LB=107.

THE EQUIVALENT CIRCUIT Ol

THE DRIFT TDANSISTOI:

RADIO CORPORATION OF AMERICA
RCA LABORATORIES

INDUSTRY SERVICE LABORATORY
R R G L N



LB-1077

I OF 14 PAGES

SEPTEMBER 6, 1957

RADIO CORPORATION OF AMERICA
RCA LABORATORIES

INDUSTRY SERVICE LABORATORY

LB-1077

THE EQUIVALENT CIRCUIT OF

THE DRIFT TRANSISTOR

This report is the property of the Radio Corporation of America
and is loaned for confidential use with the understanding that it will not
be published in any manner, in whole or in part. The statements and
data included herein are based upon information and measurements
which we believe accurate and reliable. No responsibility is assumed for
the application or interpretation of such statements or data or for any
infringement of patent or other rights of third parties which may result
from the use of circuits, systems and processes described or referred to
herein or in any previous reports or bulletins or in any written or oral

discussions supplementary thereto.







The Equivalent Circuit of the Drift Transistor

which it represents.

The four-terminal admittances for the drift transistor, derived from the admit-
tance equations worked out by Kroemer'!, have been examined as functions of fre-
quency and approximated by an equivalent circuit. The equivalent circuit is in two
forms, one suitable for the common-base connection and the second suitable for
the common-emicter connection. The frequency response of each equivalent circuit
admittance is plotted and compared with that of the device admittance function

The differences in the behavior of the phase of a at high frequencies are dis-
cussed qualitatively for the drift and diffusion transistors.

1. Introduction

Much has been written about equivalent circuits for
junction transistors'. Most of the development to date,
however, has been concerned with equivalent circuits for
the ordinary diffusion transistor. Since the drift transistor
employs a new principle notutilized in the diffusion tran-
sistor, it is to be expected that equivalent circuits for
the diffusion transistor will not be applicable in all re-
spects to the drift transistor. Kroemer? in 1954 derived
expressions for the four-terminal admittance parameters
for the drift ransistorand gave alow-frequency equivalent
circuit for the common-base connection. His admittance
expressions are re-examined with the object of deriving
equivalent circuits for both the common-base and the
common-emitter connection. The results of this investi-
gation are reported in the following sections.

The physical principles and methods of construction
of the drift transistor are not discussed in detail in this
bulletin. A thorough treatment of these aspects may be
found in references 2 to 6.

In section 2, the four-terminal admittances as
functions of frequency are examined and approximations
necessary to reduce themto usable forms are introduced.
The functions are tnen plotted for typical values ofdevice
parameters. A 7 configuration is assumed for the equiva-
lent circuit and the elements of the # network are written
in terms of the admittance functions. In section 3 the
elements of the 7 network are approximated by equivalent
two-terminal electrical networks. The procedure in arriv-
ing at the equivalent networks is to expand the combi-
nations of the admittance functions, which make up a
given m element, into a power series in a normalized fre-
quency parameter x, where the frequency corresponding

to x = 1 is approximately the a-cutoff frequency. The
admittance of a suitably chosen two-terminal electrical
network is also expanded in powers of a normalized fre-
quency and its elements then evaluated by equating co-
efficients. Values of the circuit elements are calculated
for typical values of the device parameters. In section 4,
the diffusion and the drift transistor are discussed quali-
tatively in an attempt to explain the difference in be-
havior of tne phase of a at high frequencies for thedrift
transistor.

2. The Four-Terminal Admittance Functions

The circuit equations for the three-terminal box
shown in Fig. 1 may be written:

= (D

When the equations are written in the form (1) terminal 3
is taken tobe at the reterence or ground potential. It is
often more convenient to leave the reference potential un-
specified. This can be done by forming the indefinite ad-

mittance matrix’:

3 Yy, Yy, D ETIED £V V,
2 Yo Yo Yy - Yy, v, (2)
13 Yyu-Ya  YuY, Y+ Y+ Y,+ Y|V,
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Fig. 1 — Three terminal box representation.

