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A IOW-LEVEL ANALYSIS FOR THE DUAL EMITTER CHOPPER TRANSISTOR

l. Introduction

The dual or matched pair transistor chopper, consisting of two
transistors connected in a series or series-shunt configuration, has
become widely used. Furthermore, the inverted connection, wherein the
base collector rather than the base-emitter junction is driven, has
become popular because of the lower offset voltages obtainable. (The
fact that the inverted connection results in higher on-resistances

than the normal connection, however, has not been so widely advertised.)

Transistor choppers are commonly specified by their on-resistance
as a functim of drive current, Ron’ andrby the offset voltage across
the switch with zero signal current, AVlQ” In the low-level theory,
in which bulk resistancesg, ncnlinear recomblnation, and changes in
emitter efficiency with coperating point are neglected; the offset
voltage of a dual chopper is not a function of drive current but is
related only to matching of the two units; whereas the on-resistance

varies inversely with drive current.

The dual emitter chopper transistor 1s a relatively new device
which has two emitters fabricated om a slngle base-collector junction.
The obvicus advantages tc be gained are: better temperature matching
of the two base-emitter Junctions than would be possible in two separ-
ate units; and better matching of the doping characteristics of the
Junctions. Although one always expects some imperfections, the dual
emitter device would appear to have an excellent chance of surpassing
in performance matched pair switches, 1If for no other reason than in-

herently better temperature matching.
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This report calculates the characteristics of the dual emitter
chopper transistor by a straightforward extension of the low-level
theory of Ebers and Mblllo The low-level theory is expected to apply
over only a limited range, for a multitude of reasons. Primarily, as
hag been emphasized by Gibbonse, in any practical épplication of a
saturated or super-saturated switch, the conditicns for true low-level

operation are almost automatically viclated.

The low-level theory will, hcowever, give reasonable answers for ROn
and AV12 for drive currents less than 1 mA, but only order of magnitude
answeré for currents from 1 to 50 mA. The main value of the analysis
is to point up some limitatiocas of the low-level theory, and to provide

a practical basis for estimating performance.

2. Generalized Ebers-Mocll Equations

The dual emitter transistor is shown in Figure 1.
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FIGURE 1

The Ebers-Moll equations, which are linear in terms of excess
carrier densities in the base region, can be extended fo the present

case of a Y-terminal device as follows¥:

%It was pointed out by J. F. Gibbons (private comm.) that this
analysis can be easily extended to treat N-dimensional devices, such

as multi-port integrated circuits.



SLAC

TN 65-64

R. S. Larsen
3 August 1965

Il 817 2o 813 exp qvl/kT -1
ol = | ®2r %22 %23 || exp qvp/kT -1 (1)
I3 831 %32 &33f \exp qv /KT -1

where Il’ 12, I3 are d. c. junction currents

Vs Voo v3 are Junction voltages

G- . +se & . are generalized circuit parameters relating currents

11 33

to excess carrier densities.

By alternately short-circuiting terminals 1, 2 and 3 to the base,
one can set the excess densities, Ni/np = (exp qvi/kT -1), equal to
zero and derive the following relationships between the a's and the

d.c. short-circuit gains:

- _a - _a
a, = ale o, 5;;
22 33

a - ='a.

Oy, = = azl Qs a23 (2)

11 33
Oy = - 831 %, = - %30
211 oY)

where the O's are the d.c. short circuilt current gains as defined in

Figure 2:
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FIGURE 2

Similarly, one cen alternately reverse-bias each terminal with the
remaining terminals shorted to the base, to obtain relations of the

form:

I 819 &pp 313\ [ -1
Iol= | 221 %22 223 0 (3)
I3 a3l a32 a33 0

In the reverse-~bias condition, the minimum possible density becanes np
(or pn) and the current that flows is the reverse saturation current.

Thus, one obtains

I, = ap (1) =-I,

which leads to

a1 = Tio
aon = Ing ()
833 = I3
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Hence,
- ) )
311 812 813 <10 Dolag  "H3T30
a a a =] -q.. I I (5)
21l 22 23 21710 20 -023130
aBl a I

32 %33 %3110 “Yaalag 30

wherein all the parameters are defined in terms of externally measurable

O's and saturation currents.

