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Some _As‘pects of the Design of Power Transistors”
| N. H. FLETCHER}

Summary—This paper discusses some factors which have to be

taken into account in the design of high power transistors. An effect

of great importance is the reduction of emitter bias caused by trans-
verse current flow in the base region. This effect is examined in some
detail and the results of the discussion are applied to the design of

. improved tra_ns1stor types. Fmally, a short discussion of thermal

stability and mechanical design is given.

INTRODUCTION

RANSISTORS are mostly considered as very low
Tlevel small signal devices and much 6f the design

theory of transistors has assumed their use in such.
applications.-It. will be our purpose in 'this paper to
point out sorie of the considerations. which enter design
theory when the transistors are explicitly intended for
high level operations.

Low Level Opemtwn

As we po1nted out above, most design theory so far
developed is for the low level case. An excellent account -
of this subject is given- by Early* who summarizes the
current position in small signal terms.

The basic assumption of low level theory is that all
perturbations are small and the theory is thus linear in
all important respects. Among the important assump-
tions and approximations made in Early's theory are

the following:

- 1. FJunctions -are assumed- parallel and planar.-

2. Surface effects are neglected.

3. Emitter current densities are assumed small.

It happens that in high power design we cannot val-
idly make any of these approximations. so.that to this
extent the theory is more complicated. However, at the
moment we are not trymg to develop a complete theory

“but merely to investigate some important problems

which arise in high level operation, and for our present:
purpose, many of the factors involved in small signal
operation can be recognized and neglected as of second-
ary importance. In this way, we shall be able to get a .
semi-quantitdtive idea of those design considerations
which are of most importance in our present work,
namely, the design and construction of power transistors
with output ratings greater than one watt, to operate
in the audio frequency range.

The Design Problems

These may be divided into two main classes:
1. Electrical Problems
2. Thermal and Mechanical Problems

* Original manuscript received by the IRE, December 10, 1954-
revised manuscript received, February. 9, 1955.
t Transistor Products, Inc Waltham, Mass. (On leave from
D1v1510n of Radiophysics, CSIRO Sydney, Austraha)
1 J. M. Early, “Design theorv of junction transistors,” Bell -Sys.
Tech. Jour., vol. 32, p. 1271; 1953.

Electrical problems relate to the fact that we canno
longer make the approximation that the injected carrier

density is small enough to be considered a linear pertur-

bation. Along with this, we have to recognize that in fact
none of the electrical quantities involved is small and
some approximations are no longer valid. It is with
problems of this type that we shall be mainly conceined
in an attempt to see what we s&ogld do to optimize per-
formance at high power levels.

.The second class of problems is in 3 sense incidental
but nevertheless of considerable im.pojntan.ce..;.Iiz..r,éla.tes_.
mainly to suitable mechanical designso that héat'gen-
erated in the transistor can be adequately reémoved.
Other mechanical considerations are of stability to
thermal and mechanical shocks and of ease and e,coﬁgm}g-,
of fabrication. These problems will be much more

briefly dealt with, though this should not be understood K.

as minimizing their importance.

ELECcTRICAL DESIGN

High power output from a device clearly 1nvofves
high currents, high voltages, or both, and each brings its . .

own problems. If a transistor is to operate with:a col~

lector voltage V., then it must withstand, in general, a -
voltage 2V,. Whilst diodes can be made with reverse
characteristics extending to several hundreds of volts,.
operation of transistors in this region is not usually: of -
advantage since stability is sacrificed. The power gain
is, however, increased at high voltages since higher load.
impedances can be used. For this reason, we should like:
to operate at as high.a collector voltage as is compatible
with other considerations. '

Since direction of increasing voltage (first by stability
considerations and ultimately by the breakdown voltage
attainable) is limited, let us examme the extension we- -
can make in the direction of increasing current.

It is well known that the current transfer ratio o for
a junction transistor first increases as emitter current
increases, reaches a peak and then falls off to low values.
Loew level transistors can be conveniently operated near
the peak, which occurs at emitter currents of less than 1
ma for ordinary small transistors. However, for moder-
ate output, we are already operating with -tens ‘or
hundreds of milliamperes and, for high powers, amperes
are required. We must therefore find some way to shift
the peak of the curve to higher current values and to
minimize « fall-off at high currents. .

A careful analysis of this effect has been made by
Webster.? We shall give a brief account of his findings and
illustrate them on a simple physical basis.

