wamary.

The factors which limit the power handling eapacity of ordinary
“iransistors are examined and it is shown how these limitations ean
‘be overeome. By making use of the geometrical freedom afforded
.+ by the alloy junetion proeess, transistors ean be construeted to handle

" powers in the kilowatt range. .

. Introduction.

- The transistor is now almost ten years old, and in those
-ten years has developed from a basically low power, low
equency device to one capable of operating at frequencies
-of hundreds of megacycles on the one hand, or powers in
w~the kilowatt range on.the other.
“ “The story of this development has three main branches,
~all equally interesting and important today. In the first
_place there has been the fundamental study of the physics
~of semiconductors and the development of techniques
- Hor their production and processing. Secondly we have
- the extension of transistor design and manufacturing
~._technology to the production of devices operating at higher
- and higher. frequencies, though- usually at modest power
levels. The third line of development has been the ex-
* tension of transistor power handling capacity from the
milliwatt to the kilowatt range. It is this third branch
of the story which we shall follow here.

2. Power Limitations.

- By the end of 1952 three types of transistor. had: estab-
. lished. themselves as pragticable. These were the original
- point contact transistor, the grown junction transistor
- and the more recent alloy junction transistor. Of these
.~ the point contact type was obviously unsuitable for powers
- of more than a few hundred milliwatts and could be im-
. Tediately dismissed as a high power transistor type.
- Similarly the grown junction transistor with its large
~_series resistances in emitter and collector current paths
and the difficulty of miaking an efficient base contact
~-Seemed unsuitable for further development.

-+ *Presented before Sydney Division of the Institution of Radio
Engineers Australia on February 26, 1958.
JC.8.LR.0., Radiophysics Laboratory, Sydney, N.S.W.
“7 "Manuscript received by the Institution March 25, 1958.
: U.D.C. number 621.314,7.
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This left the alloy junction transistor as the one reasonable
starting point for power transistor development, and it
bas been on this type that all subsequent work has been
done. Apart from being free from the obvious drawbacks
of the other types, the alloying technique itself with its
geometrical flexibility has made this type of transistor
very easy to work with.

Concentrating, then, upon this type, let us first look
at the factors which limit its power handling capacity
and then see how these limits can be extended.

Figure 1 shows in slightly exaggerated form a typical
set of output characteristics for an alloy junction transistor
in"the grounded emitter configuration. The curves are
drawn for constant increments of base current I,. The
current gain § is defined in the usual way by

B = o/l —«) = 3L,/el, (1)
where
@ = AL/o0, (2)

From examination of these characteristics it is easy to
see that power output is limited by two main factors.
Firstly the collector voltage is limited by breakdown of
the collector diode (or by a multiplication process having the
same effect), and secondly the collector current is limited
by crowding of the characteristics indicating a fall in B

Base Current
\ Ib

—/

COLLECTOR VOLTAGE Ve

COLLECTOR CURRENT I,

Figure 1.—Typical output characteristics fm"- a junction -transistor
in grounded emitier configuration. Curves are for equal increments
. of base current I,.
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Since power gain is important as well as power output
we must also consider this. To & first approximation in a
grounded emitter circuit the input resistance at large
current is just the extrinsic base resistance r;’. If the-input
current is I, then the output current is I and this flows
in the load resistance R ;. The power gain is then approxi-

mately
G =~ BR,/ry 3)
Similarly in the grounded base configuration -
G =~ BR,/ry (4)

R, is fixed by the supply voltage and output power, so
that the gain is determined by f§ and r,’. Acceptable gain
requirements may therefore similarly limit power handling
capabilities.

Finally we must consider dissipation rating. Transistors,
unlike vacuum tubes, are relatively temperature sensitive,
and performance deteriorates rapidly above an active
element temperature of about 85°C for germanium and
about 150°C for silicon. This essentially means that the
devices should be derated to zero dissipation at these
temperatures, though the exact intérpretation depends
upon thé efficiency and performance degradation which
can be tolerated. Even storage for short times at tempera-
tures near 160°C for germanium transistors usually results
in their destruction through melting of the indium elec-
trodes.

Apart from these absolute temperature limits, stability
considerations may impose their own restrictions. Suppose
a transistor is oOperating at collector voltage V., and
current I, then a small increase AT in temperature
gives an increase AP in dissipation, where

I
A V. 37 A ()
If the thermal resistance between the collector junction

and the ambient is R, then this increase A7 allows an
additional flow of heat - .