3+ D. Ce. Circuit Model

The basic lumped diffusion model developed by Linvill3 for an or-
dinary transistor can be extended to the duvual emitter device as in
Figure 3. The model is generally applicable to low-level operation
3

only, defined by the following conditions:

1. Bulk sensitivities are negligible
2. Injected current densitiles are low
3. OSpace-charge layer widening is negligible

L. Fach junction separately can be described by an equation
I=1I (exp qv/kT -1)

N

—o<—1I,
@

Hdl3
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This model is useful only for d.c. or low-fregquency calculations, since

storage effects in the base region and depletion capacitances are not

included. The form of the parameters is given by:

m
1l

(combinance) = Agw

(diffusance) —

n:
i
i
F?
b
3

where A = cross-sectional area of the lump

1i

w = width of the lump
Dp

(&3

diffusion constant for holes

minority carrier lifetime

For the particular model at hand, the diffusances and combinances will

be related to the externally-measurable parameters derived previously.

The currents are linearly related to the excess densities, N

NE2, and N_. as follows:

E3

I = Ny (H gy oty g) <Ny (Hypp) ~Nps ( dl3)
I, = =Ny (Hp) gy (H o+

I, o= -l (Hyy3) N (Hypg) +0

or alternatively,

EL’

(6)

Ha1o™ d23) (Haz3)

E3 (Hc3 d13 d23)



I (Hoy +Hyjp + Hypg) - Hypp = Hyp )\ /exp v, /KT -1
12 = -Hdlg (H02 + H aie * Hd23) - Hd23 exp qve/kT -1 (7)
T (H _+H ) av Jem L

-H - H - H + H exp
Vi3l Y a13 T faes Yes T faig t Rans/ f \ P

Comparing this expression with equation (5), by symmetry of the model

we have

%o1Ti0 = Fotog
o Tg = %5lay (8)
Oaotog = Fosglag

These relations will prove useful in calculations to follow.

Y, Offset Voltage and On~Resistance

The commonly-specified quantities for a saturated transistor switch
are: the offset voltage Amiz appearing across the switch in the on
condition, but with zero signal current; and the small-signal resis-
tance Ron as a functim of drive current, I3. These quantities will

be derived for the model chosen and canpared with expressions for con-~

ventional single and dual switches.,

L.1 Offset Voltage AV,

Setting Il = I2 = 0, the generalized equations become



Ot Lo

0 21110

I3 -a3lIlO
Hence: exp qvl/kT -1
and exp qve/kT =1 =

The offset voltage is

Av

12° (g

Substituting from (2)

Aiyp =
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-al2I2o -a13130 exp qvl/kT -1
Too  Opalyg || ex@ avy/kT -1 (9)
-032120 “ISO' exp qvg/kT -1
=[O0 8p 8
0 a22 a23
I a32 .a33
A
= (alE S10%237%13% 81582, (10)
-
T3(ay 5851 -a17853) (11)
A
then
a. ~& =-8._ .&
V2) = kT/q In al2a23-a13a22 (12)
13%217%11%23
and (8),
fIEO o O+ QO
KT/q 1n 3 3
[ T30 %23 %;%ig
(o, a o+ O
= kT/g In 2 .23 13 12 23 (13)
%) X3 Fp3tlin %5 |
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4,2 On-Resistance R
on

ROn is obtained from the current-excess density relations as

follows:
N
EL o exp (qv /KT - qv,/KT);
N 1 )
E2
N
El
kT/qln (=—§ = v, -V
(NEQ) 1 2 (14)
- AV12 + 1 Ron

whereAvl2 is the zero-current offset voltage

I is the signal current.

