, MOS
transistors can provide a square-law
transfer characteristic that is es-
pecially desirable for amplification
of multiple signals in rf amplifiers
that are required to exhibit excep-
tionally low eross-modulation ef-
fects. The enhancement type of
MOS field-effect transistor, which
is essentially a normally open
switch is also ideal for switching
applications (e.g., digital circuits).
* In this section, the main emphasis
is placed on the depletion type of
metal-oxide-semiconductor field-ef-
fect transistors, which are becom-
ing increasily popular in electronie-
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. Fig.
137 shows a chart that lists the
variety of MOS transistors avail-
able from RCA and indicates typical

applications, performance features,
and package type for these devices.
Detailed ratings and characteristics
data on them are given in the RCA
technical data bulletins. The data
bulletin File Nos. are listed in the
chart below the device type numbers.

FABRICATION

The fabrication techniques used to
produce MOS transistors are similar
to those used for modern high-speed
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 enhancement-type device,
no channel 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.
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Fig. 137—MOS field-effect (MOS/FET) devices product-classification chart.

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 sealed 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.

GATE PROTECTION

One of the most frequent prob-
lems encountered during the handling
and testing of early MOS/FET’s
was puncture-failure of the oxide

under the metal-gate electrode. The
breakdown voltage of the gate-oxide
is generally in the order of 100 volts,
and the de¢ resistance is in the order
of 10” ohms. Because of the ex-
tremely high resistance of the gate
oxide, even a very-low-energy source
(such as static charge) can have
sufficient potential available to punc-
ture the oxide because to the impo-
sition of an over-voltage stress. A
single voltage excursion to the
breakdown limit can impart suffi-
cient gate-oxide damage (and/or
leakage) to adversely effect device
operation. Although this problem ex-
isted most frequently during han-
dling and testing of devices prior
to their installation in a circuit (be-
cause normal circuit impedances and
voltages make damage of this nature
less likely), a solution to the prob-
lem was necessary to reduce failure
of the MOS/FET during shipping,
handling, and assembly into equip-
ment.

The earliest method of gate-oxide
protection evolved was the technique
in which the device manufacturer
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provided means to physically short
all of the device leads into poten-
tials between the electrodes of the
device. Fig. 138 shows a photograph
of a commonly used method in which
a spiral shorting-spring intercon-
nects the leads during shipping,
handling, and assembly. The short-
ing-spring is not removed until the
device has been safely soldered into
the circuit. This method of protec-
tion continues to be used with de-
vicgs having so-called “unprotected
gates,” (e.g., like the devices shown
in Figs. 34 and 35).

Fig. 138—lllusiration shows shorting spring
for RCA MOS field-effect transistors that
do not contain the integral gate protection.
(Spring should not be removed until after
the device is soldered into circuit).

Dual-Gate MOS/FET with
integrated Gate-Protection

With the advent of IC fabrication
technology, a new class of dual-gate
MOS/FET that features integrated
gate protection was introduced. This
class of MOS/FET does not require
the use of the shorting-spring de-
scribed above; consequently, the
MOS/FET has become a more uni-
versally applicable device.

In devices that include this sys-
tem, a set of back-to-back diodes
is diffused directly into the semi-
conductor pellet and connected be-
tween each insulated gate and the
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source. (The low junction capaci-
tance of the small diodes represents
a relatively insignificant addition to
the total capacitance that shunts the
gate.) Fig. 139 shows a cross-sec-
tional diagram and the schematic
symbol for an n-channel dual-gate-
protected depletion-type MOS field-
effect transistor.

The back-to-back diodes do not
conduct unless the gate-to-source
voltage exceeds + 10 volts typically.
The transistor, therefore, can handle
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.
139(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
described in more detail in the fol-
lowing section on Integral Gate
Protection).

Dual-gate-protected MOS transis-
tors can be connected so that fune-
tionally they are directly equivalent
to a single-gate type with gate pro-
tection. This method of connection is
shown in Fig. 140.

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. An
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Fig. 139—Dual-gate-protected n-channel depletion-type MOS field-eflect transistor: (a)
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Fig. 140—Connection of a dual-gate-protected MOS field-eflect transistor (a) so
that it is functionally equivalent to a single-gate-protected MOS field-effect transis-
tor (b).
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integral gate-protection system of-
fers protection against static dis-
charge during handling operations
without the need for external short-
ing mechanisms. This system also
guards against potential damage
from in-circuit transients. 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 ex-
amine the rudiments of this system.

Fig. 141 shows a simple equivalent
circuit for a source of static elec-
tricity that can deliver a potential
e, to the gate input of an MOS

Rg eo
T
Es .[ Cp
92€S-25753

Fig. I141—Equivalent circuit for a source
of static electricity.

transistor. The static potential Eq
stored in an “equivalent” capacitor
Cv 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
Co ranging from 100 to 200 pico-
farads and a resistance Ry 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
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ideal gate-protection signal-limiting
circuit is a configuration that allows
for a signal, such as that shown in
Fig. 142(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. 142(b). An arrangement of
back-to-back diodes, shown in Fig.
142(c), meets these requirements for
protection of the gate insulation in
MOS transistors.

(a) PASS THIS SIGNAL (b) CLIP THE PEAKS
GREATER THAN
(+) AND (=) IN
AMPLITUDE

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

92Cs-25754

Fig. 142—MOS gate-protection

ments and a solution.

require-

Ideally, the transfer characteris-
tic of the protective signal-limiting
diodes should have an infinite slope
at limiting, as shown in Fig. 143(a).
Under these conditions, the static
potential across C» in Fig. 143 (b)
discharges through its internal im-
pedance Rs into the load represented
by the signal-limiting diodes. The
ideal signal-limiting diodes, which
have an infinite transfer slope, would
then limit the voltage present at the
gate terminal to its knee value, ea.
The difference voltage e. appears as
an IR drop across the internal imped-
ance of the source R,, ie, e. = E, —
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Fig. 143—Transfer characteristic of protec-
tive diodes (a), and resulting waveforms in
equivalent circuit (b).

es where E, is the potential in the
source of static electricity and ea 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. 144 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.
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-microsceond pulses applied
to the protected gate at a duty-
factor of 4 x 107®),
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Fig. 144—Typical diode transfer character-
istic measured with I-microsecond pulse
width at a duty factor of 4 x 107

ELECTRICAL
CHARACTERISTICS

The basic current-voltage relation-
ship for an MOS transistor is shown
in Fig. 145. 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
(Vps), as illustrated in region A-B.
The flow of drain current (Ip) 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. 145), 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 Vps. This
condition leads to the description of
region B-C as the “pinch-off” region
because the channel “pinches off”
and the drain current (Ips) tends to
saturate at a constant value. Beyond
point C, the transistor enters the
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Fig. 145—Basic current-voltage relationship
for an MOS transistor.

“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.

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. 145) makes
them very attractive for use in
voltage-controlled resistor applica-
tions, such as the chopper circuits
used in connection with some types
of d¢ amplifiers.

Typical output characteristic
curves for n-channel MOS transistors
are shown in Fig. 146. The resem-
blance of these curves to the basic
curve shown in Fig. 145 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.
147. (Again, voltage polarities and
current direction would be reversed
for p-channel devices.) The threshold
voltage (Vrn) shown in connection
with the enhancement-type transis-
tor illustrates the ‘“normally-open”
source-drain characteristic of the
device. In these transistors, conduc-
tion does not begin until Vgs is in-
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Fig. 146—Typical output-characteristic
curves for n-channel MOS transistors.

creased to a particular value. Fig.
148 shows typical drain-current
curves 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.

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. 149 is most frequently
used. This configuration provides a
high input impedance, medium to
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Fig. 147—Typical transfer characteristics
for n-channel MOS transistors.
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Fig. 148—Drain current of a dual-gate

MOS transistor as a function of gate-No.

I-to-source voltage for several values of
gate-No. 2-to-source voltage.

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
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Fig. 149—Basic common-source circuit for
MOS field-effect transistors.

voltage gain without feedback, A,
for the common-source circuit may
be determined as follows:

_ Zes Tos R
~ re. + Ru

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. 149 produces nega-
tive voltage feedback proportional
to the output current. The voltage
gain with feedback, A’, for a com-
mon-source circuit is given by

A

_ _gc._rn. R.
- Tos + (gh Tos + 1) RS+ RL

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:

Z, = ros + (gtaron+ 1) Rs

The common-drain arrangement,
shown in Fig. 150, is also fre-
quently referred to as a source-fol-

’

Vout
4 4\/)

= 92CS-25761

Fig. 150—Basic common-drain (or source-
follower) circuit for MOS transistors.
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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
voltage feedback; its gain A’ is
given by

Rs

A=
1
Rs + —

Because the amplification factor (u)
of an MOS transistor is usually much
greater than unity, the equation for
gain in the source-follower can be
simplified as follows:

_ g Rs
T 1+ guRs

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 Re is returned
to ground, as shown in Fig. 150, the
input resistance R: of the source-
follower is equal to Rq. If Rq is re-
turned to the source terminal, how-
ever, the effective input resistance
R/ is given by

AI

_ Re

—1—A

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

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

Cl'=cum+ (1—A)c

where c¢q and cg. 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 cga of 0.3
picofarad and a cg 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

R/ — To: Rs
® 7T (gtaTos + 1) Rs + ros

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

Co’ = Cas + Cia (I—A,A—)

where c4» 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 csa. and c,..

The common-gate circuit, shown
in Fig. 151, is used to transform
from a low input impedance to a
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
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Fig. 151—Basic common-gate circuit for
MOS transistors.

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

(gh rol_ + 1) RL
(gh Yos + 1) RG +ro- + RL

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

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. 152 illustrates each of the three
biasing techniques.

A=

(+)
lln Ry
i
D‘f - vos
| VGs (+) *
V6
Rg )
' % W

()

(=)

145

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 g¢. of 7400 micromhos,
the drain current Ir required for
the specified value of transconduct-
ance is first obtained from published
curves, such as those shown in Fig.
153(a). Next, the gate-to-source
voltage required for this value of
drain current is determined from
another published curve, such as the
solid-line curve shown in Fig.
153 (b). These curves indicate that
the drain current should be 5 milli-
amperes and that the gate-to-source
voltage should be —1.1 wvolts for
the specified values of drain-to-
source voltage and transconductance.
The source voltage Vs, the source
resistance Rs, and the de supply
voltage Vun can then be readily cal-
culated, as follows:

Vs = Vg — Vgg = 1.1 volts
Rs = Vg/Ip = 1.1/5 = 220 ohms
VDD = Vus + Vs = 15 + 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.