AH = AT/R ©)

For stability we must have AP < AH which implies
or, 1 :

’ 7

i o < )

The term 0I,/07 is dommated by the increase of the
saturation current I,,, which is-exponential with tempera-
ture, so that this equation limits the collector voltage
which can be applied at a given junction temperature
for a given package (i.e. value of R).

These considerations all limit the attainable power
output, and as many as possible of the restrictions must
be overcome to produce a really high power transistor.
We shall now go on to see how this can be done.

2.1 Volmge

Whilst collector voltage is hm1ted ultimately by break-
down, the limit-imposed by stability considerations is
often more severe. For stability ¥, should be low, but
for high power gain and output it should be high. Im-
proved .materials make breakdown voltages of the order
of 100 volts fairly readily attainable today.
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In most cases, however, the voltage to be used is defineq
by the application, and most power transistors are requireq
to operate on either 6, 12 or 28 volts. This requirement--
allows us to side-step to a large extent the problem of
increasing the operating voltage.

2.2 Current.

The variation of the current amplification factor
with émitter current.has been explained by Webster? i
terms of surface recombination, emitter efficiency and bu]k
lifetime in & manner which we shall not go into in detail.
Referring to Figure 2 which shows a typical 8 vs I, curve
for a small alloy junction transistor, Webster has shown -
that the initial rise is due to a surface effect, and that
the fall-off at high currents is primarily caused by reduced .
emitter efficiency. Since we are concerned mainly with
the fall at high currents we shall consider this a little further,

a |

8 ) :

[ i

S N

Cz>4c \

= N

h) S~

: S :
%2 ——
=

r4

:

o © G 5 26 35

EMlTTER CURRENT IN MILLIAMPERES

Figure 2.—Typical variation of current amplification factor p with
emitter current for a small alloy junction transistor.

At low currents the emitter efficiency (which is the dif-
ferential ratio of injected emitter current to total emitter
current) is determined by the. conductivity and diffusion
length of the emitter region and conductivity and thickne
of the base region. For good.emitter efficiency one wants-
a high conductivity emitter of long diffusion length and.
a thin, low conductivity base region. The rate of fall of B
is determined by the base w1dth and conductivity and'b
current, density.

To keep the degradation small we require a high condi:
tivity, long diffusion length emitter and a thin bas
and we require that the current density be kept low:

The first requirement has been met by the introductio
of new alloying materials2, notably gallium and alumini
which are added to the indium of the emitter. Th
materials are much more soluble in germanium than
indium and produce a much more highly conducting exnitt
region. ) s

1. Webster, W. M., “ On the variation of junction tranSlsf’
current amphﬁcatlon factor’ with emitter current,”
LR.E., 42, June, 1954, 914-920.

2. Armstrong, L. D. Ca,rlson, C. L., and Bentivegna, M., P,
transistors usmg high-emitter- efﬁclency alloy mad;erlals
R.C.A. Rev., 17, March, 1956, 37-45.
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The base thlckness can be reduced and kept uniform
by .areful manufacturing procedures and the current den-
Zcan be kept small simply by increasing the emitter
, We shall see later that there is a limit in this

Power gaimn.,
The two main quantities eontrolling power gain are,
=5 we discussed above, the current amphﬁca,tlon factor g,
and the extrinsic base resistance r,’. “We have already
-eon how a high value of § can be maintained, and we now
nsider means of reducing r,’. This resistance is primarily
jue to the thin sheet of relatively low conductivity ger-
snium between the active region and the Base contact.
Matters can be improved by increasing the*tonductivity
the base region material, but since this has a bad effect
pon emitter efficiency and collector breakdown voltage,
¢hanges in this direction are limited. The most significant
provement is achieved by changing the geométry so that
he base connection becomes a ring surrounding the emitter
a5 closely as possible. This proximity to the active region
gs its own problems since the base contact must now
& of high quality ; this is easily achieved however by
king it of the NN+ type. By this geometrlcal re-
angement, base resistance can be reduced from the 100
ohms or so typical of small transistors to a figure nedrer to
10 ohms, with consequent large improvement m power
yain.