The incremental resistance is then

| ny, Yo
Ron = 31" Vo) o oyp Ny i, ¥
a1 -12) @ Ny 2
_ kr 1 Wy 1 Wy
a (Vg 4L, Ny aly
where Il = —12 is the signal current.
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In general, for Il = ~12 % O,
) %11 Ny
)
- = \
Il » . LEE
, a N..
13 33/ \ Me3

from which

Ny = I, (85085520 2012y Bamay 5 830) 4 T (8 pBp3-2152)
A
ZIQA IDB
Ny = T (aalla33~a21a33 * a8yt al3a3l) . 13 (-alra23+al3a21)
A I
:I. ~-oc IoD
1 K-!- 3 E
Therefore
Wy = py Moo, and
4T, aT,
R, = a AL+ BI3 CI, + DI3 (16)

10
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For zero signal current, Il = -I2 =0=1.

»

Substituting the a's from (2) and (8),

117007 %35% 3% 3% l'ael'a31a23'a1§“31} (17)

+
T3+ X0 Gpog + O3ty

This value of Ron is the zero or small-signal input resistance as a

function of drive current 13.

For the case where Il = 12 # 0, we observe that Ron.—;rtxg
where

AIl = -313 (18)

or CI, = -DIg (19)
That is, the switch turns off when either emitter-base junction becomes
back-biased, and the maximum current that can be switched is limited by
the base-collector drive current, I3° The equivalent condition is that
NEl or NEEJManf

From (18) we find that

= (a22a33'a32a23+a12a33“a13a32) =15 (a12a23'a13322)

or

e D (20)
g T 808z T Bipfap

Equation (20) can be evaluated knowing the d.c. Q's.

11
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1o aglﬁl,

In the Texas Instrument devices wnich were studied, the emitter-
9

emitter short-circult current gains, al? and ¢.,, proved to be exceedingly
- AL

small.

2
This is to be expected from the gecmetry of the device, in which

the emitters are diffused on to a thin base region and separated by a

relatively large distance (see Figure 4}. The resistance to direct

current flow across this path is apparently very high, undoubtedly due

to both to the small cross-section and the high density of traps near

the surface between the two emitters.

As a result of al? and a21<g 1, the foregoing expressicns for

Av., . and ROv1 can be simplified as follows:
&

12

JANY =

1o kT/q in

42/ % (21)

R (IS - o) ¥ x7/91, L0t 0 3=0 O N L=y =@y 0y ()

0113 0523

Also, for finite Il = _IE’ the ratic of maximum signal to drive current

becomes

T =0
1 = 13 P Il negative (23)
31 R>e0 =Gy gling =0y %30
E} - *023 s Il positive (24)
T R~ Ao SN e SR o AN/
3 ® 31723713731

12
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b4 Comparison with Counventional Device Theory
I

For a single transistor inverted switch, Bright has derived

the expression

N kT/q . In (l/aI) (25)

where . is the inverted @, collector used as the emitter.

Tor the dual-emitter device, for Xy Oy &1, the expression

= . f /
NS kT/q . 1u (a32/a3l) (26)

is just what cne would expect for two transistors connected back-to
back--which is essentially the case where there is very low coupling

between emitters.
The low-level theory predicts an on-resistance of

- yAN
R = e = kT/qI

ey (1) .
o - . In Lo % kT/q13 (1-c) kT/qI3 1/e; (27)

3

[OV]

where AvO is the offset and aI the inverted ™. The corresponding ex=-
pression for the dual 1is

1-a32(a23+a13) . l-a31(0523+a13) (26)

%3 Gog

1Py

o kT/qI3

For two symmetrical transistors connected as an inverted dual chopper,

(27) gives a resistance of

R_ = kT/qI3 . 2(1“’0‘1) (29)

13
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a,. =1, a very good approxi-

32

5=

For comparison, assume in {28 Jthat Ay

mation. Hence, for the dual,

-+

R = kT/qI3 (30)

on 04 Q,

1- (a:LS + 0523 )}
23

If the two halves are symmetrical, a23 = al3, and

on 3 Ol

[ 1-200
R ¥ kT/qL, 2|—23
13

8ince o. ., has a maximum value of 0.5, assuming symmetry, then we can

13

further approximate

R, = kT/qI3 -k (1—2«113) | (31)

Comparing (31) with (29), if a3

unit has approximately twice the on-resistance of two single units, each

(max) ==0.5, it appears that the dual

driven with the same collector current, I However, it seems more

3°
proper to assume that the same total drive is available in both cases,

in which case each single unit would have a resistance of

R & == . (1-a)
on q1372 I

or for both units,

R, = kT/qI3 b (1ap) (32)

Thus, the resistances are nominally the same for a given total drive

current.