To form the admittance equations with any of the three
terminals as the reference, the appropriate row and column
of the indefinite matrix are crossed out. Then, provided
the admittance matrix is known for one terminal common,
the admittance matrix can easily be obtained if either of
the other two terminals are considered to be common.

The four admittance functions for the drift transistor
with the base lead as the common terminal have been
worked out by Kroemer2 for a p-n-p transistor and are re-
peated here for convenience.
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= the emitter saturation current which flows
T

when a reverse voltage »> — is appliedat
q

the emitter.

qAD

. b -
ig=—1— po(w) (8)
= the hole saturation current of a p-n diode
where the impurity concentration on the n-side
is constant and equal to the impurity concen-
tration at the end of the base region.
ie(p) = the emitter hole current
iC(P) = the collector hole current
Dp = Diffusion constant for holes
TP = recombination lifetime for holes
= charge on the electron
A = junction area
b, = equilibrium hole concentration at the base side
of the emitter-base junction
dw T
— = change of base-width with collector voltage
dv
c
w = the average base-width
AV = potential energy difference in the base region
due to the impurity distribution = gFw
F = drift field in the base region
b (w) = equilibrium hole concentration at the collector

end of the effective base

and the following notations and relations are used:
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show the equivalent circuit approximation.
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L=\D,r, /=Z’€TT, é:/l_ﬁ%
(9

a Trien 1 e 111

AMoDyr, L Dp' 82 2 A2

Egs. (3) and (7) consider only the effect of the hole cur-
rent (minority carriers). Kroemer points out? that the elec-
tron currents maybe neglected in all of the parameters
except Yy,. The effect of the electron current can be ap-
proximated in the admittance Y,, if the current gain a,
the emitter efficiency y, and the transport factor 8 are
included.

i Y“(P) ) Y“([J) Yu(P)

Yu Yu(p) + Yuv(n) Yu(p) Yu(p) + Yu(n)

(10)
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Curve 1 represents the modulus and curve 2 the phase. The
dotted curves show the equivalent circuit approximations.

Fig. 3 = The variation of with frequency.

The emitter efficiency y may be written

Y (n)
ye— =1 (11)
Yll(n) Yll. P)
I+
v, (%)

This effect will be of interest only when it is necessary
to subtract from the term Y,, another admittance Y,,.
These admittances are of the same order of magnitude.
The important term under these conditions is (I - a) which
may be written (I - @) = 1 - B y. At low frequencies the
value of this term is much less than unity as both 8 and
y are close to unity. Consequently, the low-frequency
value of y becomes quite critical. At higher frequencies
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Fig. 4 — The variation of with frequency. Curve 1 repre-

22(0)
sents the modulus and curve 2 the phase.

both B and y decrease with frequency,but 8 is a much
stronger function of frequency than y, since the only fre-
quency dependent term in y is the ratio Yu(")/Yu(p)
which is small compared to unity (Eq. 11). Therefore, the
frequency variation of y can be neglected and only the
low-frequency value y_ be used throughout. Thus for the
complete admittance (Yy,),, ie(P)/yo can be substituted

for ie(i’). This discussion has neglected the effect of the
emitter and collector transition capacitances which arise
from the fact that with a change in voltage there is a
change in depletion layer thickness and thus in the total
amount of charge in the depletion layer. These capaci-
tances could be added to the admittance functions? at
this point and an equivalent circuit found which included
them. However, another approach is to obtain an equiva-
lent circuit for the intrinsic transistor and then to add

the transition capacitances as external elements.