2 W. M. Webster;.“On the variation of junction trausistor current
amplification factor with emitter current,” Proc. LR.E., vol. 42,
pp. 914-920; June, 1954
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Consider a p-n-p transistor with a bar-like structure so.
that the junctions are plane and parallel. In the low
level case, holes are injected into the base regmn from

the emitter and flow by diffusion down a concentration
gradient to the collector, a small fraction recombining
with electrons which flow in as base current. This is the
small signal theory and does not predict any variation
of & with emitter current. '

Now consider what happens when injected hole densi-
ties become large enough to become comparable with
the equilibrium electron density of the base'region. We

still have a concentration gradient of holes in the base

tegion and this yields a diffusion current of holes toward
the collector, as illustrated in Fig. 1.

1
L
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Fig. I—Distribution of carriers in the base region for large
injected current density. (p-n-p transistor.)

Emitter

However, we must have a similar gradient in the elec-
tron density in the base region in order that approximate
electrical neutrality may prevail (n —p = Constant). This
is also shown in Fig. 1. However, no electron current
can flow across the collector barrier so that if Fig. 1 is-to
represent a steady-state situation, there must: be an
electric’ field E generated in the direction shown to

maintain the electron distribution (by contributing an

~ electron drift current equal and opposite to the electron
diffusion. current). However, this field acts also upon the
holes and is in a direction to aid the flow of hole current
to the collector. In view of the Einstein-relation
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this field ultimately doubles the hole current due to

diffusion alone. Thus as the injected hole.current den-

sity ‘becomies large, we éffectively double the diffusion .

coefficient for holes in the base region. This reduces the
Holé density at the emitter necessary to cause-a given-

current to flow- and thus decreases the proportion of
holes lost by surface recombination. This leads to an
increase in « as j, is increased.

As the emitter current becomes larger still, other ef-

fects begin to enter. The injected holes increase ‘the

density of electrons in the base region adjacent to the
emitter junction. This effectively lowers the resistivity
of the base region near the emitter junction and this in
‘turn decreases the emitter efficiency, and hence a.

As the density of injected holes increases, the rate of
recombination increases nonlinearly. . This rate is or-
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dinarily proportional to the product np which is linear™
for p<<n but more nearly quadratic when p is compara- .~
ble to # due to electrical neutrality requirements. It is--

not clear yet what the exact dependence is at very high
currents, but in any case, the trend is toward a lowered
value of a.

Webster derives an expression giving the. complete -

dependence of « on emitter current and -calculates a-
numerical case for a typical low level p-#-p-alloy junc-
tion transistor, with emitter area 107® square centime-
tets. His curve is illustrated in Fig. 2 and shows the in-

crease, peak, and fall-off we discussed above. The curve .

agrees well with experiment.
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Fig. 2—Behavior of grounded emitter.cyrrent.gain,.g,-with..I,
for typical low level transistor (after’ Webster,? Fig. 6)

Some of the effects of variations in.electrode geome-
try-have been investigated by Moore and Pankove? for
the «case of a typical low level p-n-p alloy transistor,_
They find that for such a transistor, the main loss of
injected carriers is due to surface recombination in an

-annularregion around the emitter; volume recombina- -

tion bemg comparatively unimportant for base layer
_vﬁr@tlg_s less than a few thousandths of an’inch. On the

basis of their calculations and an analog plottmg tech-
nique for determining hole flow paths, they were able

t6 predict the optimum ‘emittér diameter for a'given col-

lector -diameter, this optimum representing a compro—
‘mise between most efficient Collection and an excessive
ratio of emitter circumference to emitter area.- “The opti-

fHufiCdianieter 18 clearly a fiinction of surface récombi---
nat1on velocity in an annuiar regmn surroun‘dmg the’

“In dlscussmg the des1gn of h1gh po”wer transistors, we
shallnmake use of ‘many of the ideas discussed above,

modifying or extending them as necessary in view of the _

large currents involved.

Base Resistance Bias Effects

Weé shall now proceed to discuss ai féﬁ'e"c},c;’é‘f YVery great

importance in the design of power transistors which has
been validly neglected in low power theory.* '

¢ A. R. Moore and J. I. Pankove, “Thé effect of Junctmn shape' '

and surface recombination on transistor current gam, » PROC I R E,
vol. 42, pp.-907-913; June; 1954

4 ThlS effect has been recognized by Early, op. c11: but hzs treat-
ment is confined to the small signal case. - .



JIn a high power ,trarlsistor the current which. flows

T fransversély throtgh the base region to the base lead is

___of ‘considerable size, ranging to téns of milliamperes—
~an order of magmtude larger than is encountered in-low
leveI transistors.” Because of the small thickness and
finite resistivity of the base layer, this current causes an