14
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5. Measurements

The above quantities, Av,,, R, and Il/:t3 for R —> ¢, can be
calculated from just the d.c. @'s of the device. According to our
previous definitions, the &'s are cobtained by a series of short-circuit
measurements, each of which assures an excess density of zerc at all

but cne of the terminals.

Over the range of drive currents cousidered, C.l mA to 50 mA, the
Q'g vary considerably; therefore the calculations were made point-by-
point to include these effects. This was done mainly because Avl2 and
Ron depend on very small differences between the ¢'s, and no reasonable
results can be obtained otherwlse. Even when the G-variation is included,
the low-level theory wlll prove inadequate because, as mentioned earlier,

low=-level operating conditions are being violated in a number of ways.

Table I shows the measured &'s for 4 different units, 3- 3N76's
(+18 volts Vee max, 200 uv zero-offset) and i- 3N79 (+12 volts Vee
max, +200 pv zero offset). These data were used to calculate Avle
and R« Measured values of Av,,. for the b unizs, and of R for the

on 12 on
3 unite which survived the first measurement (Table II), are compared

with the calculated values in Figures 5 through 8.

One additional set of measurements was made on unit No. 6 to deter=
mine the limiting signal current as a function of base drive (Figure 9).
The slopes of these curves 1llustrate the variation of Ron throughout

the range of 13.

6. Experimental Results

&
6.1 Offset Voltage AV, 5

The calculated offset voltages in general agree with the measured

15
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values for drive currents between 0.1 mA and 1-2 mA. At higher currents,
marked deviationg occur. Below 0.1l mA, the calculated and measured values

show the same trend but do not agree to better than +100 uv.

6.2 On-Registance R
on

Transistors No. 6 and No. 7 give similar results in that their
measured resistances agree closely, and their calculated values agree
closely. Unit No. 4 exhibits an unusually large resistance, and corres-
pondingly, a phencmenally low offset voltage. (The low offset seems

related to unusually high resistance in the base region.)

Units No. 6 and 7 haveiRon’s which are considerably higher than
predicted by the low-level theory. The differences (measured value-

calculated value) are as follows:

No. 6 No. 7
0.5 mA A = 10.70 0.5 mA A = 16.30
lno A B 8 6 laO A = llal
10 A= 4.4 10 A= Lh
2.0 A 5.7 3.0 A €.0
30 A= 2.9 30 A 2.9

For unit No. 6, the difference decreases roughly by a factor of 2 for
each decade of drive current. For unit No. 7, the factor is closer to

3,

6.3 Maximum Signal Current I
4 max

For operation as a switch, the maximum current which can be’

switched for a given drive current is often important. For a chopper,

16
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the maximum current gives an indicatlion of a "margin of safety;" i.e.,
the drive should always exceed the maximum signal current by a factor
of 2 or 3.to assure & low on-resistance.

Same calculated and measured values for unit No. 6 are compared

below, where 1t 1s assumed that NE alzégl.

Ty max| . "3
~I3 _ 1 - a32a23 - a13a32
(33)
8 Ii ma£ *é. O‘23
S B i~ s B e
Base’Drive ’ Imax I ax
I = Hex
B 3 | 13(9a163 13@meas_d5
0.1 mA (+) 4.67 (43 4.5
(=) 5.43 (-) 6.0
1.0 mA (+) k.72 (+) 4.0
(-) 5.30 (-) k.2
10 mA €+) 3.70 (+) 1.7
-) 3.96 v (=) 19
30 mA (+) 2.51 (+) 1.1
(=) 2.64 (-) 1.2

The measured values were deduced from oscilloscope photos. .(see
Figure 9) and are not reliable to better than +5%. Here again, as in
the previous cases, the results are in reasonable agreement only to

about <l mA of drive current. Also, note that the resistance Ron’ as

17
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given by tle slope of the curves in Figure 9, is a minimum at Il = -12 = Q3
hence, for any finite signal current Il, the dynamic resistance will be

proportionately greater than the zero value.