A few new terms are now defined and Egs. (3) to

(7) rewritten. Also, the saturation currents is and z'd com-
pared to i, and i_ are neglected.
E=e, L and L= (12)
/ 3, 3,
= 2T and is a measure of the strength of the drift
field. 2*7
If e > 1, may be neglected compared to unity in most
L%*

cases and €' = ¢. However, there is one occasion when
this slight difference is important and this difference is
preserved for that reason. One further change is made in

8 2
notation. Let O =4/l + jo -2
DP
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Eq. (3) then becomes*

t 1+ e
I+ <@
ie(p) ¢ I- e-2¢'Q)
Y, = 4z (13)
yo kT 6' 1+ e-ZE'
I+ —
€ T w 6-26'

The hyperbolic cotangents have been written in their ex-
ponential form. For €' >> 1 the negative exponents may
be neglected since for ¢' = 2 the error in neglecting the
exponents would be of the order of 5 percent, while for
€' = 3 the error would be less than 1percent. It is assumed
that the drift field is strong enough to neglect € com-
pared to unity. It is also assumed for this purpose that

e/e" = 1.

Eq. (13) then reduces to:

(14)

Making the same approximations as before, Eq. (4) reduces
to

. ' dw 5 Q)
Yy, =28 (B)E B2 g Aete 15
e woav )
c
Eq. (5) reduces to
__;(p) 4 (e - €'Q)
Y, = zepﬁﬂe € (16)
and Eq. (6) reduces to
ic(ﬁ) ,
Y, = - dw. [ZG'Q e % Q+e'Q - e] (17)
w dV

c

In this last equation one more term has to be used in the
expansion of the hyperbolic tangent, since the earlier
terms almost cancel. For convenience in calculation it
is simpler to put the admittance functions in terms of
their low frequency values. Then,

*Note: The subscript (b) on the four-terminal admittances has
been dropped for convenience. When these admittances are used
in the remainder of the bulletin, it is to be understood that they
refer to the common-base connection.

Y :1+Q ’ i:Qef'”-Q)
Yi1(0) 2 Yi2(0)
(18)
y y Qe2"“'9)+yzéf'(9-‘—,)
an Qee'(I.Q)’ 22 €
Y31(0)

Yi2(0) 1+1/2Q-6—>e2€.
e

These functions have been plotted for a value of €' = 4,
and in the case of Y,, it has been assumed that ¢/¢' =
0.999688, which is equivalent to assuming w/L = 0.1.
The functions are plotted in terms of x, where x = @8 ? /D

and Q =+/1 + jx. These functions are shown in Figs. 2 3
4. The shape of the curve for Y,, (Fig. 4) depends quite
critically on the assumed value of €/¢'. The shape of the
curve at low frequency depends on the relative low fre-
quency values of the two terms in Eq. (17). At higher fre-
quencies the second term dominates and the phase asymp-
totically approaches 45 degrees.

When considering the representation of the transistor
by means of an equivalent circuit, the equivalent circuit
parameters will be combinations of the four admittance
parameters discussed above. To obtain the desired ac-
curacy in some of these combinations, it may be neces-
sary to obtain more accurate expressions for the admit-
tance parameters than those used to plot the functions
in Figs. 2 to 4. It is useful at this point to consider just
what combinations of the original admittance functions
will arise in the equivalent circuit representation. The
form of equivalent circuit chosen in a 7 network with a
current generator in the output leg. The form of the circuit
is shown in Fig. 5. Because the admittance Y,, is much
less than Y,, or Y, it may be neglected when added to
these terms. However, Y,, and Y,, are of the same order
of magnitude over part of the frequency range of interest
and, as they are opposite in sign, the term Y,, + Y,
should be considered. An equivalent circuit of the form
shown in Fig. 5 is quite useful for the common-base con-

e Cic

E
— Y. i,
Ve yE # 8VEyM Ve
B

Fig. 5 — @ network for common-base connection,
where Yp =-Y,, Ye = Yy, + Yy, Yc =Y+ Yy
and Y =Yy + Yy,
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nection; however, for the common-emitter, it would be
more suitable in the form shown in Fig. 6.