" ghmic voltage gradient which 1s in such a direction asto

reduce the effective f_orward- bias on parts of the emitter
distant from the base lead. This in turn causes a large

- .drop in the current density injected by these parts of
the emitter, and comsequently a drop in the efficiency

of the transistor. To obtain an expression for the mmag-

case.
Cons’i‘der‘ what we can call a
dimensional transistor,”

, “ser_n—inﬁni__.te one—
as shown in Fig. 3 Suppose

‘that we have a’semi-infinite region of P-type germanium

containing -an "N-type region (the base) of -width -9V -
bounded by two pafaIlel planes normal to the boundary

of the region. An ‘ohmic Base contact is made to' the

whole exposed area of the base region as shown. For
purposes- of- calculatlon -we shall.consider a slice of-this

semi-infinite. reglon normal to its boundary and to the

boundaries of the base region, the slice bemg “of unit
thickness.

2 _ | . | | 1)(
j(x)dx:—: o _f-_—;j'(x)dx —Ex_

(1- °C)J (x)d x

«—'Wl—~f+
i
\

—_— —‘l“—_nl_

Emitter Coll‘ec‘korr
Base
Fig. 3

We shall make the following assumptions:
1. The conductivity of the emitter region is very
large so that emitter efficiency approaches unity.
2. The conductivity of the base region is sufficiently
high that it is not severely altered by the presence
of injeeted carriers at the levels considered.
Flow of minority carriers across the basé region is
by field-aided diffusion, as discussed by Webster,
the effective diffusion coefficients being g times the
normal coefficient where 1 <g<2.
Recombination of injected holes in the base region
is approximately monomolecular and described by
an effective lifetime 7 which-is independent of in- -
]ected carrler concentration in range Con51dered

su_r-npt10ns to see ,tha‘c they are reasonably vahd and ap-

- plicable to practical cases. Consider an alloyed junction

transistor with base width 0.0025 cm. Typically, emitter
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and collector region resistivities will be ~0.001 .ohm-cm
and base region resistivity ~1 ohm-cm. Assumption (1)
is thus fairly valid and any departure of emitter effi--
ciency trom unity.can be indicated in the effective «. For
an injected emitter current density of 10 amps per
square cm, the injected hole density at the emitter junc-
tion [making assumption (3) with g=1.7] is about
2X10% per cubic centimeter which corresponds to a re-
sistivity of about 1 ohm-cm for the associated electron
density. The injected hole density of course decreases
approximately linearly across the base region and is
zero at the ¢ollector junction=so that the effective value

—nitude-of thlS effect we-shall-examine-a simple-idealized—is.about .one-half .of this. Thus. assumption (2) is valid

up to injected current densities of a few amps per square
cm. We shall examine the case where this assumption

is not valid at a later stage in the d1scussxon

The value of g t6 be used in assumption (3). can be
found from Webster’'s paper.? In the present example
g>1.5 for emitter current densities greater than about
5 amps per square cm. The exact value will not concern

us for the moment.

Assumption (4) is just a simplifying. assumptlon which
appears very reasonable in the light of assumption (2).

'Its effect will be exarnined later.

Now let us proceed with our-derivation, referring to
Fig. 3:
-Suppose a ¢current density j(x) is injected by the emit-

"ter into the base region at x in the element dx. This rep-

resents a current j(x)dx of which aj(x)dx flows into the
collector and (1 —e) j(x)dx flows through the base region
towards the base lead. Here « is the effective o of this
idealized transistor and includes current due to non-
unity emitter efficiency and to recombination of carriers
within the base region. The first effect contributes
(1 —7)j(x)dx and the second (1 —a')j(x)dx, where from

the usual theory
(z)
~1—-—{—],
2\L,

where L,=+~/D,r, is the diffusion length for holes in-
jected into the base region. For typical values, W = 0.0025
cm, T, 100psec, o’ =0.9995, so that it may well be the -
(1—v) term which gives the major contribution to
(1 —ea). We should point out here that these very high
values of ¢ are due to the fact that as yet we have net
considered surface effects.

We now make the assumption, a result of assumptions
(1)—(4) discussed above, that « is constant over the
whole of the base region. The injected .current I, can be -
expressed in the usual way as a function of emitter-base
voltage V as

@

7). = jo(e DIT —1), )

where j, is the reverse saturation current of the emitter
junction. . .