(+) +) (+)

' Q
Ip Ry 1Ip

i
(+)
Rz Rs
(=) (=) =

(b) C]
92Cs- 25763

Fig. 152—Biasing arrangements for single-gate MOS transistors: (a) self-bias circuit;
(b) fixed bias supply; (c) combination of self bias and fixed bias.
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Fig. 153—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,

The dashed-line curves in Fig.
153 (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 milli-
amperes to a high value of 25 milli-
amperes, a range of 20 milliamperes.
Use of a source resistor of 220 ohms,
as calculated in the preceding ex-
ample, 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
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of about 5 to 1 in the range of Inss
values among individual devices can
be achieved, therefore, by a judicious
choice of the proper value of- source
resistance.

Fixed-bias-supply systems, such as
that shown in Fig. 153(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. 153(b), for a
fixed bias supply of 1.1 volts, drain
current 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
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. 152(¢) 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. 154
shows two families of characteristic
curves developed empirically for the
combination bias system shown in
Fig. 152(¢). 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. 154 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
Inss for individual devices. A drain
current Iy 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
oif unless sufficient positive bias is
applied across the input resistors
(R: and R.) to establish the correct
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Fig. 154—Drain current Ip as a function of zero-bias drain current Ipgs for several
values of source resistance Rg.

operating point. The positive bias
voltage can be obtained from the
positive drain supply Vin 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.
152(¢) can be calculated as follows:

Vs = IpRs = (0.005)(1000)

= 5 volts
Va=Ves+Vs=—11+5

= 3.9 volts

Vo = Vos + Vs = 15 4+ 5
= 20 volts

VDD/VG = (Rl + Rz)/Rz = 20/3.9

= 5.12

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:

RR:/(R. + Rz) = 50,000
(R: 4+ R:)/R. = 5.12

Therefore, R, = 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. 155.

(+)

§ ==C2

Yoo
R
+) : R |

92C5-25766

Fig. 155—Circuit used to eliminate input-
circuit loading in rf-amplifier applications.
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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-

&
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S | AMBIENT TEMPERATURE (Ta)= 25°C
2 14|-FREQUENCY(f) = | kHz
T INPUT-SIGNAL LEVEL
12| (APPLIED TO GATE NO.1) *ImV
& '“[ DRAIN-TO-SOURCE VOLTS (Vpg) 15
i S |
& |
g & 1\\ TYPE 3NI40)|
8 8 O i
2 ) —N
3 oL \2
-»
: 68— #f\(? |N .
& V&
[ Q. |
7] &~
2 4w
s k\l
E |88 \
o2
N
;;‘ N N
@ O = [¢]
2 -2 -5 -1 05 o0 05 1
GATE-NO. | ~TO-SOURCE VOLTAGE
(Vgig)—VOLTS

(a)

AMBIENT TEMPERATURE (Tp)=25°C
DRAIN —TO —SOURCE VOLTS {Vpg)=I5

Y7 did
L1

TYPE 3NI40
==

GATE - NO.2 - TO ~ SOURCE
- VOLTS (Vgag)=—I

(s} " l l

-2 -1 0 | 2

GATE-NO.| - TO — SOURCE

VOLTAGE (Vg5 ) — VOLTS
(b)

92Cs5-25767

DRAIN CURRENT (Ip) — MILLIAMPERES

Fig. 156—Operating characteristics for the

RCA-3N140 dual-gate MOS transistor:

(a) forward transconductance as a function

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

current as a function of gate-No. I-to-
source voltage.
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sistor is required to operate with a
drain-to-source voltage Vps 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. 156(a), indi-
cate that the desired value of trans-
conductance can be obtained for a
gate No. 1-to-source voltage Veis of
—0.45 volt and a gate No. 2-to-source
voltage Ve of +44 volts. The
curves in Fig. 156 (b) show that for
these conditions the drain current
I, is 10 milliamperes.

Fig. 157 shows a biasing arrange-
ment that can be used for dual-gate
MOS field-effect transistors. For the

application being considered, the
vVaGe VoD
(REVERSE) t
AGC
Rage éfﬂ éﬂs TID
= T
, g ___f;) Vos
. v
Vg2 O—T—-1 62S
—VGIs

KIS &

= 92C5-25768

Fig. 157—-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 de supply voltage. For this
value of source resistance, the re-
maining parameters of the bias cir-
cuit are obtained from the following
calculations:
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Vs = InRs = (0.010) (270)

= 42.7 volts

Ver = Vais + Vs = (—0.45)
+ (4+2.7) = +2.25 volts

Voo = Vass + Vs = (4+4.0) + (4+2.7)
= 46.7 volts

Von = Vs + Vs = (+15) + (+2.7)
= +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 R./R. is
11.67.

The circuit shown in Fig. 157 is
normally used in rf amplifier appli-
cations. In this circuit, the signal
voltage is applied at point “a”
through appropriate input circuitry.
If the agc feature is not employed,
(e.g. in mixer circuits), the resistor
R.c. is disconnected at point “b.”
In a mixer application, the local os-
cillator signal is injected at point
llb‘l’

TECHNICAL FEATURES

It is apparent from the preceding

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

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

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

2. A wide dynamic range—MOS
transistors, therefore, can handle
positive and negative input-signal
excursions without diode-current
loading.
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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 offset voltage—this fea-
ture is especially desirable for chop-
per applications.

5. An exceptionally high forward
transconductance.

6. Negative temperature coeffi-
cient for the drain current—*“thermal
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. The following spe-
cial precautions, however, are neces-
sary in handling MOS-transistors
which do not contain integral-gate
protection systems:

Prior to assembly into a cir-
cuit, all leads should be kept
shorted together by either (a)
use of metal shorting springs
attached to the device by the



vendor, as shown in Fig. 367,
or (b) use of conductive foam
such as “ECCOSORB LS26” or
equivalent. (ECCOSORB is a
Trade Mark of Emerson &
Cuming, Inc.). Note: Poly-
styrene insulating “SNOW”
can acquire high static charges
and should not be used.

. When devices are removed by

hand from their carriers, the
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hand being used should be at
ground potential. Personnel
handling MOS transistors dur-
ing testing should ground
themselves, preferably at the
hand or wrist.

. Tips of soldering irons should

be grounded.

Devices should never be in-
serted into or removed from
circuits with power on.
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Thyristors (SCR’s and Triacs)

T 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, are the
most common types. These types
have three electrodes and are
switched between states by a current
pulse applied to the gate terminal.
Thyristors have become increas-
ingly important for use in power-
switching and power-control appli-
cations at voltages that range from
a few volts to more than 1000 volts
and current levels from less than
one-half ampere to more than 1000
amperes. As mentioned earlier in the
section Materials, Junctions, and
Devices, an SCR is basically a uni-
directional device that may be used
for both ac and de functions, and a
triac is a bidirectional device that
is used mainly for ac functions.
When power control involves con-
version of ac voltages and/or cur-
rents to de and control of their mag-
nitudes, SCR’s are used because of
their inherent rectifying properties.
SCR’s are also used in dc¢ switch-
ing applications such as pulse modu-
lators and inverters, because the cur-

rents in the switching device are
unidirectional. In addition, SCR’s
are generally used whenever the de-
sired function can be accomplished
adequately by this type of device
because of the economics involved.

Triacs, which have symmetrical
bidirectional electrical characteris-
tics, were developed specifically for
control of ac power. These devices
are used primarily to control the
power applied to a load from ac
power lines.

PELLET STRUCTURES

Fig. 158 shows a cross-sectional
diagram of a typical RCA SCR
pellet. The shorted-emitter construc-
tion used in RCA SCR’s can be
recognized by the metallic cathode
electrode in direct contact with the
p-type base layer around the pe-
riphery of the pellet. The gate, at
the center of the pellet, also makes
direct metallic contact 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. Be-
cause 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 threshold
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 to turn on the device.

In addition to providing a pre-
cisely controlled gate current, the
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Fig. 158—Cross section of a typical SCR pellet.

shorted-emitter construetion also im-
proves the high-temperature and
dv/dt (maximum allowable rate of
rise of off-state voltage) capabilities
of the device. The junction depletion
layer acts as a parallel-plate capaci-
tor which must be charged when
blocking voltage is applied. Because
the charging, or displacement, cur-
rent (i = Cdv/dt) into this capacitor
varies as the rate of rise of for-
ward voltage (dv/dt), a very high
dv/dt can result in a high current
between anode and cathode. If this
current crosses the n-type emitter
junction and is of the same order
of magnitude as the gate current, it
can trigger the device into the con-
ducting state. Such unwanted trig-
gering is minimized by the shorted-
emitter construction because the
peripheral contact of the p-type base
to the cathode electrode provides a
large-area parallel path by which
the dv/dt current can reach the
cathode electrode without ecrossing
the n-type emitter junction. (The
critical dv/dt value for thyristors
is discussed more fully in a subse-
quent paragraph.)

The center-gate construction of
the SCR pellet provides fast turn-
on and high di/dt capabilities (i.e.,
maximum rate of rise of forward

current). (Thyristor turn-on char-
acteristies and di/dt capabilities are
explained later in this section.) In
an SCR, conduction is initiated in
the cathode region immediately ad-
jacent to the gate contact and must
then propagate to the more remote
regions of the cathode. Switching
losses are influenced by the rate of
propagation of conduction and the
distance conduction must propagate
from the gate. With a central gate,
all regions of the cathode are in
close proximity to the initially con-
ducting region so that propagation
distance is significantly decreased;
as a result, switching losses are
minimized.