This equivalent circuit can easily be formed from
Fig.5 by using the indefinite admittance matrix previously
described. The only element which appears different in
this equivalent circuitis the input branch Y, + Y,, - Y,,.
Again, Y,, may be neglected compared to Y,, and Y,,.
The two combinations of admittances which are of interest
in the equivalent circuits of Figs. 5 and 6* are Y,, +
Y=Y, and Y, + Y,, = Y_. The expressions for these
two combined admittances can be developed from Egs.
(4) to (7) and the results are givenbelow.

i
YC = Yzz g Yu ___..._uC; ;Yd‘_/lL [E' <Q -:T> (1 .2606-269)] (19)

Ys = Yu + sz
(20)
N (Q-5)
. 1 1+6—' e(fl-g
=l o [( p Q) - 2y Qe
Yo 1+6—

s B C e
. [ yc |

Vs é é@vay’“ Ve

E

Fig. 6 — m network for common-emitter connection,

where Y, =Y, + Y,; - Yy;. The other elements are the
same as in Figure 5.

The effect of the exponential term in Eq. (19) canbe
neglected apart from the slight rodification it will make
at low frequencies. At high frequencies the expression
for Y_ will be of the same form as the expression for Y,,.
The low frequency value of Y. will depend quite criti-
cally on the ratio of €/e'. For an assumed value of ¢/€'=
0.999688 and €' = 4 the function is plotted in Fig. 9. The
value of €/¢' will also affect the value of Y,, + Y,,, but
this effect is by no means as strong and can largely be
accounted for in the low-frequency value of y . The
function is plotted in Fig. 10 for €' =€ and y, = 0.975.

*Note: '*V.”’ in these figures refers to the output voltage in
each case. Distinguishing subscripts have been omitted as un-
necessary.

3. Equivalent Circuit Representation

In this section equivalent circuit representations of
the admittance functions Y, YC, YS, Y, , and ) de-
scribed in the previous section, are derived. The method
of derivation is essentially the same as that used by
Kroemer3, The admittance functions are expanded to the
third term in a power series in a normalized frequency
parameter x, where x = @ BOZ/DP, and x < 1. The fre-
quency correspondingto x = 1 is of the order of the a-cut-
off frequency of the intrinsic transistor. Three element
networks are used to represent the functions. The values
of the elements are derived by writing the admittance
of a network in powers of normalized frequency and
equating coefficients to the coefficients in the expansion
of the corresponding admittance function.

In this derivation the transition capacitances have
been omitted as well as the external base lead resistance.
These elements will be added to the equivalent circuit of
the intrinsic transistor in a later section.

The admittance Y,:

Taking Eq. (14) and writing Q =+/T + jx,

: (p) ,
i —
Y- e q 1+y1+77x 1)
Yo kT 2
cx %t
For x < 1,y1 + jx may be written as I tigtg - -

Keeping only the first three terms in the expansion and
substituting in Eq. (21),

Y d 9

1 for x2 << 1 (22)
€ Y, kT

LE X
4" 16

The admittance of the circuit shown in Fig. 7 may be
written

. ; 22
_o__](o‘C zg1[1+ﬁ+®C:|f0r&)_C<1 (23)

81 8281 82

If x = wa, where a= 50 /Dy, coefficients of  in Egs.
(22) and (23) may be equated and solved for C,g, and g,.
Then,

i (0) q a
gxz‘ey—ﬁy C:ngaﬂdgngz (24)
o
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The variation of the admittance of the circuit shown in
Fig. 7 is plotted in Fig. 2 (dotted) for the ratios of the
elements given by Eq. (24). It canbe seen from this curve
where the approximations break down above x = 1.

The admittance Yp:

This term may be dealt with in the same manner as
that used for Y,,; the most suitable three-element circuit
is the one shown in Fig. 8. This circuit equivalent has
however two disadvantages. The first is that the capaci-
tance C turns out to be negative. The second is that at
high frequencies the circuit admittance begins to increase
with frequency whereas the admittance function Y, keeps
on decreasing with frequency. A more useful approximation
would be simply the g and L elements in series, as in
most circuit applications it is not necessary to know the
exact variation of Y with frequency, but only to know
that its admittance decreases with increasing frequency.*

‘ $a

9.