Now the base region has a resistivity p which we have.
.assumed constant so that its linear resistance in the:x
direction is p/ W ohm-cm. The emitter region is in effect.
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équipotential and we take the emitter to be at a poten-,
tial Vy with respect to the base contact at x=0:; The
base current at x°is ‘

zb(x) = fw(l — a)j{x)dw,

whence
din()
dx

= - (1,—— a?j(xﬁ.

The current 4(x) causes a voltage drop given by .

aviz)  p |
w e
whence
V() p diy(%)
i* W dax
so that we have
" @V (%)

P~ i
m — Tt @i,

and using our previous expression (2) for j(x)

&EV(x) ~ p

= T =i 1) (@)
In (3) let y=dV/dx then
- av dy
i T ay
and 'W'e have
y L= L g,

Integrate from the general point considered to x= o
using the fact that y( ) =0, V(w)=0.

3y? -2 a - a)jof( | Pl e E — V) e

: W q ; ]

© AT\ ' v
. (——— = -—p 1 — a)jo——(eq"/’“'f —1 - L)
dx W ET
A R S
f <qulkT -1 — M> 4av
, ET et e e

kT 1/2
=+ (— (1.— a)do > f dx,. - (5)
q 0
" and using the boundary condition V=V, at x=0 this is
the complete solution in terms of an integral. For our
purposes, an’ approximate solution will be sufficient. At
room temperature (¢/kT)=~39 volts™ and in a power-
transistor V~1 volt. We therefore make the approxi-
mation gV/kT>>1 and neglect the term [=1—qV/ET]
in cemparison with the exponential. The solutioii 'so ob- -
tained will be valid in regions not too far distant from
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the factor (1 —a) varies as W2

May

the base connectlon Makmg this approximation, (5)
can be integrated directly to give -

- 28T
- —— (eWIMT — gV 2T)
q
2p BT\ 12
=+ =01 ~a)j—) x
(W( )]0,. q ) ‘
‘whence 5
© 2T
Vi)~ — log. [e‘q"o/ 26T

L 4/W am—?x] (©)

We shall be more interested in emitter current density
and this is given by

](x) _]o(qu/kT._Al) . - o s
- (@) Njo{eqvo/kT[l + Axe‘IVo/ZkT] -1},

1 —_
YV 1/W a)j‘)

(7

where

(®

~Now 4>0 and we know that j(x) decreasés" as x in-
-creases from zero so that the amblguous sign should be

plus, giving
](x) zjo{quo/kT[l + Axe‘IVo/?kT']—z

- 1}} (9)’
Thé""éﬁp‘fé’s's"idn_ (9). together with (8)..then gives an

approximate description- of “the fall-off of emitter cur-

rent density away from the base lead connection. Under
our assumptions, this solutlon i§ ‘only valid fairly close’
to the base connection where the -approximation
[gV(x) /kT]>>1 is valid. We can thus simplify (9) and

write to sufficient approximatiofy—== ~— "5

,,(x) ~ foe@WORT[1 | AgedVol2T |2

~iofitag/E -0 Lol w

and, ,if”Wel'assum'e v =1, then using (1) -

J@]_QJ

~i

/ps g
4T Dy

](x) = ](O) _[1 -l— x

: -—«We~sheuld‘notxce in Iookmg ‘at:-this result, that the

scale in.x is determined by thefactor
g W
4 IaT Dprp

4(0),

and “the significant thing to note is that thisvaries as’

W12, so that we should strive for as long a hfetu:ne
and as small a base layer thickness as possible, to. .
achieve minimum variation. This réquirénieiit 6f 3 thii
base layer is at first sight a little surprising until we'

remember that though the base resistance varies as 1 / W
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We shbuld point out that there are two reasons why
=~—we wish to ‘minimize this: ‘varfation in emitter current
density. The first is the obvious desire to pass as much |

- . cutrent. as, _possible, ‘which clearly presents fewer.prob-

lems if its den51ty is approx1mately constant. The second
8 to preserve a large value of B=a/(1 —a) at hlgh cur-

~rents: Since to-a first-approximation 8 varies as 1/7; the
integrated value of 8 for the transistor .as a Whole is
greatest for a uniform current distribution.
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‘Fig.” 4—Caicﬁlated fall-off of injected.current densﬂ.:y j(x) as a func-

tion.of distance x from the edge of the emitter for the three.cases
dlscussed in the text.