24 Dissipation.

. Various means have been tried to reduce the thermal
resistance R between the junction and the ambient, bub
unquestionably the most successful solution has been to
older the collector directly ‘to the copper base of the
transistor can and bolt or clamp this securely to a metal
_.chassis. The chassis then transfers the heat, mostly by
jonvection, to the environment. In cases where “the tran-
r-e1stor ¢ollector must be electrically insulated from the
- chassis a thin mica washer has been found to glve a.dequate
‘electrical isolation without seriously increasing E.:

~ For pulse opération and in similar applications where
" the duty cycle is very low, the simple concept of a thermal
" resistance path is inadequate, and the heat capacities of
" the various elements of the transistor and its erivironment
must be considered, g1vmg R. €' combinations and associated
~time constants. It is usually simple to do this for particu-
lar cases.

‘8. Medium Power Trapsistors.

When the design considerations we have d.lscussed are
‘Incorporated into the. design ‘of a particular device, this
becomes typical of the ordinary power transistors of the
~Present day as shown in Figure 3. These may operate
ypically on 12 or 28 volt supplies, have maximum current
Tatings of 1-5 amperes and have dissipations, when clamped
to an average chassis, of 5-10 watts. With a sine wave
signal, typical outputs are 2-10 watts per transistor, with
—==g'gain of about 20 dbin grounded base and- 30db in grounded
itter circuits. When used as a switch a few tens of
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watts can bé controlled. Frequency response is limited. to
& few hundred ke/s in grounded base and a few tens of
ke/s in grounded emitter circuits. )

. /These ftransistors are valuable .e_omponents for the out-
put stages of car radios, for- medium power control apph-
.cations .and for square wave oscillators in power supplies.

Emitter

< p AN

Collector

Figure 3.— Basic power transistor design.

4. High Power Transistors.

At this stage one may wonder why the dimensions of
the transistor cannot be increased indefinitely-to obtain
larger and larger current carrying capacity. The reason,
briefly, is that in a very large transistor the base current
has to flow for a considerable distance through a thin base
layer before reaching the edge of the emitter and the base
‘contact electrode. In a high current transistor this base
current may be quite large, and when flowing through
the base layer it produces an ohmic voltage drop which
reduces the forward bias on parts of the emitter distant
from the base elegtrode. This results in most of the
emitter current flowing in a very narrow strip around. the
edge of the emitter, with the rest of the emitter region
remaining inactive.

This phenomenon has been trea,ted in detail by the present
author3* and it can be shown that for a very large transistor
with otherwise typical properties, the current density falls

-off away from the edge of the emitter as shown in Figure 4.
" Half of the total current is carried by a strip less:#han a
_millimetre wide at the edge of the emitter. =~

This suggests that the most efficient arangement would

" be to make the emitter in the form of a long strip with a
base electrode’in the form of two'long strips parallel to
it and on either side as shown in Figure 5. A typieal width
for the emitter strip would be 1 mm. This arrangement
was proposed. some time ago by the author® and even before
this a somewhat similar structure was suggested on rather
different grounds by Hall®. Since then it has become ap-

3. Fletcher, N. H., * Some agpects of the design of power tran-
sistors,” Proec. IRE 43, May, 1955, 551- 559.
A, ““ Self-bias . cutioff. effect in. power transistors,” Proe.
IRE 43, November, 1955, 1669.
. 5. Hall, R N ‘“Power rectifiers and transwtors,” Proc I RﬁE
40, November 1952, 1512-1518. -
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.-parent that a slightly more ‘convenient structure results
. if the émitter is bent to form an annulus, the base electrodes
~then forming concentric annuli.

- A transistor of this design using germanium as the base
..material and with an indium-gallium emitter has’ been
constructed at this laboratory in small quantities®. . This
transistor is capable of passing collector currents up %o
45 amperes whilst retaining an average f value as high as
15. This transistor was designed for pulsework so that
whilst pulse power was in the kilowatt range, average
power was only a few watts. Figure 6 shows this trahsistor
Jbefore mounting to illustrate the construction principle.
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Figure 4—Fall-off of curreni density away from the edge of the
-emvitter for a large transistor with otherwise typical parameter values
(indium emitter, base width 5 x 10~° cm).

Base Electrodes

Emitter

Collector

Figure 5.— Basic high power transistor design.