Fig. 7 = Circuit repre-
sentation of Ye'

The admittance Yp,:

In the equivalent circuits of Figs. (5) and (6), Y,
appears as the multiplier of the input voltage to make up
the current generator in the output leg. Although an equi-
valent circuit may be formed to represent its frequency
variation, it would need to be somewhat complex and its
usefulness would be limited. It was thought preferable to
obtain a simplified expression forthe frequency variations
of this function that could be used simply as a multiplier
for the current generator.

Using Eq. (16),

() 4 (e-€'Q)
szlcp E Qe (25)

*Note: A slightly better approximation may be obtained for Yp
at the lower frequencies by placing a small capacitance across

the conductance in Fig. 8.

Letting g, equal the low-frequency value of Y, Eq. (25)
may be written in the form,

Y, =g, Qe(1-O) (26)

If Q is expanded in powers of x and only terms up to x?
retained, Y may be written in the form

e-jcoA
= — 27)
m = &m 1 + joB
where
g
A=3[e'-1-(e'-2)/2]
2
B=2 (e - 2)1/2
2

for €' =4, A= 0.8a and B = 0.7a. A good approximation
to the original function can be obtained if A and B are
made equal. Eq. (27) is plotted on Fig. 3 (dotted) as a
function of the frequency parameter x = wa, for A = B =
0.74a. Comparing these curves with the original curves
it can be seen that the modulus curve is a good approxi-
mation up to 1.5x while the phase curve gives a good
approximation somewhat higher

The admittance Y.:

The next element to consider is Y_. Using Eq. (19)
and neglecting the last term,

c dw x 2
Y =Y, +Y,~=-— —¢€|1-— +7=+=—
S [ e 13 8]
(28)
L 2
dw ,, . x € ¢
= - - 1+7— + —
w dV (e €)[ T2 e e 86'-6]

Fig. 8 — Circuit repre-
sentation of Yp.
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An equivalent circuit may be derived for this admittance
function similar to the one used for Y, and is illustrated
in Fig.7. The two conductances and the capacitance will
then be given by,

: dw(e, ) a ¢ 5 '
=-===(e-¢), C=g, ——— = 2
- w dVC ¢ b1 2 € -¢ 82 €' -€ £(29)

The admittance of this equivalent circuit is plotted in
Fig. 9 (dotted) and compared to the admittance function.
It can be seen from this curve that the approximation is
very good up to x = 1. At frequencies much above this
point, however, the approximations break down and there
is a large difference between the two curves, particularly
in the phase curves.
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Fig. 9 — The variation of = with frequen-

(Y22 + Y12 Yc(o)
cy. Curve 1 represents the modulus and curve 2 the phase. The
dotted curves show the equivalent circuit approximation.

The admittance YS :

The last admittance function that is considered is
Y_=Y,, + Y,.For this case assume ¢/¢' = 1 and use Eq.

(20). Again expanding in powers of x and keeping only the
first three terms,

oy g (1-75) x f1+2y(e-1)
Ys=Yu+Yn=ze(p)E y 1+]Z Ty
o

1-yo
(30)
+x_2 (1 +2yo(ez-e-1))
16 1-y
o

If the same type of circuit is used to approximate this
function as the one shown in Fig. 7, equating the co-
efficients gives,

_im 4 (LYo c.2 ﬂ.(f'_l_)gx
4 1.yo

g&i=1, —
KTy,
(31)
B [1+2y,(e-1)]g,
2 =
2
[1+ 2y (e -e- 1)1 -y,
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Fig. 10 — The variation of = S with fre-
Yy + Yn)(o) Ys(o)

quency. Curve 1 represents the modulus and curve 2 the phase.

The dotted curves show the equivalent circuit approximation.