Nuwmérical Examples
To give concrete realization to some of our ideas, we
shall plot-the dependence shown in (11) for three more
o l'e‘ssrtyp‘i'c‘al"caseSL“'*The“‘tra‘nsistor structure is'as shown
in Fig.- 3. -
1. W = 0.002 cm
7, = 100 usecs
’ p = 0.5 ohm-cm
7(0). =
them - - - - o
J(x) =
2. W = 0.002 com
' 7p = 10-psecs

2
- 10 amps per square cm

[ + 4, 7x] ~2 amps per square cm.

p = 0.5 ohm-cm

](0) 10 amips per square cm
then .« ' . . ;
i) =10[1 + 14.9x]~2 amps per sfi:lua,re cr.
3. W= 0.006 cm
7p = 10 ;usecs
"p = 0.5 ohm-cm
7(0) =.10 amps.per.square.cm. : P
then ’
j(x) = 10[1 + 25.8x]~2 amps per square cm.
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These three current distributions are plotted in F1g 4
(Numbers correspond.)

More Reﬁned\;ﬂkeoxyzf.or Very High Level Injection
VVe noted above When discussing the assumptions of
levels can we assume tha{emltter efficiency is unity and
that the base region resistivity is not changed by the
injected carrier density. We shall now attempt to formu-
late a more complete-theory where these effects are not

. neglected.

We shall make the same assumptions as in our earlier
“theory except that we shall not neglect the effect of in-
jected carriers on the base resistivity: -

For clarlty, consider a p-n-p -transistor, - then for an
emitter current j(x) and base width he average in-
jected carrier density in the base reg1on is §p where™

() = — gDy 2 where 15552

This injected hole density carries with. it.an equal elec—v
tron density which contributes to the majority carner'

“conductivity. The conductivity due to ¢his edtige g "

1
ol = — bV 7(=),
2 gD,
so that the total conductivity is «
R 1 wW s ‘
cg=o0¢+ ¢ = 0’0"|“— J(x), (12)
gD, .

‘where a9 is the original conductivity of the base reg1on
We shall write

1 .
o(x)

Referring to Fig. 3, the current (1 —a)j(x)dx origi’riati_yr'lg,‘
in dx at x flows through a resistance

- fopl(;)d

and so contributes a voltage drop

p(x) = (13)

. p()
[(1 = &) + (1 = 1) ]j(@)da f 22 .
: w
Summing all s;uch voltage drops, the emitter-base po-
tential at point x, is thus

Ve =ve- [ l1-a+1-lie) f @dyd
- f [(1—a)+(1—) )i(@)dx f “%d (14)

This integral equation, together with (12) agd (13) and
~Webster's expression for vy, is sufficient to -d
Vix).
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For the particular case we considered before when a,
v and p are assumed constant, (14) reduces immediate-lﬁf
to (4) upon differentiating twice with respect to x,. This
reduction cannot, however, be easily performed in the
.general case.

For our present purposes we shall not require this
general solution, and it will be sufficient to observe
some general properties of the current distribution which
it yields. The distribution will be quite similar to that
given by (11); it will, however, tend to be more steep
all over because of the appreciable magnitude of (1 —+),
though for small x this will be compensated for some-
what by the increased base region conductivity. It is

hoped to obtain a detailed solution of (14) at some later .

date.

We should perhaps emphasize again at this stage that
the result (10) was derived neglecting completely the
effects of surface recombination. The expression (1 —a)
used in (10) includes only contributions from nonunity
emitter efficiency and from transport loss by volume
recombination. In the case where surface recombination
is considered, (10) is still valid, and (1 —a) still has the
value given above, to a first approximation. There is,
however, an additional loss of carriers to the surface—
mostly carriers injected near x=0 so that they have
little effect on the phenomenon we have been discussing
—which lowers the over-all & of the transistor in a man-
ner which is approximately independent of the current.

Conclusions—Design of Emitter Region

From" the discussion presented above and the curves
plotted in Fig. 4, it is clear that we cannot achieve a
large emitter current merely by increasing the area of
the emitter since only those parts of thé emitter closest
to the base electrode connection will carry appreciable .
current. In fact, in even the best case considered, the
emitter current density has fallen by a factor of 2 by
the time we have gone in 1 mm from the edge of the’
emitter nearest to the base lead.

These remarks make the next step obvious—we must
arrange the emitter-base geometry so that the electrical
resistance between any point on the emitter and the
‘base .connection is as uniform as possible. It is also-
desirable that this resistance be as small as possible. A
convenient geometry at once suggests itself. Let us make
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“volts:

av
=0
dx

d
at x = — .
2

The analysis for this case is, however, more difficult and
(11) can be used to give a first approximation to the
current distribution. The true current distribution will
vary less than that predicted by (11) but it is still a -
usefu! approximation. )

Base Flectrodes

(&b
SLY //,
7777 |

/ Semi- cénductor

Collec_f or

Fig. 5—Proposed electrode configuration for high power transistor.