6, Fletcher, N. H., ““ A junction transistor for kilowatt pulses,”
Proc. IL.R.E., 45, April 1957, 544.
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Figure 6.—Experimental kilowast pulse transistor. Emitter rings .
show gray, base rings black. Collector side is shown. alongside. Also
shown, are typical medium and low power transistor elements and o

’ ' J one-inch pin to fix the scale.

Transistors having approximately this geometry are now
available commercially to carry currents of 10-20 amperes
and give outputs of some hundreds of watts. More recently
Emeis and Heérlet? have discussed an alloyed silicon tran-
sistor of this construction having a current gain of 10 at 20
amperes. The frequency response of all these units is
usually confined to a few hundred kec/s.

5. The Power Tetrode. .

The tetrode originally entered the transistor field as
a high frequency grown junction device, in which the
emitter current was confined to a small area by the appli-
cation of a transverse field to the base region. The basic -
structure of Figure 5 allows a transverse field to be applied
in the base region of the power transistor by the applica-
tion of a voltage between the two base electrodes. This
configuration, bent to annular shape, constitutes the power
tetrode discussed by Maupin®, ;

The application of transverse bias modifies the emitber™
current distribution, and, when coupled with the self-
bias field we discussed above, leads to a set of B vs I,
curves some of which are much flatter than those of #h
triode connection. The advantages of this improvement
in linearity are obvious. :

6. Prospects.

Whilst it is rather a dangerous procedure to make- al
predictions about even the immediate future of an electronX
device, a few extrapolations can be made with reasonable
confidence. It seems likely that in the near future I
will become possible to make junction transistors wi
output powers approaching 10 kW, at any rate on puk

7. Emeis, R. and Herlet, A., “ Die effektive Emitterflache ¥Org
Leistungs-transistoren,” Z. Naturforschung, 12a, Decembe
1957, 1016-1018. -

8. Maupin, J. T., * The tetrode power transistor,” Trans. I.B;E
ED 4, January, 1957, 1-5., _ :
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ether this becomes economically sound is another
gtter, since at some stage,{it becomes advantageous to
perate several smaller devices in parallel, rather than
o.use a single very large device. Just where this point
omes can only be decided by experience. ‘

A'new technique has recently been described by Henkels
ad Strull® in which aluminium is evaporated as a thin
m onto germanium and then alloyed by heating. Because
£ the very good geometrical control inherent in this process
#is ideal for making large flat junctions of complex shapes
“and may well improve the efficiency and frequency limit
“of transistors of this type. )

‘tion of diffusion techniques to large transistors, and the
narrow basewidths attainable by this process should
‘increase the frequency range very greatly. .

7. Conclusion.

The transistor has now developed to the stage of being
.classed as a high power device, and most of the factors
‘defining its performance are well understood and controlled.
Because its characteristics make it ideal for use in many
control systems, it seems likely that the high power tran-
sistor will soon find & place in many commercial products.

9. Henkels, H. W. and Strull, G., *“ Very high power transistors
with ' evaporated aluminium electrodes,” Trans. ILR.E.,
ED 4, October, 1957, 291-294.

Summary.

The use of monostable multivibrators using transistors for the
operation of counting relays is comsidered. .

A suitable design is given in which the pulse width ean be req,dlly
controlled and- is relatively independent of variations of iransistor
parameters. - o

A specific example has a maximum counting ratio of 20 Rul;es
per second, requiring a standby eurrent of 8 ma and 2 maximum
eurrent of 18 ma from a 12 volt supply, and is suitable for use.with
transistor deeade sealing units, in equipment for the measurement
of frequency or nuelear radiation.

*Hlectrical Engineering Department, University, Sydney, N.S.W.
Manuseript received by the Institution February 10, 1958.
Revised manuscript received March 4, 1958.

U.D.C. number 621.314.7 : 621.374.3.
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Similar advantages may be expected from the applica-
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Transistor Monostable Multivibrator for use
with Counting Registers

R. E. ATTCHISON, s:M.LR:E: (AUST.)*

1. Introduction.

The application of transistors in counting equipment
and computing circuits is increasing rapidly. "In counting
equipment for the measurement ‘of frequency, and in
counters for the measuremernt of nuclear radiation, the
accuracy is increased by extending the counting period.
Wherever the courting period is of the order of many
seconds, the use of a counting relay is the most economic
method of increasing the total counting capacity of the

- equipment. For maximum. speed, the mechanical counter

must be driven from a source which produces a pulse
of accurately determined width, and in general a mono-
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