6.4 Optimum o,

The complete low-level expression for the on-resistance is

L= Gy = Ggyy - Oy

S T T, T e TN A

R - kI L 12"%32723 13732 ,
+ O A (04 (04

alq %3 12%3 23+ %131

First assume symmetry:

Q = 0

12 = %1
%23 = %3
Q32 = 0631
Then R = 2T 1= 0y - 800, (34)
qu al3 + aléyl3

We observed experimentally that al2 & 1, due to the geometry wherein the
two emitters are separated by a broad, thin base region which forms the
main current path. Suppose, however, that a12 could become large. For

large

12, we can say

or

18
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then
a32 =1l - al2
and
R o 2KT (T - o) - 201 -y, (35)
qI3 al3 + a13a12

Hence, if “12

a317%). This implies poor coupling from collector to the emitters

»>1, Ron.%’ O. At the same time; the forward Q's, a32 and

through the base region, and at the same time reasonable coupling in

the forward directions (al3 and aé3 finite). However, one would
expect al3and a23 to deteriorate along with a3l

fact, increasing aiE and agl would probably result in a very minor de-

. * a
and a32, so in actual
crease - in R _ .

on

7. Conclusions

The low~level theory has been shown to give a very rough description
of the dval-emitter chopper transistor. It is not too surprising that
the offset voltage calculation is not too precise, since we are dealing
with minute differenceé between the two halves of the transistor, and
small errors can have a large effect. One would expect to predict the
on-resistance with better accuracy; however, at least for currents up
to 1 or 2 mA.

. For the best-behaved units, 6 and 7, the calculated values of ROn
at 1 mA are a factor of 2 below the measured values. At 30 mA, the
calculated valﬁes are<<la, about 5 X less than the measured values of
3.6 and 3.79. Hence, the simple l/I3 dependence of ROn predicted by
low-level theory is completely unreliable, and at best can be used to
give rough answers up to 1 mA.  The theory is similarly limited in cal-

culating the maximum signal current for a given drive current. ¥

19
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In comparing with conventional device low-level theory, it was
found that the offset voltage is equivalent to that of a matched pair

chopper where the two units have different forward Q's; and further,

ct
ct
s

for approximately zero emitter-emitter coupling, which for the tran-

sistors studied proved to be a valid assumption.

Similarly, the on-resistance was calculated to be nominally the
same as the matched pair chopper if the total drive currents are equal.
Although the calculated and measured values do not agree too well,

a comparison of our measured values with Gibbons' Table I2 shows this
trend: For a single unit, R at 1 mA = 60, or 120 for a matched pair.
For our units 6 and 7, the R,, 8t 2mA were 11.80 and 13.30 respectively.

In terms of offset voltage and on-resistance, then, there appears
to be little difference between the dual emitter device and a matched
palr. However, the temperature matching of the former is inherently
better, so that its offset remains more stable over wide temperature
ranges. Also, experience has shown that the offset for the dual
emitter device is better-behaved for high drive currents; this again
is due to good thermal matching in the two halves at drive currents

large enough to cause considerable internal heating.