Fig. 159 shows a cross-sectional
diagram of a typical RCA triac pel-
let. In this device, the main-terminal-
1 electrode makes ohmic contact to
a p-type emitter as well as to an
n-type emitter. Similarly, the main-
terminal-2 electrode also makes
ohmic contact to both types of emit-
ters, but the p-type emitter of the
main-terminal-2 side is located op-
posite the n-type emitter of the
main-terminal-1 side, and the main-
terminal-2 n-type emitter is opposite
the main-terminal-1 p-type emitter.
The net result is two four-layer
switches in parallel, but oriented in
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Fig. 159—Cross section of a typical triac pellet.

opposite directions, in one silicon
pellet. This type of construction
makes it possible for a triac either
to block or to conduct current in
either direction between main termi-
nal 1 and main terminal 2.

The gate electrodes also makes
contact to both n- and p-type re-
gions. As a result, the device can
be triggered by either positive or
negative gate signals, for either
polarity of voltage between the
main-terminal electrodes. When the
triac is triggered by a positive gate
signal, conduction is initiated, as in
the SCR, by injection of electrons
from the main-terminal-1 n-type
emitter, and the gate n-type region
is passive. The gate n-type region
becomes active when the triac is
triggered by a negative gate signal,
because it then acts as the n-type
emitter of a grounded-base n-p-n
transistor. Electrons injected from
this region enter the n-type base
and cause a forward bias on one
of the p-type emitters, depending on
which is at the positive end of the
voltage between the main-terminal
electrodes.

The cathode of an SCR and the
main terminal 1 of a triac are fully
covered by a relatively heavy metal-
lic electrode. This electrode provides

a low-resistance path to distribute
current evenly over the cathode or
main-terminal-1 area and serves as
a thermal capacitor to absorb heat
generated by high surge or overload
currents. Junction-temperature ex-
cursions that result from such con-
ditions are, therefore, held to a
minimum.

PRINCIPAL
VOLTAGE-CURRENT
CHARACTERISTICS

The principal voltage-current
characteristics of SCR’s and triacs
indicate that these devices are ideal
for power switching applications.
When the voltage across the main
terminals of either type of thyris-
tor is below the breakover point,
the current through the device is
extremely small, and the thyristor
is effectively an open switch. When
the voltage across the main termi-
nals increases to a value exceeding
the breakover point, the thyristor
switches to its high-conduction state
and is effectively a closed switch.
The thyristor remains in the on
state until the current through the
main terminals drops below a value
which is called the holding current.
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When the source voltage of the main-
terminal circuit cannot support a
current equal to the holding current,
the thyristor reverts back to the
high-impedance off state.

SCR Characteristic

Fig. 160 shows the principal volt-
age-current characteristic curve for
an SCR. This curve shows that the
operation of an SCR under reverse-
bias conditions (anode negative with
respect to cathode) is very similar
to that of reverse-biased silicon rec-

R FIRST QUADRANT
ANODE (+)

HOLDING CURRENT I

"ON" STATE .
REVERSEBLOCKING | |, e axoven voLTace
¥ v
REVERSE “OFF* STATE
BREAKDOWN

VOLTAGE ‘

THIRD QUADRANT |
Fig. 160—Principal voltage-current charac-
teristic for an SCR.

tifiers or other solid-state diodes.
In this bias mode, the SCR exhibits
a very high internal impedance, and
only a slight amount of reverse cur-
rent, called the reverse blocking
current, flows through the p-n-p-n
structure. This ecurrent is very
small until the reverse voltage ex-
ceeds the reverse breakdown voltage;
beyond this point, however, the re-
verse current increases rapidly. The
value of the reverse breakdown volt-
age differs for individual SCR types.

During forward-bias operation
(anode positive with respect to cath-
ode), the p-n-p-n structure of the
SCR is electrically bistable and may
exhibit either a very high impedance
(forward-blocking or off state) or
a very low impedance (forward-
conducting or on state). In the for-
ward-blocking state, a small forward
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current, called the forward on-state
current, flows through the SCR. The
magnitude of this current is ap-
proximately the same as that of the
reverse-blocking current that flows
under reverse-bias conditions. As
the forward bias is increased, a volt-
age point is reached at which the
forward current increases rapidly,
and the SCR switches to the on
state. This value of voltage is called
the forward breakover voltage.

When the forward voltage exceeds
the breakover value, the voltage drop
across the SCR abruptly decreases
to a very low value, referred to as
the forward on-state voltage. When
an SCR is in the on state, the for-
ward current is limited primarily
by the impedance of the external
circuit. Increases in forward current
are accompanied by only slight in-
creases in forward voltage when
the SCR is in the state of high for-
ward conduection.

Triac Characteristic

A triac exhibits the forward-
blocking, forward-conducting volt-
age-current characteristic of a
p-n-p-n structure for either direc-
tion of applied voltage, as shown
in Fig. 161. This bidirectional
switching capability results because,
as mentioned previously, a triac
consists essentially of two p-n-p-n

FIRST QUADRANT
MAIN TERMINAL 2{+)

"OFF" STATE

BREAKOVER VOLTAGE

THIRD QUADRANT |
MAIN TERMINAL 2(-}

92C5-2i323

Fig. 161—Principal voltage-current charac-
teristic for a triac.
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devices of opposite orientation built
into the same crystal. The device,
therefore, operates basically as two
SCR’s connected in parallel, but
with the anode and cathode of one
SCR connected to the cathode and
anode, respectively, of the other
SCR. As a result, the operating
characteristics of the triac in the
first and third quadrants of the
voltage-current characteristics are
the same, except for the direction
of current flow and applied voltage.
The triac characteristics in these
quadrants are essentially identical
to those of an SCR operated in the
first quadrant. For the triac, how-
ever, the high-impedance state in
the third quadrant is referred to as
the off state rather than as the re-
verse-blocking state. Because of the
symmetrical construction of the
triac, the terms forward and reverse
are not used in reference to this
device.

Effect of Gate Current on
Voltage-Current Characteristics

The breakover voltage of a thy-
ristor can be varied, or controlled,
by injection of a signal at the gate
terminal. Fig. 162 shows curves of
breakover as a function of gate cur-
rent for first-quadrant operation of
an SCR. A similar set of curves can
be drawn for both the first and the
third quadrant to represent triac
operation.

When the gate current I; is zero,
the applied voltage must reach the
breakover voltage of the SCR or
triac before switching occurs. As the
value of gate current is increased,
however, the ability of a thyristor to
support applied voltage is reduced
and there is a certain value of gate
current at which the behavior of
the thyristor closely resembles that
of a rectifier. Because thyristor
turn-on, as a result of exceeding
the breakover voltage, can produce
instantaneous power dissipation dur-
ing the switching transition, an ir-
reversible condition may exist unless

155

BREAKOVER VOLTAG

92CsS-21324

Fig. 162—Thyristor breakover as a func-
tion of gate current.

the magnitude and rate of rise of
principal current is restricted to
tolerable levels. For normal opera-
tion, therefore, thyristors are oper-
ated at applied voltages lower than
the breakover voltage, and are made
to switch to the on state by gate
signals of sufficient amplitude to
assure complete turn-on independent
of the applied voltage. Once the
thyristor is triggered to the on state,
the principal-current flow is inde-
pendent of gate voltage or gate cur-
rent, and the device remains in the
on state until the principal-current
flow is reduced to a value below the
holding current required to sustain
regeneration.

The gate voltage and current re-
quired to switch a thyristor from
its high-impedance (off) state to its
low-impedance (on) state at maxi-
mum rated forward anode current
can be determined from the circuit
shown in Fig. 163. Resistor Rs is

R2

>5CR v

92C5-21347

'ZVTI: > Q

Fig. 163—Circuit used to measure thyristor
gate voltage and current switching
threshold.

o
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selected so that the anode current
specified in the manufacturer’s rat-
ings flows when the device latches
into its low-impedance or on state.
The value of R, is gradually de-
creased until the device under test is
switched from its off state to its
low-impedance or on state. The
values of gate current and gate volt-
age immediately prior to switching
are the values required to trigger
the thyristor. For an SCR, there is
only one mode of gate firing capable
of switching the device into the on
state, i.e., a positive gate signal for
a positive anode voltage. If the gate
polarity is reversed (negative volt-
age), the reverse current flow is
limited by the value of R. and the
gate-cathode internal shunt. The
value of power dissipated for the
reverse gate polarity is restricted
to the maximum power-dissipation
limit imposed by the manufacturer.

Because of its complex structure, a
triac can be triggered by either a
positive or a negatve gate signal,
regardless of the polarity of the volt-
age across the main terminals of
the device. The direction of the
principal current, however, in-
fluences the gate trigger current; as
a result, the magnitude of current
required to trigger the triac differs
for each triggering mode. The trig-
gering modes in which the principal
current is in the same direction as
the gate current require less gate
current than the triggering modes
in which the principal current is in
opposition to the gate current. The

I*O+ IO+
I
A l MT _
—_— -
Igr Igr

(b)
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directions of the gate current and
the principal current for each trig-
gering mode are indicated in the
junction diagrams in Fig. 29 in the
section Materials, Junctions, and De-
vices. For convenience, Fig. 164
shows these current directions in
relation to the schematic symbol of
a triac.

RATINGS AND
CHARACTERISTICS

Thyristors must be operated
within the maximum ratings speci-
fied by the manufacturer to assure
best results in terms of perform-
ance, life, and reliability. These rat-
ings define limiting values, deter-
mined on the basis of extensive
tests, that represent the best judg-
ment of the manufacturer of the
safe operating capability of the de-
vice.

Voltage Ratings

The voltage ratings of thyristors
are given for both steady-state and
transient operation and for both
forward- and 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 2 is positive with respect
to main terminal 1. Alternatively,

ot

(c)

(a)
92¢s-21326

Fig. 164—Gating conditions for each of the four triggering modes of a triac.
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this condition may be referred to as
operation in the first quadrant.

Off-State Voltages—The repetitive
peak off-state voltage Vouu is the
maximum value of off-state voltage,
either transient or steady-state, that
the thyristor should be required to
block under the stated conditions of
temperature 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 Viry 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
Voru. 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 Vyu. 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 (Vgzry) and
nonrepetitive peak reverse voltage
(VRHM).