The admittance of this network is plotted in Fig. 10
(dotted) and may be compared to the function it is to
represent for y, = 0.975 and € = 4. It can be seen thatthe
equivalent circuit representation only differs from the
admittance function appreciably for x > 1.

The admittance functions that have been represented
in this section by two terminal networks can be combined
to give the complete equivalent circuits of the transistor
in the form of the circuits in Figs. 5 and 6. This is done
in Figs. 11 and 12 for the common-base and common-
emitter circuits respectively. In these circuits the col-
lector and emitter transition capacitances as well as the
external base resistance have been included.

iE E gf Le @ ic
MMA— 000
Ce Cc

9 U Viym

I'es’

B

Fig. 11 — Equivalent circuit for the common-base con-
nection.
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In Table II the expressions, in terms of the device
parameters, are summarized togetner with the calculated
values using the device constants shown in Table I.

Table 1

Estimated typical values for the device parameters of a
drift transistor

w =103 cm

d

22 1.2 x 10 em/volt
v,

w/L = 0.1

Dp = 44 cm?*/sec

i =1ma

q/kT= 40 volt™*

Y, =0.975
2

a =—w—i=l4><logsec
Dp e

(implying an alpha-cutoff frequency of 100 mc/s.)
/' =0.999688

Cre
|1
1
iL. B [fee ‘VE\' C Ic
A cl
J_ Cs —\/gv\/—' ,__ 9 Vi
| Cre g @ Ce 8 ”
| T Js \
Vi
T gsz Le

Fig. 12— Equivalent circuit for the common-emitter connection.

4. The Current Amplification Factor

An important transistor parameter which so far has
not been considered explicitly is the current amplification
factor a for the grounded base connection. One of the
interesting features of the drift transistor is the manner

Table 1l

Calculated
Equivalent| Corresponding Term Values Using
Circuit in Approximate Parameter Values
E lement Device Equations Given in Tablel
a
C, s ge 14 puf
ieq
8e 41,000 pmho
Y kT
L
. -2¢€
i_€e div
-2— 0.032 pumho
&p woogy, *
Lp % (e-1) 0.066 henry
&p
: A _ e ~E)
&m , = e 40,000 pmho
dw
(o '
.8 (¢' -¢) 0.015 pumho
8c1 w dv K
E'
Eis 2 ; 8. 96 pmho
€ -
a ¢
CC gclz e 0.017 ppf
g lei (1-%) 1,025 pmho
S1 kT yo
1+ 2y (e-1))*
g, Yo Bs1__ 86,000 pmno
2
1+ 2y (-e-1)[1-y,]
1+ 2y (e-1
C 2 Yole-1) st | 100 puf
S 4 1 - ,yo

It should be emphasized that the calculated values given above
are only representative. However, they should correspond with
the actual values of a drift transistor having the device para-
meter values given in Table I.

in which the phase of a increases with increasing fre-
quency. As was pointed out in section 2, the controlling
factor for the intrinsic transistor is the transport factor
B, the injection efficiency y of the intrinsic transistor
being relatively insensitive to frequency (a = By). There-
fore, only B is considered here. Curve No. 1 of Fig. 13
is a plot of the modulus and phase of 8 for the drift tran-
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sistor. Curve 2 represents 3 for the diffusion transistor
and for comparison curve 3 represents the modulus and
phase of the impedance of a simple parallel R-C network.
Thus, at the 3-db point, the phase of 3 for a typical drift
transistor is 105 degrees, that for the diffusion transistor
is 57 degrees, and that of the R-C network is 45 degrees.

This does not mean, of course, that at any given
frequency the phase of 8 is larger for the drift transistor
than for a diffusion transistor having the same device
parameters. On the contrary, the drift field considerably
reduces the transit time, and therefore the phase of 8.
The drift field has an even stronger effect on the modulus,
however, extending its cutoff frequency sufficiently so
that the phase of 8 at that frequency at which the modulus
is reduced by 3-db has grown comparatively large.