Standwrd Emitter-Base Configuration

Optimum dimensions could of course be worked out
for each particular transistor design, but the state of the
art is not yet such that transistor dimensions (particu-
larly base layer thickness W) and germanium’ properties
can be controlled with great precision. It is therefore

seonvenient in practice to design a standard configura-

tion which can be modified- to--yield--various desired—

transistor characteristics. In this section, we shall\pro-
pose such a configuration and show how it can be modi-
fied ‘to give transistors of different ratings.:

As far as materials are concerned, germanium is'avail- =
“able in"a large range of resistivities and lifétime can be

held to greater than 100 usecs. The resistivity to be

" used is dictated by breakdown requirements in general,

though often no very good. correlation appears to exist

for large area junctions. We wish to use as low a re-

sistivity as is compatible with sufficient 'Brveai{down
voltage. Usually 0.5-3 ohm-cm germanium will satisfy

breakdowns (which are soft in any case) in excess of 100

From the péint of view of our bias cut-off effect, the

-most’ common requirements, selected units having

smaller we make the width d of 6uf emitter bar, the
more efficiently do we use this area. ‘However, several

other factors enter in the opposite sense and so we can

the emitter a very long thin bar, and use for & base elec-~
trode two long bars flanking the emitter and as close to
it as possible. The collector, of course, is on-the opposite
side of the semiconductor as is usual with alloy junction
transistors. This arrangement is shown in Fig. 5. The
geometry is really similar to that discussed previously
and illustrated in Fig. 3 except that the transistor struc-
ture extends only a distance d (the width of the emitter
‘bar) in the x direction and .another base contact is
applied at this edge.

- 'The results of the calculation made above cannot
strictly be applied to. this casé since now the boundary
condition is

in fact find a finite optimum width. The. first of these

- “other-factors™is surface recombination which we men-

tioned earlier. The_ngmber of minority carriers lost-at .

the surface is _app\rpxim'ately proportional to emitter
perimeter, so that very thin emitters, having a large
ratio of perimeter to area, are bad from this point of

view. We must also remiember that 6ut transistor will ™

be made by an alloying process and depth of penetra-

tion is finite. In order that the base region be as uni- o
formly thin as possible, we réquire the-emitter width to-—

be large compared to the aHgying depth. We should

finally mention that very wdarrow emitters will be™

mechanically weak and difficult to fabricate.
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pends upon miany thifigs, surface recombination velocity:
(which is closely dependent on’smanufacturing - tech-
—nique) being one of the most important.- Ideally-.an
~ analysis similar to that of Moore and Pankove® should
_be carried out for this transistor design and for particu-
“lar surface conditions. Tn the absence of sich an analy-
sis, experience shows that for typical transistor require-
ments and manufacturing methods an emitter width.of
..1-2 mm is close to optimum. The base. electrodes are
equally spaced and as close to the emitter as possible

The relative importance of these various effects'de- .

their proximity being dictated prifiarily by mechamcal
“e— considerations:- - - - e —

We have said very little about the collector as. yet
and-indeed little can be said at the moment. From the
viewpoint of collection efficiency, the collector should

" be as large as possible, but on the other hand, increasing -
the collector .area increases the ‘saturation current-Fs -

« and also increases the likelihood that the collector
region contain some serious imperfection. In practice,
if the collector is made to extend one or two diffusion

-lengths sideways.past the emitter, the-collection will.be
sufficiently good.

Possible Electrode Configurations

. So far, we have merely designed a “standard”.
—  emitter-base configuration. We-shall now-show: how it
can be modified to yield several important-and-uiseful
transiStor types. '

Fig. 6—Tran51st0r types: (left to nght) (1)X 78 standard power'

transjstor (without base electrode); (2) single-bar transistor; (3)

. double-bar transistor; (4) multi-bar transistor. The upper row

shows the émitter-base side of the transistors and the lower row
the collector side.

Sfingle—Bar‘ Type: For medium power applications
where currents up to 2 amps or so are required, it is
" convenient to make a transistor consisting merely of a

short length (say 1 cm) of our standard configuration.. .