The repetitive peak reverse volt-
age is the maximum allowable value
of reverse voltage, including all re-
petitive transient voltages, that may
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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-
counted 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 june-
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 thy-
ristor 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 solid-state diode, although the
magnitude may be slightly higher.
As in diodes, the on-state voltage-
drop characteristic is the major
source of power losses in the opera-
tion of the thyristor, and the tem-
peratures produced become a limit-
ing 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. 165 shows curves of the maxi-
mum average forward power dissipa-
tion for the RCA-2N3873 SCR as a
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function of average forward current
for dc operation and for various con-
duction angles. For the 2N3873, the
junction-to-case thermal resistance
#1-c is 0.92°C per watt and the maxi-
mum operating junction temperature
T; is 100°C. If the maximum case
temperature Teman is assumed to be
65°C, the maximum average forward
power dissipation can be determined
as follows:

Tl(mu) —T(‘-(nlu)

PAV(}(mu) =
03-0

_ (100 —65)°C

7 0.92°C/watt

= 38 watts
The maximum average forward cur-
rent rating for the specified condi-
tions can then be determined from
the rating curves shown in Fig. 165.
For example, if a conduction angle
of 180 degrees is assumed, the aver-
age forward current rating for a
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Fig. 165—Power-dissipation rating chart
for the 2N3873 SCR.
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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 for an SCR is usu-
ally specified for a half-sine-wave
current at a particular frequency.
Fig. 166 shows curves of the maxi-
mum allowable average on-state
current Itravw for the RCA-2N3873
SCR family as a function of case
temperature. Because peak and
rms currents may be high for
small conduction angles, the curves
in Fig. 166 also show maximum
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
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.
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Fig. 166—Current rating chart for the

2N3873 SCR.

The on-state current rating for a
triac is given only in rms values be-
cause these devices normally conduct
alternating current. Fig. 167 shows
an rms on-state current rating curve
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-
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Fig. 167—Current rating chart for a typi-
cal RCA triac.
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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
Itecurer 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. 168 shows a surge-
current rating curve for the 2N3873
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92c3-21338
Fig. 168—Surge-current rating curve for
the 2N3873 SCR.

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. 169 shows a
surge-current rating curve for a typi-
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
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Fig. 169—Surge-current rating curve for a
typical triac.

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-

disdteIey/2h

T
- 'I |‘“ 92¢5-21339

Fig. 170—Voltage and current waveforms
used to determine di/dt rating of the
2N3873 SCR.
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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. 170. The critical rate
of rise of on-state current is depen-
dent upon the size of the cathode
area that begins to conduct initially,
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.

Holding and Latching
Currents

After an SCR or triac has been
switched to the on-state condition,
a certain minimurn 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 current (Iu) is
sensitive to changes in temperature
(increases as temperature de-
creases), this rating is specified 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
an important consideration when a
thyristor is to be used with an induc-
tive load because the inductance
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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.

Turn-on Time

The ratings of thyristors are based
primarily upon the amount of heat
generated within the device pellet
and the ability of the device package
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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. 171. 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 resistive 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. 171—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
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



162

off-state voltage and the peak on-
state current level, it is influenced
primarily by the magnitude of the
gate-trigger current pu]se Fig. 172
shows the variation in turn-on time
with gate-trigger current for the
RCA-2N3873 SCR.
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Fig. 172—Range of turn-on time as a

function of gate current for the 2N 3873
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. 173. This initial volt-
age, together with the time required
for reduction of the dynamie 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
thyristor under such conditions is
shown in Fig. 174. The curves shown
in this figure indicate that the peak
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Fig. 173—Initial on-state voltage and cur-
rent waveforms for the 2N3873 SCR.
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Fig. 174—Instantaneous power dissipation
in a thyristor during turn-on.

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

Turn-off Time (for SCR’s)

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. 175. When the
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Fig. 175-—Circuit-commutated  turn-off
voltage 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
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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.

The gate-recovery time of an SCR
is usually much longer than the re-
verse-recovery 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 significant 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.

Commutating dv/dt Capability
(of Triacs)

In ac power-control applications,
a triac must switch from the con-
ducting state to the blocking state
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-
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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. 176, is consid-
ered to be divided into two halves.
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Fig. 176—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. 176.)

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.
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When the voltage changes direction,
the remaining charge diffuses into
the opposite half of the triac struec-
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 (Vuron);

4. the maximum commutating di/dt
(where di/dt = 27fIx)

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 triae.

Fig. 177 indicates how the com-
mutating dv/dt eapability 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

COMMUTATING
di/gt
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= RATED CASE
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-

TRIAC VOLTAGE

COMMUTATING CAPABILITY
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Fig. 177—Dependence of triac commutat-
ing capability on current and frequency.
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60-Hz on-state current is reduced
(dashed-line), then its associated
commutating dv/dt capability is in-
creased. It should be noted that
as 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.
RCA offers a complete line of triacs
rated for 400-Hz operation.

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. 178 and 179 indicate
how the frequency capability of a
typical RCA 400-Hz triac can be
increased. Fig. 178 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. 179 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
400-Hz triac is used at less than its
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Fig. 178—Frequency capability of a

400-Hz triac as a function of load current.
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Fig. 179—Frequency capability of a
400-Hz triac as a function of junction
temperature.

maximum rated junction tempera-
ture and less than its rated current,
its frequency capability is greatly
enhanced.

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.

Gate Characteristics

The manufacturer’s specifications
indicate the magnitudes of gate cur-
rent and voltage required to turn
on SCR’s and triacs. Gate charac-
teristics, 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. 180 is given to
define the limits of gate currents
and voltages that may be used to
trigger any given device of a spe-
cific family. The boundary lines of
maximum and minimum gate imped-
ance on this characteristic diagram
represent the loci of all possible
triggering points for thyristors in
this family. The curve OA represents
the gate characteristic of a specific
device that is triggered within the
shaded area.
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Fig. 180—Gate-characteristic curves for a
typical RCA SCR.

Trigger Level—The magnitude of
gate current and voltage required
to trigger a thyristor varies in-
versely with junction temperature.
As the junction temperature in-
creases, the level of gate signal re-
qured to trigger the thyristor be-
comes smaller. Worst-case triggering
conditions occur, therefore, at the
minimum operating junction tem-
perature.

The maximum value of gate volt-
age below the level required to
trigger any unit of a specific thyris-
tor family is also an important gate
characteristic. At high operating
temperatures, the level of gate volt-
age required to trigger a thyristor
approaches the minimum value, and
undesirable noise signals may inad-
vertently trigger the device. The
maximum nontriggering gate volt-
age at the maximum operating junc-
tion temperature of the device,
therefore, is a measure of the noise-
rejection level of a thyristor.

The gate voltage and current re-
quired to switch a thyristor to its
low-impedance state at maximum
rated forward anode current can
be determined from the circuit
shown in Fig. 181. The value of
resistor R. is chosen so that maxi-
mum anode current, as specified in
the manufacturer’s current rating,

RCA Solid-State Devices Manual

flows when the device latches into
its low-impedance state. The value
of resistor R, is gradually decreased
until the device under test is
switched from its high-impedance
state to its low-impedance state. The
values of gate current and gate volt-
age immediately prior to switching
are the gate voltage and current
required to trigger the thyristor.
The gate nontrigger voltage Ven
is the maximum dc gate voltage that
may be applied between gate and
cathode of the thyristor for which
the device can maintain its maxi-
mum rated blocking voltage. This
voltage is usually specified at
the rated operating temperature
(100°C) of the thyristor. Noise sig-
nals in the gate circuit should be
maintained below this level to pre-
vent unwanted triggering of the

thyristor. R

92CS‘-25D67
Fig. 181—Test circuit used to determine
gate-trigger-pulse requirements of
thyristors.

Pulse Triggering—The gate cur-
rent specified in published data for
thyristors is the de¢ gate trigger cur-
rent required to switch an SCR or
triac into its low-impedance state.
For practical purposes, this de
value can be considered equivalent
to a pulse current that has a mini-
mum pulse width of 50 microseconds.
For gate-current pulse widths
smaller than 50 microseconds, the
pulse-current curves associated with
a particular device should be used
to assure turn-on.

When pulse triggering of a thy-
ristor is required, it is always ad-
vantageous to provide a gate-cur-
rent pulse that has a magnitude
exceeding the dc value required to
trigger the device. The use of large
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trigger currents reduces variations
in turn-on time, increases di/dt
capability, minimizes the effect of
temperature variation on triggering
characteristics, and makes possible
very short switching times. When a
thyristor is initially triggered into
conduction, the current is confined
to a small area which is usually the
more sensitive part of the cathode.
If the anode-current magnitude is
great, the localized instantaneous
power dissipation may result in ir-
reversible damage unless the rate
of rise of principal current is re-
stricted to tolerable levels to allow
time for current spreading over a
larger area. When a much larger
gate signal is applied, a greater part
of the cathode is turned on initially;
as a result, turn-on time is reduced,
and the thyristor can support a
much larger peak anode inrush
current.

In the past, the maximum value
of gate signal that could be used to
trigger a thyristor was severely re-
stricted by minimum dec triggering
requirements and limitations on
maximum gate power. The coaxial
gate structure and the ‘“shorted-
emitter” construction techniques now
used in RCA thyristors, however,
has greatly extended the range of
limiting gate characteristics. As a
result, the gate-dissipation ratings
of RCA thyristors are compatible
with the power-handling capabilities
of elements normally used in the
triggering circuits for thyristors.
Advantage can be taken of the
higher peak-power capability of the
gate to improve dynamic perform-
ance, increase di/dt capability, mini-
mize interpulse jitter, and reduce
switching losses. This higher peak-
power capability also allows greater
interchangeability of thyristors in
high-performance applications.

As explained previously, the
“shorted-emitter” technique makes
use of the resistance path within
the gate layer which is in direct
contact with the cathode electrode
of the thyristor. When gate current
is first initiated, most of the cur-
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rent bypasses the gate-to-cathode
junction and flows from the resistive
gate layer to the cathode contact.
When the IR drop in this gate layer
exceeds the threshold voltage of the
gate-to-cathode junction, the current
across this junction increases until
the thyristor is triggered.