In this section the roles that the diffusion and the
drift field play in the mechanisms of carrier transit and
of B fall-off are examined with the hope of reaching a
better understanding of just why the drift field improves
the B fall-off situation more than it does the phase of
B. It is found that contrary to the case of the diffusion
transistor, where both processes depend on diffusion in
an inseparable fashion, the carrier transit in the drift
transistor depends primarily on the drift field, while B
fall-off depends only on diffusion. If one could eliminate
diffusion while keeping the drift field, the signal would be
propagated across the base with a velocity proportional
to the drift field and with no decrease in amplitude. Then
the phase of B at the cutoff frequency would be infinite,
a meaningless statement since the cutoff frequency itself
would be infinite (neglecting other limiting effects). With
diffusion, fall-off in amplitude is roughly proportional to
the product of the square of the average concentration
gradient in the base and the length of time the signal re-
mains in the base (transit time). Thus, if the drift field
is doubled, the transit time is approximately halved, the
cutoff frequency is increased by approximately 23/2, and
the phase of Blat the cutoff frequency is increased by
approximately 272

To understand properly the physical processes which
relate the phase and modulus of B, it is helpful to examine
(1) the concentration of minority carriers in the base and
(2) the current at any point in the base as functions of fre-
quency. For a p-n-p transistor, if p (s, t) is the concen-
tration of excess minority carriers (holes) in the base,
then, from Eq. (19) of Kroemer?

Ve sinh 25>
u, . )
pls, 1) = % et pe*T oM —— (34)
sinh &
o
where U, e/®? is the applied signal at the emitter and

p, is the equilibrium hole concentration at the emitter.
tes? represents distance, measured from the emitter end
of the base.

240 270 300 330
210 /1
-30 -20 -10 o |0
180 =a
150
3 30
2
|
120 90 60

Fig. 13 — Polar diagram showing the phase change of the

current transfer ratio with its reduction in modulus. Curve 1

is for the drift transistor. Curve 2 is for the diffusion tran-
sistor. Curve 3 is for a simple R-C representation.

Thus

sinh =2
jot s/f o jot
p(s, t)=p(s,w)e = p(o)e — e (35)
sinh 2
)
The alternating current i(s, t) is given by
: _ 2 dp(s,t)
z(s,t)~A[.Lp kT /—p(s,t) -y (36)
So that
/1| siah 225 4L cosh ZeS
i(s, 1) e I:smh 5 ts cosh 5 :]
B(s,0)=——"— = (37)
i(o,t)

g+é—coshg

Here the normal definition of 3 is intended tohave mean-
ing at any point in the base.

a. The. Diffusion Transistor

For the diffusion transistor, Eq. (35) reduces to

Sinh%g sinh 0 2(1 + j)
p(s,w)=p(o) @ =00 Gahoti v )
where
02:(‘“"2=2_ Z=w-s
ZDP mo' ¥
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The approximation is the neglect of recombination in the
base. Written in terms of modulus and phase, Eq. (35)
becomes

%
sinh®0z + sin%oz

(z,w) = p(o)
p P sinh’o + sin’c
(35a)
. -1 tano _ -1 tano z
Redp =1 [tan tanho tanhaz]

Similarly the hole current ratio (transport factor) becomes

)
cosh zo(1+j)  |cosh%z - sin?0z

Rt ol = cosho(1+7)

cosh? - sin?o

(37a)

! tano tanh 0 - tan™ tanoz tanhoz]

X exp - j[tan'

At low frequencies, (o » 0) 2

ot -j%(]-zz)
plz, w)= plo)z |1 5 (1-2*)]e

(35a.1)

-jo¥(1-2%)
e

4
Bz w) =|1-F(1-2) (37a.1)

b. The Drift Transistor

For the drift transistor, Egs. (35) and (36) may be
written

€(1-z) sinh zeQ

Hz ) = plo)e sinh €}

(35b)