The dimensions of such a structure are mechanically
reasonable and units made to this design behave .as
expected. A unit of this type is shown in Fig. 6, while
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- Fig ig.'8—Averagé grounded base input resistance V./I.asa functlon

of I, for*(1) X-78 standard power transistor, (2) single-bar unit,.
(3) double bar unit. All p-n-p types with Ve= —12 volts. ‘

a typical plot of f=1./I, vs I, is shown in Fig. 7. A'simi=
lar curve for input resistance is shown in Fig. 8:
Multi-Bar Type: For higher current requirements; the
standard configuration is inconveniently long; so a con- -
yenient modification is to place two or more of these’

- conﬁguratmns parallel to each other. Units of- thlS‘ type

are shown in Fig. 6. If many bars are used, they may be
conveniently connected together inté a'comb-like struc-
ture, the base leads being connected similarly.

It should Be pointed out that despite a superficial
resemblance to the comb-like power transistor feported
by Hall® this unit is of a basically different geometry,
Hall’s transistor having base and collector geometry
interchanged with respect to our umit. '

One of the most successful units of this type is a
double-bar unit, 1.5 cm in length, which has an efficient
emitter current rating of about 5 amps. A 8 vs I, curve
for such a unit is shown in. Fig. 7 and a similar curve for
input resistance in Fig. 8.

Annular Type: As a further variation, a length of
standard configuration can be bent to form a ring'so

5 R. N. Hall, “Power rectifiers and tran51stors,” Proc. IR E
vol. 40, pp. 1512~ 1518; November, 1952.
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that the emitter is an annulus. Several concentric rings
of this type can then be built up into a larger unit. Units
of this type have some slight d1sadvantage in base re-

sistance in the innermost ring but are otherwise ap-

proximately equivalent to a multi- bar unit. It appears
that fabrication methods are not so s1mple for-a unit of
this type as for a bar-type unit.

THERMAL AND MECHANICAL DESIGN
Thermal Design

We have .completed. our brief survey of some of the

electrical-conisiderations in power transistor design. We

turn now to hdave a brlef Jlook at some of the thermaland
~mechanical problems: for which solutions must be sought.

It is well known that as its temperature i increases, the
" number of free carriers in a semiconductor also increases
until the number of holes and electrons become com-

parable, at which stage the semiconductor is said to be"

in its intrinsic range, and many of the attributes neces-
sary for transistor action disappear. Even before the
intrinsic range is reached, many undesirable phenomena
appear, chief among. these being the increase in the
saturation current I, flowing in the collector circuit.
~ For germanium, the temperature at which these effects
become severe is ordinarily less than 100 - ‘degrees C.;
for silicon, it is considerably higher.

In operation, a power transistor usually has a con-
siderable amount of power dissipated within its struc-
ture in the form of heat, and unless this heat is removed
efficiently, the temperature will rise and the undésirable
effects discussed above will set in. In practice, we must
therefore provide a suitable low resistance path through
which heat can be removed from the transistor. This
may be done by means of conduction, convection or

radiation, or 4 combiriation 6f thesé ‘three. The usual
‘method is to mount the transistor on a piece -of metal
to which is attached a suitable system of cooling fins.

For the small temperature rises encountered, Newton's
law of coohng is valid and the maximium allowable dis-
s_rpatlkon is

(15)

‘where T is the maximum permissible device: tempera—

PROCEEDINGS-OF THE IRE.

Suppose the transistor is in equ1hbr1um at a temper-
ature 7" and that its collector voltage is V, and its col-
léctor current I,. Comnsider a small random increase in
temperature dT. This causes a. corresponding increase
dl,in I,. The increased dissipation.is.thus

4P = V. dI.,.
Supposé the thermal resistance betweer the transistor

and the ambient is R then the i increase d7" allows an
‘additional conduction of heat

aT
dH = — .

Then the equilibriurhis stable and the system will return
to its initial tempeérature state if

aP < dH :
_ar,
- TVl < —

~al, 1
“ar R’

(16)

Eq.. (‘16) then determines the critical value of 7" for
stab1hty

We should note that the thermal resistance R in (16)

~-is;"more-properly ‘speaking; an impedatnce: T & typical

case,. the collector, of a transistor may be soldered to a

large copper or aliminum fin structure. A first approxi-
~ -mation.to. R is. then glven by the electrlcal, analog shown

collector unc‘uon and the ﬁn assembly, Rz is the thermal
resistance between the. fin assembly--and- the~ ambxent
dChisthe heat capac1ty of the- ﬁn structure ordmanly
R2>>R1 - TTE :

et e

ks PRI SPI

the valiie of R to'be used i in- (16) is essent1ally R1 whﬂe _

ture, T4 is the amblent téinperature and R is the ther-

mal resistance between the.device and the ambient:
Des1gn ofa proper fin system is very 1mportant ‘since
 if we make R'small, we increase P the allowable dissipa-
tion. The subject of fin design falls outside the.scope of
“this paper so we shall not consider it here.
Another therm_al ,problem which we must consider. is
that of stability. Since the saturation current [, in-

creases with temperature, the heat generated by this

current is VI, where V, is the collector’ voltage, and
+this 31m11ar1y increases with temperature. The device
‘may thus be temperature unstable unless it is' properly
designed. 3