When a thyristor is triggered by
a gate signal just sufficient to turn
on the device, the entire junction
area does not start to conduct in-
stantaneously. Instead, as pointed
out in the discussion on Critical
Rate of Rise of On-State Current,
the device current is confined to
a small area, which is usually the
most sensitive part of the cathode.
The remaining cathode area turns
on as the anode current increases.
When a much larger signal is ap-
plied to the gate, a greater part of
the cathode is turned on initially
and the time to complete the turn-on
process is reduced. The peak ampli-
tude of gate-trigger currents must
be large, therefore, when thyristors
have to be turned on completely in a
short period of time. Under such
conditions, the peak gate power is
high, and pulse triggering is re-
quired to keep the average gate
dissipation within the values given
in the manufacturer’s specifications.
New gate ratings, therefore, are re-
quired for this type of application.

The forward gate characteristics
for thyristors shown in Figs. 182 and
183, indicate the maximum allowable
pulse widths for various peak values
of gate input power. The pulse
width is determined by the relation-
ship that exists between gate power
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input and the increase in the tem-
perature of the thyristor pellet
that results from the application of
gate power. The curves shown in
Fig. 182 are for RCA SCR’s that
have relatively small current ratings
(2N4101 and 2N4102 types), and the
curves shown in Fig. 183 are for
RCA SCR’s that have larger current
40
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Fig. 183—Forward-gate characteristics for
pulse triggering of RCA high-current
SCR’s.

ratings (2N3670, 2N3873, and
2N3899 types). Because the higher-
current thyristors have larger pel-
lets, they also have greater thermal
capacities than the smaller-current
devices. Wider gate trigger pulses
can therefore be used on these de-
vices for the same peak value of
gate input power.

Because of the resistive nature
of the ‘“shorted-emitter” construc-
tion, similar volt-ampere curves can
be constructed for reverse gate volt-
ages and currents, with maximum
allowable pulse widths for various
peak-power values, as shown in Fig.
184. These curves indicate that re-
verse dissipations do not exceed the
maximum allowable power dissipa-
tion for the device.

The total average dissipation
caused by gate trigger pulses is the
sum of the average forward and
reverse dissipations. This total dissi-
pation should be less than the Maxi-
mum Gate Power Dissipation Pou
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-
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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 gate-trigger requirements of
the triac are different in each operat-
ing mode. The I* mode (gate posi-
tive with respect to main terminal
1 and main terminal 2 positive with
respect to main terminal 1), which
is comparable to equivalent SCR
operation, is usually the most sensi-
tive. The smallest gate current is
required to trigger the triac in
this mode. The other three oper-
ating 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
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Fig. 184—Reverse gate characteristics of
RCA SCR’s: (a) low-current types; (b)
high-current types.
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to trigger the selected device in any
operating mode.

Gate Trigger Circuits—The gate
signal 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 de voltage and current. Because
it is common practice to pulse-fire
thyristors, it is also necessary to
consider the duration of the fir-
ing 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 is decreased, and the width
of the gate pulse may be reduced.
When highly inductive loads are
used, the inductance controls the cur-
rent-rise portion of the turn-on time.
For this type of load, the width of
the gate pulse must be made long
enough to 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 a 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 opera-
tion 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. 185.
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Fig. 185—Degree of control over conduc-
tion angles when ac resistive network is
used to trigger SCR's and triacs.
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Each circuit shows a variable re-
sistor in the gate circuit to control
the conduction angle of the thyristor.
The waveforms indicating the de-
gree of control exercised by the
variable resistance are also shown
in Fig. 185. With maximum resist-
ance in either circuit, the thyristor is
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
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total conduction angle approaching
360 degrees.

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. 186 shows the simplest
form of such networks for use with
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Fig. 186—RC triggering networks used for
phase-control triggering of thyristors.

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
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
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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. Basically, a thy-
ristor triggering device exhibits a
negative resistance after a critical
voltage is reached, so that the
gate-current requirement of the
thyristor can be obtained as a pulse
from the discharge of the phase-
shift capacitor. Because the gate
pulse need be only microseconds in
duration, the gate-pulse energy and
the size of the triggering compon-
ents are relatively small. Trigger-
ing circuits of this type employ
elements such as neon bulbs, diacs,
unijunction transistors, and two-
transistor switches.

Fig. 187 shows a light-dimming
circuit in which a diac is used to
trigger a triac. The voltage-current
characteristic for the diac in this
circuit is shown in Fig. 188(a). The

92C€s-26213

Fig. 187—A light-dimmer circuit in which
a diac is used to trigger a triac.

magnitude and duration of the
gate-current pulse are determined
by the interaction of the capacitor
C,, the diac characteristics, and the
impedance of the thyristor gate.
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Fig. 188(b) shows the typical shape
of the gate-current pulse that is
produced.
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Fig. 188—(a) Voltage-current characteris-

tic for triggering device (diac) and (b)

typical gate-current waveform for circuit
shown in Fig. 187.

TRANSIENT PROTECTION

Voltage transients occur in elec-
trical systems when some disturb-
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

m

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 on 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 a 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
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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. 189. The rate at
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Fig. 189—Circuit showing use of RC

snubber network to minimize effects of

voltage transients and use of an inductance

in series with the load for suppression of
transient rise times.

which the voltage rises at the thyris-
tor terminal is a function of the load
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
at the thyristor terminals. The snub-
ber resistance should be selected to
minimize the capacitor discharge
currents through the thyristor dur-
ing 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. 189, is very
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effective for suppression of transient
rise times at the thyristor termi-
nals. For example, if a transient of
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../y/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.

RFI SUPPRESSION

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
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-
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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/de
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. 190. The LC filter provides

100uH

120 VAC
OR THYRISTOR
240 VAC AND
60 Hz CONTROL CIRCUIT
T
S0uH
120 VAC
OR THYRISTOR
240 VAC AND
60 Hz CONTROL CIRCUIT

50 uH

92¢s-26158

Fig. 190—RFI-suppression networks (C =
0.1 uF, 200 V at 120 V ac; 0.1 uF, 400 V
ar 240 V ac).
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adequate attenuation of the high-
frequency harmonics and reduces
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. 191 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

T

Fig. 191—Lamp-control circuit incorporat-
ing RFI suppression.

92¢s-26139

RCA PRODUCT MATRICES

The product matrices shown in
Tables XXI and XXII indicate the
wide range of operating voltages
and currents and the variety of
package configurations offered by the
extensive selection of RCA triacs
and SCR’s. Detailed ratings and
characteristics data on all currently
available commercial types of RCA
thyristors are given in the RCA
Solid State DATABOOK Series
SSD-206, “Thyristors, Rectifiers,
and Diacs,” or in the RCA technical
bulletins on each device. The file
numbers for the technical bulletins
are listed in the product matrices.
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Table XXI—RCA Triac Product Matrix

RCA
Triacs

Modified TO-5

Moditied TO-5 With Heat Radiator

T0-66

1 YIRMSI 284 | 25a | 2sa | 28a | 254 | 25 | ﬂ__} 25a | ™ woa |
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200 773008 | V73018 | V23028 | w5256 | 723108 | T23118 | 722128 | 723138 | v27008 | T47008 |
400 723000 | 173010 | 7123020 | aws756 | 123100 | 123110 | Y2120 | 723130 [ v27000 | v47000 |
2 800 ]
§ 600 msrs? T231m | j ]
< 800 | i . iE ] i
% [igrimar 1
O 2 e = JE10NE— 25 T ._P%__;_—
L jro feo |3 ‘ O S—
VGrivi i
22 22 | 22 | 22 22 22t 22 |
[ ae | an D an ate 351
VopRomtv) 100 - | vasoea | 173164
200 723088 123168
§’ e« | ] 1 723080 t_ - T 23160
53 %66 T T T T T
gg 800 S S ! —_— - 4
2% ligrima)
§ Lol I _', L 45 s
VGTIV) 1
Yo 1110 4| B KT S T TS
e No 406 06 406
! V(RS S 054 S— —
vorom(V) 200 173048
3 400 723040
;‘E TGTimAl T T
§= 10 198 LI I . !
Y LERLLUN 10 | o | 1
vgTivl T
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Table XXI—RCA Triac Product Matrix (cont'd)
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R c A TO-66
With TO-220A8 Press Fit
Triacs Heat VERSAWATT
Radiator
ISOWATT
| ITfAMS) 80A 8a | 8A | 804 8A 8a | 10.0A 1504 |
'ISm | Y00A 60A 80A | 1004 100A 004 | 1004 100A
VoRoMIV) 100 T2850A
200 T27108 | T75008 | T280%8 | T28008 | 726028 | rzmsos | T aseer | ansent o
A 300 [ T vamorc | v2s0oc | T2802C | B I S ]
€ 400 27100 | T25000 | 728010 | T2moop | 728020 | T28s00 | | ansses | mssiz
] 500 T2801€ | T2800F | T280ZE I —_—
; z B T2800M | T2802M 1 Ta101m | Tatoom |
S S S St S N S S —
IGTimAl
10, 191 2% % 80 25 50 » 2% 50
1-, 111+ 40 80 - 80 - 80 40 80
VGTivi o
AH Modes 22 _zs___‘__‘ih 25 z_j‘ 25 i 25 25
Fite No. 381 815 837 838 838 540 457 458
VOROMIV) 100
200 T27168 T78088 Tar078 | Tar088
-
g 400 T27160 128060 T41070 | T41060
500 T — =
E2 600
Ll pee
L ts, 110 a5 45 as s |
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g € 1e, V11— 50 50 50
8 [EREID 80 80 &0
vGTivl
All Modes 28 25 25
Fite No. “ 3 443

® ISOWATT — Mounting tab electrically isolated from electrodes. 41% 11— only.
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Table XXI—RCA Triac Product Matrix (cont'd)

RC.A Stud Isolated Stud Press Fit Stud
Triacs
iriRms) 1004 15.04 10.0a 15.0a | 30.0a 00a | 300a | 40.0a
™ 1004 100A 100A 100A 300A 300 300A 300a |
[Voroutvi 100
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Table XXI—RCA Triac Product Matrix (cont’d)

RC.A tsolated Stud Press Fit*® Stud® fsolated Stud®
Triacs
I7{AMS) 30.0A 400A 0 004 s0a | son | eoa 00A
™ 300A 300A 600A 9604 600A 8604 600A 8504
VoromIVI__ 100
[ 200 784218 | Te4208 | T84018 | TS4308 | Teans | Taseom | Teaz1s | Taasce
2 400 T84210 | T84200 | T84010 | TS4300 | T8411D | T84s00 | Tsa210 | Teasoo
& 600
2 000 Toa2iM | T8420M ‘| Te40tM | Teed0m | Teatim | Teesom | Teaztm | Teasom
3 800 TeA420N
IgTimA) |
1o, 111 50 50 7 % 75 5 L) ™
1=, 1114 80 0 150 150 150 150 150 150
VTtV T ]
AN Modw 28 28 28 28 28 |25 28 |28
Fuie No 450 560 17 540 7 549 125 5e0
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© Package has factory-sttached Hexible leads for main terminals 1 and 2,
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Table XXII—RCA SCR Product Matrix

FI'—O ~ Fast Turn-Off
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Table XXII—RCA SCR Product Matrix (cont'd)
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Integrated Circuits for

Linear Applications

THE design of linear (analog) cir-
cuits involves selection and inter-
connection of an optimum combi-
nation of active and passive compo-
nents to accomplish a particular
signal-processing function with due
consideration to factors such as effi-
ciency, reliability, and cost. This
general rule is valid whether discrete
components and/or integrated cir-
cuits are employed.