1

e(1-z) | sinh?zec + sin?zed

= plo)e

sinh%ec + sin?ed

-1 tan z€d
tanh zed

]

X exp -j [tan™ £20€4 tan
. — - ta
-1 tanh ed

%

where jwd ? 1
= |1+ D =c+jd
p S
and [
_ €(1-z)|5sinh ezQ + cosh ezQ)
Blz.0)=e Lsinh ¢Q + cosheq  [O7D
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c. Discussion

The moduli of the hole concentrations p(z,0) , as
given in Eqs. (35a) and (36a) are plotted in Figs. 14 and
15 for the diffusion transistor and for the drift transistor
respectively. The solid lines AO and BO represent the
envelope of the concentration at very low frequencies. At
higher frequencies the modulus of the concentration is
less than the low frequency limit at every point in the
base except for the emitter. The broken lines ACO and
BDO represent the envelope of the concentration for that
frequency for which the phase of B(w,w) is minus 180 de-
grees. For the diffusion transistor this occurs (see Eq.
(37a)) at 0 = 7, i.e., at approximately 10 times the cutoff
frequency. For the drift transistor, the phase of 3 is minus
180 degrees at approximately twice the cutoff frequency.

XCESS MINORITY HOLE CONCENTRATION PP,

l—T —|
\/\ .
APPLIED }
VOLTAGE L
/7
— / D
(i8] W: BASE WIDTH
-10 4 T: TRANSIT TIME
B
Fig. 14 — Excess minority hole concentration and time

delay in the base of a diffusion transistor.

The solid line EO depicts the actual concentration
at one instant in time at the frequency described above.
The modulus of B8 may be obtained from this curve by in-
spection. The instant in time chosen is that at which the
emitter and collector currents are at maximum and sepa-
rated in phase by 180 degrees. Remembering that the
current in a diffusion transistor is proportional to the
concentration gradient,the modulus of B is merelv the
negative of the ratio of the concentration gradient at the
collector to that at the emitter. For the drift transistor,

from Eq. (36)
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Fig. 15 — Excess minority hole concentration and time

delay in the base of a drift transistor.

B(w, w) = - piwie)

2
; plo,w) - p'(w,w)

It is interesting to compare the emitter and collector
currents of the two transistors at the frequencies giving
a change in phase of 180 degrees for 3. For the diffusion
transistor, (3 has fallen off 21.3 db, the emitter current

F Hmore”,
7.

J. Almond

increasing by 13 db and the collector current decreasing
by 8.3 db. In the case of the drift transistor, B has fallen
off only 8.5 db, the emitter current increasing 1.7 db
and the collector current decreasing 6.8 db. It thus ap-
pears that one effect of the drift field is to keep the
emitter current almost constant as a function of frequency.

The reason for the large phase change of B of the
drift transistor at the 3-db point, compared to that of the
diffusion transistor, now becomes clear. In the diffusion
transistor, diffusion is the only mechanism working. The
same concentration gradients on which hole transport
depends are also responsible for the fall-off of 8, since
diffusion tries to make a non-uniform hole concentration
uniform. In tnhe drift transistor, on the other hand, dif-
fusion is only a hindrance. It does not come into play
until the frequency is high enough so that there are ap-
preciable concentration gradients in the base. If the dif-
fusion constant were small, one could picture a signal
in the base as an exponentially damped sine wave, the
**damping’’ being due tothe diffusion ofthe concentration
*thills®’ into the concentration ‘‘valleys’’. This mechanism
decreases the collector current and thus the modulus of (3.

5. Conclusion

The four-terminal admittance equations derived by
Kroemer 2 have been used to form an equivalent circuit
for the drift transistor. The equivalent circuit is in two
forms, one suitable for the common-base connection and
the second suitable for the common-emitter connection.
The equivalent circuit israther complex for circuit analy-
sis, but it can probably be simplified for a particular
type of drift transistor.

£,
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R. J. McIntyre

RCA Victor Company, Ltd.
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