“Tor steady-state cons1derat10ns (>R:C), the appro-
'prlate thermal reslstance is; R1+R2 Electncal analogs of

comphcated cases such as SWltChlng ec1rcu1ts, Where
there is a 'very great difference between peak and aver-
age dissipations._

~We should note thata thigher temperature lifiit can ™

be achieved by
1. ‘Decreasing R. . k
'2”'ijecreasing L. ' : T e
3. Decreasing V.. '

All these:should be borne in'mind indesighinig FATSISTOT

structures and in using transistors.in circuits. When we




“Tabove lines, we Can improve stabﬂlty furtﬁer by
__corporating suitable thermally sensitive elements in the
~-electrical circuit.- Lo R
We noted above three means by which thermal sta-
~ bility could be improved. The first two of these, namely
““decreasing R and d’ecreasmg T, cani bE" con51dered a
little further. We should note that by (15) the maximum
allowable dissipation will also be mcrea.sed if we decrease
- R. -
R can be m1n1m1zed by using materials of hlgh thermal

SUEE,

conductivity in the assembly. Tadium ~(K=0057"""
—--cal/cm sec-degrees-C.)is-particularly-bad-in-thisres

.and R can be reduced consrderably i the 1nd1um “col---
lector (for a p-n-p transistor) is reduced in thlckness as
much as possible and then. soldered to a piece of copper
The major contribution to R comes, however, between
the fin structure and the ambrent -and-can be reduced: by
‘proper fin design. We shall not consider this further
“here.,

I, can be minimized by using as small a collector

wmprea-asis compatible with other'requirements, and, other

things being equal, by using a low resistivity semieon-
ductor Wlth large energy gap.. S1nce We are’ mostly con-

I, in this-corntext mcludes the leakage curtren:
as the true saturation current. The temperature de-
pendence of this leakage component is not as great as

that of the saturation current, but we should try to
minimize its'value by-choice of germanium- (orientation-
‘may be important) and by proper etching technique.
Mechanical Design

ThlS is a subject which we will discuss brleﬂy Wlthout

mtendmg to ignore its importance in final transistor de-

sign. The mechanical package must be such as to main-
- tain those desirablé eléctrical characteristics which
have been built into the transistor and to preserve them
from environmental influences such as humidity,
shock, vibration, etc.

~The transistor package may either be mtegral with
the fin structure (e.g., Transistor Products type X~107),
or may be a separate unit which is subsequently
attached to the fin structure. Th1s latter procedure ‘has
much to recommend it in the case of high power tran-
sistors where the fin structure required- may vary .con-
siderably- depending upon the application. A package
of this type, housing a double-bar transistor of about
20-watts dissipation rating is shown in Fig. 10. Also
shown is'an X-107 transistor package rated at 3-watts
dissipation in a 25 degrees C. ambient and an experi-

mental package- of -intermediate rating. The fin-strue- -

ture for the 20-watt unit may typically be a larger
version of that shown on the intermediate design, or
alternatively, the transistor may be bolted to a chassis
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or other convenient “heat sink.”
“The package may be either plastic filled or hermeti-

cally sealed to afford humidity protection. Plastic filling -
is.cheaper and easier and provides a very good seal if

proper encapsulants are used, but in some cases the
more certain protection of an hermetic seal may be
desired, the container then either being evacuated. or
filled with some inert substance. '

F1g 10—Power tran51stor assembhes (1) X—107 (3 Watts) 2) ex-
perimental unit (about 5 watts), (3) high power unit, coohng fins
not shown (up to 100 watts).

CONCLUSION

It has been the aim of this paper to present certain
considerations which are important in the design of high
power transistors. The theory is of quite a general

nature and shows how units can be designed to have

improved performance at high currents and at high
dissipations. Although the theory is generally useful, it
has been here only specifically .applied to alloyed june-
tion transistors. The results reported are for p-n-p units
but theoretical considerations as well as measurements
indicate that #-p-n units should be even more suitable
for high current applications: By following the precepts
outlined above, transistors with class A output ratings
over 50 watts have been successfully designed and
fabricated. o
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