The advent of integrated circuits
has freed the system designer from
a considerable amount of detailed
work because the integrated-circuit
industry now offers him a vast selec-
tion of “function blocks” (e.g.,
amplifiers, voltage regulators, com-
parators, and a large variety of
special-purpose circuits). Because
these predesigned electronic function
blocks are readily available, the cir-
cuit designer can quickly synthesize
and test a complex system with the
assurance that the integrated-circuit
manufacturer has already spent con-
siderable effort in optimizing the
detailed design of each function
block. For example, the design of a
power-supply is simplified consid-
erably by selection of an appropriate
integrated-circuit voltage regulator.

In order to “partition” a particu-
lar system most effectively, the pro-
ficient designer must acquire and
maintain a familiarity with the
available integrated-circuit types
and their characteristics. It is per-
tinent, therefore, to review the fune-
tional classification of integrated

circuits for linear circuit applica-
tions and describe illustrative ex-
amples. The following list indicates
the various functional classes of
RCA integrated circuits available
for use in linear applications:

Active-Device Arrays
Transistor Arrays

Diode Arrays
Thyristor/Transistor Arrays
Transistor/Zener-Diode Arrays

Differential Amplifiers

Operational Amplifiers (Op-Amps)

Operational Voltage Amplifiers

Operational Transconductance
Amplifiers

Comparators

Power-Control Circuits
Voltage Regulators
Zero-Voltage Switching Circuits
Programmable Power Switches

Special-Purpose Circuits

AM and FM Radio Receiver Cir-
cuits (including stereo decoders
and audio amplifiers)

TV Receiver Circuits

Analog Multipliers

Phase-Locked Loops

Analog Timing Circuits

Optoelectronic Circuits
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INTEGRATED-CIRCUIT
ARRAYS

Integrated-circuit transistor and
diode arrays provide many of the in-
herent advantages of monolithic in-
tegrated circuits without the limita-
tions sometimes encountered in
integrated circuits that contain pas-
sive circuit elements (e.g., resistors).
They offer the designer a unique
class of solid-state devices that fea-
ture matched electrical and thermal
characteristics, compactness, ease of
physical handling, and economy.

Before examining specific designs
of integrated-circuit arrays it is in-
structive to summarize some major
advantageous characteristics ex-
hibited by transistors and diodes
fabricated within a common silicon
substrate.

Matched voltage-transfer charac-
teristics: The base-to-emitter volt-
age of two integrated-circuit transis-
tors operated at the same emitter
current typically are matched to
within 2 to 3 per cent over the cur-
rent range of 50 microamperes to 1
milliampere.

Matched current-transfer charac-
teristics: The current-transfer char-
acteristics of two juxtaposed inte-
grated-circuit transistors typically
are matched to within 2 to 3 per
cent over the current range of 50
microamperes to 1 milliampere.

Matched thermal characteristics:
If no power were dissipated on the
integrated-circuit chip, all transis-
tors on the same chip would be at
the same temperature. Consequently,
even at the outset, the use of inte-
grated-circuit transistors can offer
advantages over discrete transistors
when a particular circuit requires
thermal-tracking between several
active components. Thermal-track-
ing techniques that would be imprac-
tical with discrete transistors can
be successfully executed by use of
integrated-circuit arrays.
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Transistor Arrays

Fig. 192 shows the configuration
of a very popular integrated-circuit
transistor array. This array, the
CA3046, contains three independent
n-p-n transistors plus two other
n-p-n transistors with intercon-
nected emitters. Electrical-match
characteristics of the two emitter-
coupled transistors (Q. and Qz) have
been specified for applications that

2 1 S 4 | 14

8 ?
Q ozT Q3 Q Qg
[

Fig. 192—CA3046 integrated-circuit tran-
sistor array.

79 10 12 13

15206 SUB-
92CS -15:i STRATE

require electrical similarity (e.g.,
differential amplifiers and current-
mirrors). For example, the specified
maximum magnitude of input offset
voltage for this pair of transistors
is 5 millivolts (Ve = 3 volts, Ic =
1 milliampere).

The applications for the transis-
tor array shown in Fig. 192 are vir-
tually as varied as is the case for
discrete transistors with similar
characteristics. A wide variety of
bipolar transistor arrays is avail-
able for use at supply voltages up
to about 40 volts with average-
current capabilities in some types of
up to 100 milliamperes. Several types
have n-p-n and p-n-p transistors on
the same monolithic chip. One type,
the CA3097E, contains an assori-
ment of devices, viz., a programmable
unijunction transistor (PUT), a sili-
con-controlled rectifier (SCR), a
zener diode, a composite combination
of n-p-n and p-n-p transistors, and
an n-p-n transistor of 100 milli-
ampere capability.

Another example of an inte-
grated-circuit transistor array, the
CAS3600E, is shown in Fig. 193. This
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Fig. 193—CA3600E COS/MOS integrated-
circuit transistor array.

array consists of three n-channel
and three p-channel enhancement-
type MOS transistors, i.e., COm-
plementary-Symmetry MOS (COS/
MOS) Field-Effect Transistors. These
transistors are uniquely suitable for
service in complementary-symmetry
circuits at supply voltages in the

INPUT €I

Rs

(VIN)

Gn

1/3 CA3600E
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range of 3 to 15 volts and are useful
at frequencies up to 56 MHz (un-
tuned). Each transistor in the
CA3600E can conduct currents up
to 10 mA. The transistors feature
very high input resistance (10"
ohms, typically) and low gate-termi-
nal current (10 picoamperes, typi-
cally). Integral gate-protection cir-
cuitry is provided in the CA3600E.
Fig. 194 shows the schematic dia-
gram of a single-stage “true-com-
plementary” linear amplifier that
uses one pair of the complementary
MOS transistors in the CA3600E
connected in a common-source cir-
cuit. Resistor Ry is used to bias the
complementary pair of transistors
for class A operation, and resistor
R. represents the source resistance
of the signal source. The curves in
Fig. 195 show the voltage gain of
the amplifier as a function of operat-
ing frequency for various supply
voltages. This amplifier can produce
very high output-swing voltages
(Vour) ; for example, its output volt-
ages can swing within several milli-
volts of either supply voltage “rail”.
At a supply voltage of 3 volts, the
amplifier typically requires only 0.3
microamperes of supply-current; at
a supply voltage of 10 volts, it con-
sumes 2.2 milliamperes typically.

+Vpp

Sh ouUTPUT

T —O
—= 3,4,6,7,9

92¢s-21528

Fig. 194—COS/MOS transistor-pair biased for linear-mode operation.
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Fig. 195—Typical voltage gain as a func-
tion of frequency characteristics for ampli-
fier circuit shown in Fig. 194.

Diode Arrays

Fig. 196 shows the configuration
of a typical integrated-circuit diode
array, the CA3039, together with
some of its electrical characteristics.
Because all the diodes in the CA3039
array are fabricated simultaneously
on a single silicon chip, they have

taf 19 04 1

SUBSTRATE
AND CASE

Vg =0.90V (max.} at Ig = 10 mA
Vg = 0.69V (max.) at If = 50 uA
Diode offset voltage

...... 5 mV (max.) at Ig = 1 mA
PLV for D1 throughD5 . . .. .. 5V
DC Leakage Current

...... 100 nA {max.) at Vg = —4V
Reverse Recovery Time

...... 1nS (typ.)

Total Device Dissipation

...... 600 mW (max.)

Cp = 0.65 pF (typ.) at Vg = -2V
10-Lead TO-5 Package

92CS- 15262

Fig. 196—Schematic diagram and some
characteristics of the CA3039 integrated-
circuit diode array.
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nearly identical characteristics, and
their parameters track each other
with temperature variations as a
result of their close physical prox-
imity. The temperature coefficient of
the diode offset voltage variation is
typically about 1 microvolt per °C.
Excellent static and dynamic match-
ing of the diodes makes them par-
ticularly useful in communications
and switching systems that require
balanced or bridge circuitry.

The diodes in the CA3039 are ac-
tually diode-connected transistors,
connected as shown in Fig. 197. This
connection provides a low-voltage
diode with low series resistance for
general-purpose use. It should be
noted that any of the transistors
shown in Fig. 192 can be diode-
connected in accordance with Fig.
197 to provide a diode which is rea-

+ +

"

92CS5-25774

Fig. 197—Diagram showing use of a tran-
sistor as a diode.

sonably well matched to transistors
on the same chip. Connection of the
collector and base of a monolithic
transistor to serve as the anode of
the diode provides a two-element de-
vice which has a good electrical and
thermal match to other transistors
on the chip for use in thermal-com-
pensation circuitry.

At this juncture, it is also appro-
priate to observe that the emitter-
base junction of a monolithic tran-
sistor (such as those shown in Fig.
192) may be biased in the reverse
direction to provide a zener diode.
The generic connection scheme for
such a zener-equivalent element is
shown in Fig. 198(a). When tran-
sistors like those in the CA3046
(shown in Fig. 192) are used, the
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zener voltage is approximately 7
volts, and the dynamic impedance
is in the range of 60 to 100 ohms.
In this connection [Fig. 198(a)],
the zener diode exhibits a positive
temperature coefficient in the order
of 2 millivolts per °C. When a lower
dynamic impedance is desired, a
transistor may be used as an emitter-

ﬁ,

+
— /(o)
+
5_(?
(c) 92C8-25773

Fig. 198—Diagrams showing (a) use of a
transistor emitter-base junction to provide
a zener diode, (b) connection of a transis-
tor eniitter-follower to provide lower dy-
namic impedance, and (c) a temperature-
compensated zener diode.

follower for the diode, as shown in
Fig. 198(b). This configuration pro-
vides an equivalent zener voltage of
approximately 6.3 volts with a tem-
perature coefficient of 44 millivolts
per °C. Fig. 198(c) shows an ar-
rangement for a higher-impedance
zener-diode equivalent which is
more nearly temperature-compen-
sated; this diode provides a zener
voltage of approximately 7.7 volts.
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DIFFERENTIAL AMPLIFIERS

The balanced differential amplifier
shown in Fig. 199 is the basic con-
figuration used to provide signal gain
in linear integrated circuits. This
configuration is the fundamental
building block for a broad line of
RCA all-monolithic-silicon integrated
circuits designed for a wide variety
of linear applications at frequencies
from de into the vhf region. The
differential pair of monolithic trah-
sistors Q, and Q. function in the
same way as a pair of discrete tran-
sistors operated in a similar circuit
configuration. The superior match
of the integrated-circuit transistors,
however, permits substantially better
balanced operation than a discrete-
transistor circuit.

Basic Circuit

The currents to the emitter-coupled
differential transistors (Q, and Q.)
are supplied from a controlled con-
stant-current source (either a tran-
sistor or a resistor). Temperature-
compensating networks ecan be
readily incorporated as an integral
part of the controlled-source eir-
cuit to assure that circiut gain, de
operating point, and other impor-
tant characteristics vary as required
over the operating temperature
range. The differential amplifier

Ic|l Ico 1V"’

—

CONSTANT-_L
CURRENT =
92¢s-25772 SOURCE

Fig. 199—Balanced differential-amplifier
configuration used as the basic gain stage
for RCA linear integrated circuits.
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shown in Fig. 199 is connected to
operate from symmetrical dual posi-
tive and negative supply voltages
(V* and V-). Single-supply opera-
tion is also feasible, but requires an
external voltage-divider network for
proper biasing of the bases of the
transistors.

The balanced differential amplifier
may be considered as two symmetri-
cally arranged “half-circuits,” each
with a transistor (Q, or Q:) and a
load resistor (Re or Re.). If the
characteristics of the transistor-re-
sistor pairs are identical, the two
“half-circuits” are perfectly matched
and can be mated without introduc-
tion of a circuit unbalance when
the emitters of Q. and Q. are joined
and the transistors are operated from
common dc supplies. If the two in-
put voltages Vu and Vas are either
zero or equal in magnitude and of
the same polarity, the amplifier does
not become unbalanced because the
collector currents Ic: and Ic. remain
equal; a zero voltage difference,
therefore, is maintained between the
collectors of transistors Q. and Q..

It is apparent from Fig. 199 that
the sum of the emitter currents Ir
and Ig is always equal to the con-
stant source current Io,. Conse-
quently, an increase in one of the
emitter currents is accompanied by
an equal decrease in the other emit-
ter current. This current relation-
ship, of course, depends upon the
quality of the constant-current
source.

When the base of transistor Q.
is driven positive with respect to
the base of transistor Qs (i.e., a dif-
ferential input is applied), the cur-
rent through Q, increases, and the
current through Q. decreases equally
so that the source current I, remains
constant. For these conditions, Ia
is larger than Ic; and a voltage dif-
ference is developed between the
transistor collectors such that the
collector voltage of Q: is more posi-
tive than the collector voltage of
Q.. The differential input voltage,
therefore, produces a differential
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output voltage. This sequence of
events describes the operation of the
differential amplifier in the differ-
ential-input, differential-output mode.

The differential amplifier is a
versatile configuration that offers a
number of circuit-connection modes.
For example, if the voltage Va: alone
increases in a positive direction with
respect to ground, the voltage at the
collector of Q. decreases with re-
spect to ground. With the output
taken from the collector of Q,, the
differential amplifier, then, operates
as though it were merely a classical
single-stage, phase-inverting tran-
sistor amplifier. This type of opera-
tion is referred to as the single-
ended-input, single-ended-output in-
verting mode of the differential am-
plifier.

In view of the fact that an increase
in the current through Q, results in
an attendant decrease in the current
through Q: (to maintain a constant
I»), a positive-going increase in Vg,
alone also results in an increase in
the voltage at the collector of Q.
with respect to ground. With the out-
put taken from the collector of Q.
the differential amplifier then oper-
ates in the single-ended-input, single-
ended-output noninverting mode, i.e.,
merely as a classical single-stage
non-inverting transistor amplifier.

The differential amplifier may also
be operated in the differential-input,
single-ended output mode, In this
mode of operation, the output volt-
age is coupled from the collector of
either Q, or Q. in response to a
differential input voltage (Va: —
Vsa:) applied between the bases of
the two transistors.

The ratio of the change in collec-
tor voltage to the “difference” in the
base voltages is the differential volt-
age gain (A,). If the collector-to-
collector voltage is used in the gain
ratio, the result is referred to as the
double-ended differential-voltage gain
(Aae). If the collector-to-ground
change is used, the ratio is called
the single-ended differential-voltage
gain (Ause).
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Transfer Characteristics

The variation in the collector cur-
rents Ie: and Ic. as a function of
the differential input voltage (Va: —
Ve:) is the keystone characteristic
of the differential amplifier. The
transfer curves shown in Fig. 200
provide several important points of
information about the differential
amplifier:

1. The transfer characteristics are
linear in a region about the operat-
ing point. For the curves shown,
this linear region corresponds to an
input-voltage swing of approxi-
mately 50 millivolts peak-to-peak.

2. The maximum slope of the
curves, which occurs at the operat-
ing point, defines the effective trans-
conductance of the differential am-
plifier.

3. The slope of the transfer curves
(i.e., the transconductance) is de-
pendent upon the value of the total
current I, supplied to the constant-
current source. The slope of the
transfer curves can be changed, with-
out changing the linear input region,
by varying the value of I,. This re-
lationship implies that automatic
gain control is inherent in the dif-
ferential amplifier when the current
Io is controlled.

4. The transfer characteristics and
the slopes of these characteristics
are a function of the alpha of the
transistors and of the temperature,
both of which are predictable, and
of two physical constants.

5. The differential amplifier is a
natural limiter; when input excur-
sions exceed approximately =+100
millivolts (for the curves shown),
no further increase in the ouput is
obtained.

6. The output current of an am-
plifier is the product of the input
voltage and the transconductance.
In the differential amplifier, the
transconductance is proportional to
the controlled current Io; this cir-
cuit, therefore, may be used for
mixing, frequency multiplication,
modulation, or product detection
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Fig. 200—Transfer curves of the basic
differential-amplifier circuit.

when the current I, is made a multi-
plicand and the input waveform is
the multiplier.

The transconductance at the oper-
ating point (at Vs, — Vg = 0) is
the maximum transconductance of
the differential amplifier. The effec-
tive transconductance of the differ-
ential amplifier is one-fourth that of
a single transistor. This condition
results from the fact that, at the
operating point, exactly one-half of
the total current I, flows through
each transistor of the differential
pair and the input voltage must be
divided equally between the two
transistors.

When the differential amplifier is
operated to provide double-ended
outputs so that the output voltage
is measured between the collectors
of the differential pair of transistors,
the output currents through the load
impedance contribute equally to the
output voltage from each transistor.
As a result, the output voltage is
twice that obtained for single-ended
operation. This increase in output
voltage results because the load im-
pedance is doubled, not because of
any doubling of the transconduc-
tance. However, if an impedance is
connected between the two collec-
tors and the shunt -collector-feed
resistors are large compared to this
load impedance, the load current is
twice as large as can be expected
from a single-ended circuit.
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Common-Mode Response

If the base voltages of both differ-
ential-pair transistors Q. and Q. are
increased or decreased together (i.e.,
a common-mode input voltage is ap-
plied), then the emitter currents re-
main equal and, because their sum
must be equal to the constant current
Io, no change in either emitter cur-
rent occurs. Consequently, no change
in collector output voltage results.
This absence of output-voltage
change in response to a common-
mode input-voltage signal constitutes
an ability of the differential amplifier
to reject common-mode signals. The
degree to which rejection is achieved
depends on the impedance of the
constant-current source (CCS). Be-
cause some finite impedance is al-
ways associated with the constant-
current source, some small cutput
signal is always produced in response
to a common-mode signal. The ratio
of this small output-voltage change
to the change in common-mode input
voltage is called the common-mode
voltage gain (A.). This gain is norm-
ally much less than unity. The ratio
of the common-mode voltage gain
(A.) to the differential voltage gain
is called the common-mode rejection
ratio (CMRR),

CMRR = A./Aq

This common-mode rejection ratio
is normally expressed in decibels as
follows:

CMRR (dB) = 20 log A./A«

The common-mode rejection ratio
is a measure of the ability of the
differential amplifier to discriminate
between differential and common-
mode input signals and is usually
of the order of 80 to 120 dB.

A change in common-mode volt-
age at the input results in a corre-
sponding change in voltage across
the constant-current source; how-
ever, there are limits to the levels
of common-mode voltage that the
circuit can handle before its per-
formance is severely degraded. For
example, it is apparent from Fig.
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199 that if the base voltage of either
Q. or Q. rises above the collector
voltage, the transistor will be in
saturation, and normal differential-
amplifier operation will cease. If the
base voltage decreases below some
minimum level required by the con-
stant-current source, the impedance
of the constant-current source will
decrease, and the common-mode re-
jection ratio will be degraded. This
range of common-mode voltages over
which the differential amplifier oper-
ates is normally called the input
common-mode voltage range, Vous,
and is usually defined for a specified
distortion at the output, or for a
specified degradation in the common-
mode rejection ratio.

Balanced DC Amplification

The monolithic-integrated-circuit
differential amplifier can provide ex-
cellent balanced dc amplification be-
cause of the close electrical and
thermal match of transistors Q. and
Q.. If the transistors were perfectly
matched in terms of base-to-emitter
voltage (Ves), dc beta, and bulk and
contact resistances, and if the re-
sistances Ra and Rc: were equal,
the difference between the collector
voltages would be zero when equal
voltages were applied to the bases
of the two transistors. Unfortunately,
small unbalances do exist even with
monolithic devices, and a small dc
offset between the collectors exists
when the bases are at equal poten-
tials. When the bases of transistors
Q. and Q. are driven from low-
resistance sources, this offset results
primarily from the unbalance in the
base-to-emitter voltages of the two
transistors. Unequal betas contribute
to this offset when the bases are
driven from high-resistance sources.
For this condition, unequal voltage
drops are developed across the re-
sistors because unequal base currents
result in a differential voltage drive
at the bases.

Any of the following methods may
be used to measure and specify the
unbalance:
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The output offset voltage V,o is
the difference in de voltage between
the collectors (for equal collector
resistors) when the bases are con-
nected to the same de¢ voltage within
the input common-mode voltage
range. The measurement can be
made with or without resistors in
series with the bases, but if resistors
are used, they must be of equal
value. This measurement is simple
to make, but it suffers from a lack
of generality because the measured
value depends on the de¢ gain chosen
for the test circuit.

The input offset voltage V.o is
the difference in base voltages (Va,
— Va:) which must be applied to
obtain equal collector de voltages
when the collector resistors Rc, and
Rcs are equal. This offset is rela-
tively independent of beta mismatch
and is primarily a function of the
mismatch in base-to-emitter volt-
ages. A typical value for the input
offset voltage in monolithic transis-
tors is 1 millivolt; consequently, this
voltage is more difficult to measure
accurately than the output offset
voltage. The input offset voltage,
however, is more general because it
is an offset referred to the input
and is independent of circuit gain.

The input bias-current offset I,,
is the difference in input base-bias
currents (Ia; — Is:) when the col-
lector voltages are equal. This off-
set is a measure of the beta mis-
match at a particular operating
current. The input bias-current off-
set is relatively small for low oper-
ating currents and is correspondingly
larger for higher operating currents.
This current offset is typically 5 to
10 per cent of the input base-bias
current.

Offsets are usually specified at
+25°C; additional parameters are
needed, therefore, to describe the
thermal match between the differen-
tial-pair transistors Q1 and Q2. The
thermal match is indicated by the
offset drift specifications, which give
the change in the particular offset
per degree C over a specified tem-
perature range, as follows:
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These parameters are sometimes
given as curves of the input offset
voltage Vio and the input bias-cur-
rent offset I» as a function of tem-
perature.

Input Offset-Voltage Drift =

Input Offset-Current Drift =

Constant-Current Source

The preceding discussion of basic
differential-amplifier operation indi-
cated the need for a constant-cur-
rent source (CCS) to assure that
the sum of the emitter currents in
the differential-amplifier transistor
pair would always be constant. This
condition was shown to be a require-
ment for good common-mode rejec-
tion. A constant-current source is an
infinite-impedance source. The sim-
plest way to approximate a constant-
current source is by use of a high-
value resistor Recs, as shown in Fig.
201,

For balanced operation, the re-
sistor Rccs must be very large com-
pared to the emitter impedances of
transistors Q. and Q. to assure that
the signal current ic will not be
shunted into Rces and cause the
current ic; to be less than the cur-
rent ic.. For a given operating
current, the value of Rccs is limited
by the de voltage required at the

¥ EXTERNAL RESISTORS
92CS-25776

Fig. 201—Balanced diflerential amplifier
that uses a resistor as the constant-current
source.
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emitter to produce the required value
for the constant current I,. Conse-
quently, the resistance Rccs is de-
termined on the basis of the largest
value possible consistent with the
minimum permissible value for the
current Io. This compromise norm-
ally results in a constant-current
source which, although simple, does
not provide the best balanced opera-
tion or common-mode rejection.

A transistor connected as shown
in Fig. 202 provides a much better
constant-current source. The imped-
ance, as it appears at the collector
of Qs, is very large, but the voltage
required to drive the current Io
through the resistor Re can be rela-
tively small because a high value of
resistance is not required for Re.

vt

Qi QZ:I
Q3 CcCS
O— TRANSISTOR
“o
Rg
= 92cs-25777
Fig. 202—Balanced differential amplifier
that uses a transistor constant-current-

source circuit.

The minimum voltage required at
the common emitters must be just
large enough to sustain the IoRe
drop plus the collector-to-emitter
voltage (approximately 0.5 volt) for
Qs to prevent saturation of this
transistor. The de voltage would, of
course, normally be larger than this
minimum limit in order to allow for
a large common-mode voltage swing
at the input bases. The bias of this
constant-current source can be ad-
justed so that the negative tempera-
ture coefficient of the forward base-
to-emitter voltage of transistor Qs
approximately compensates for the
positive temperature coefficient of
the diffused resistor Re. This com-
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pensation assures that the operat-
ing current is maintained nearly
constant with changes in tempera-
ture. This feature is particularly
important for circuits that employ
external load resistors because such
load resistors do not track with the
internal current-setting resistor.

The temperature coefficient for the
base-to-emitter voltage is approxi-
mately —2 millivolts per degree C,
and the temperature coefficient of
Re is approximately +0.2 per cent
per degree C. If the current Io is
to remain constant when the change
in base-to-emitter voltage with tem-
perature causes a rise in voltage
across resistor Rg of 2 millivolts per
degree C, the increase of 0.2 per
cent per degree C in the voltage
drop IoRe caused by the change in
the value of Rg with temperature
must equal 2 millivolts per degree
C. The quiescent IoRe drop, there-
fore, must be 1 volt because 0.2 per
cent of 1 volt is 2 millivolts.

When diffused load resistors are
included on the chip, the emitter
voltage of transistor Qs must be
maintained constant with tempera-
ture because changes in the value of
Rz will be compensated for by
changes in the diffused load resistors
R.. As a result, the operating point
and voltage gain remain relatively
fixed with changes in temperature.
The circuit shown in Fig. 203 illus-
trates the use of diodes in the base-
bias circuit to compensate for the
variations in the base-to-emitter
voltage of transistor Qs. The base-
to-emitter voltage, therefore, is
maintained at a constant value. Two
diodes are required to compensate
for the temperature-induced changes
in the base-to-emitter voltage be-
cause the effect of the diodes on the
base bias is reduced by the voltage
division of the resistances. In RCA
differential-amplifier circuits, the
base-bias voltage is reduced by a
factor of 2. This relationship is
clearly illustrated by the Thevenin
equivalent circuit of the base-bias
network for transistor Qs shown in
Fig. 204.
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Fig. 203—Differential amplifier in which

temperature-compensating diodes are used

in the base-bias network of the constant-
current transistor.

Fig. 205 shows a third biasing
method for the constant-current-
source transistor. This method makes
use of the fact that two matched
monolithic transistors will conduct
equal emitter currents if their bases
and emitters are connected in paral-
lel. D, is a diode-connected transis-
tor operated in parallel with the
base-emitter junction of transistor
Q:. The emitter current of transis-
tor Qs therefore, is very nearly
equal to the current through D, If
the de beta of transistor Q. is high
enough so that the base current ean
be neglected, the current through

R R/s2
R
o VBias*2Vp
BIAS == DI - 2
D2 T
e —
= (o) (b)
92CS-25779

Fig. 204—Base-bias circuit for the con-
stant-current transistor: (a) actual circuit;
(b) Thevenin’s equivalent circuit.
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D, can be expressed by the follow-
ing equation:
V' — Vo,

[l = — =

R

This equation shows that the cur-
rent in the constant-current source
can be set by selection of the supply
voltage V* and the resistance R be-
cause the voltage Vpn, will always
be close to 0.7 volt.

The circuit shown in Fig. 205 is
similar to the one shown in Fig. 203
in respect to its behavior with varia-
tions in temperature. That is, if R
and R. are both diffused resistors,
their change with temperature will
have compensating effects to keep
the operating voltage and voltage
gain relatively constant. If they are
both external resistors with low or
matching temperature coefficients,

Ies

Ovt

92CS-25700
Fig. 205—Differential amplifier in which
circuit biasing is based on the match in
the characteristics of two monolithic base-
emitter junctions connected in parallel.

the constancy will also be main-
tained.

The arrangement of diode D, and
transistor Qs shown in Fig. 205 is
commonly that known as a “current-
mirror” because the current I that
flows in the diode-connected transis-
tor D, is “mirrored” as a current
I of equal magnitude flowing in the
emitter of Qs, the base-emitter june-
tions of D, and Q, are assumed to
be similar. This configuration is fre-
quently used to “scale” current flow



Integrated Circuits for Linear Applications

in various circuit networks employed
in integrated-circuit designs. For
example, if the emitter-base junc-
tion of Qs is twice that of diode-con:
nected transistor Di, a current-flow
of I established by resistor R through
D. will force a current-flow of 2I
in the emitter of Q.

Applications of
Differential Amplifiers

Differential amplifiers are used in
a majority of complex integrated
circuits for linear circuit applica-
tions. For example, Fig. 38 in the
section Materials, Junctions, and De-
vices shows the use of a simple dif-
ferential amplifier in a voltage regu-
lator. Transistors Qi, Qs, Qs, Qz, Qs
Q. comprise a differential-amplifier
stage used to compare the reference
voltage with a sample of the regu-
lated output voltage.

Differential-Amplifier ‘‘Building-
Block”—The CA3028 integrated cir-
cuit shown in Fig. 206 is basically
a simple differential-amplifier “build-
ing-block” circuit. The CA3028 is
intended for general-purpose use at
frequencies from de¢ to 120 MHz.
The CA3028B can be operated at
supply voltages up to 30 volts, and
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Fig. 206—CA30284 or CA3028B differen-
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