One additional measurement was made in an attempt to fit the data
to the theory of super-saturated switches developed by Gibbons.2
Gibbons' theory primarily accounts for a nonlinear recombination law
(rather than the linear form used in the present derivation), which
for a single uﬁit yielded excellent results up to currents of about
8 mA. Assuming that each half of the unit can separately be considered
to have an on-resistance

R - (1 + Ac/Ae)vO (36)
T

b

20
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where
Ac = collector area
Ae = emitter area
Vo = inverted connection off'set voltage
Ib = base drive

then the total resistance would be

_(1+ Ac/Ae)(vOl + v

o

R 02) (37)

on

Without presenting the details, it was found that the measured

values of (v VO2) did not consistently correlate with the measure

+
ROn ; and, aglin fhe linear theory, the predicted resistances assuming
Aé/Ae ~ 2 for each half, were much too low. Hence, for resistance
calculations it appéérs that one cannot make the simplifying assumption
as was possible for the offset calculations, that the dual can be

treated as two independent units.
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TABIE I
Forward Q's Reverse Q's
xistor) I,,1, Ly O %3 | 13 I o %3 8p3
mA mA mA  pa/mA pa/mA
3N76 0.01 0.073 9927 .9863 | 0.0L L,gs TLL,10 .L95 Lo
No. 6 | 0100 0.47 .9953 .9919 | 0.10 50. L1.6  .500 .h416
0.500 1.92 09962 9940 | 0.50 245, 201. 190 k22
1.0 3455 29965 9946 | 1.0 4B88. _ he2g. __ 488 k25
5.00 14,0 9972 9957 | 5.0 2.35  2al3 G470 426
10.00 26.5 9974 9960 | 10.0 .60 4,28 460 .he8
30.00 99.0 «9967 9957 | 30.0 12.9 12.3  .4k30 4o
3N79 0.01 0.210 29790 9785 | 0,01 1.56 1.60 .156 .160
No. 4 | 0,100 1.hk2 .0858 9860 | 0.10 2hk.3 2k.9  .2k3 249
0.500 5,35 9893 .9893 | 0.50 151.  155.  .302 .310
1.00 9. «9906 49906 | 1.0 §°325 TT0°33F .325 .334
5.00 38.2 .9924" .9925 | 5, 1.81 1.8%  .362 .368
10.00 75, .9925 ,9927 | 10. 3.7 3.78 .370 .378
30.00 480 984 984k | 30, 10.8 10.9  .360 .363
3N76 0,01 0.78 2922 953 0.01 4 .62 4.59 k62 459
No. 7 | 0.10 4.l 959 .9728 | 0.1 45,7 L4 ue7 JLek
0,50 9.7 9806 9857 | 0.5 228. 227 . M56 U5k
1.0 13.2 9868 .9898 | 1.0 TT0E55 TT0°E55 G455 Juss
5. 29.5 9941 .9950 | 5. 2.20 2.19 .40 1438
10. 4s5.5 L0954 9960 | 10. L.3h h.35 W43k 435
30. 153. 9949 9954 | 30, 12.3 12.2 410 Jhovy
3N76 0.01 0,11k 9886 .9822 | 0.01 4.5 bh.55 450 Aus55
No. L | 0.10 0.87 29913 9862 | 0.1 48 .4 L.62 484k k62
0.50 3.5 .9930 9894 | 0.5 224, 227 . A48 LLsh
1,0 6.5 .9935 .9905 | 1.0 “0.EEs  T0LVES2 ks JLso
5 28.5 9943 .9926 | 5, 2.0k 2,08 .k0o8 .L16
10. 60 . 9940 .9926 {10. 3.7 3.8  .370 .380
30. 255, .9915 .9901 |30, 8.5 8.76 .283 .292
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TABLE IT

OFFSET VOLTAGE CALCUIATIONS Av12 = KT/ g In &

(07
3N76/6 3N79/L 3NT6/T 3N76/1
=166 uv - 13. pv +£06. puv -166.
- 88.5 + 5.2 385, -135
- 57.2 + 1.56 133, - 93.7
- 48.1 0 78. - 8.
- 328, + 5.2 25 .4 - 4.2
- 35.1 + 6.5 4.3 - 36.4
- 26.8 0 12.2 - 37.2
OFFSET VOLTAGE MEASUREMENTS I, =1I,=0
-110., pv - 20, uv +550. pv -170.
- 64 0 +270 -120
- 67 + 10 70 -100
- 70 + 5 50 -100
- 70 + 10 Lo -130
-160 + 10 20. -170
=300 + b7 22 -310
ON-RESISTANCE MEASUREMENTS R,
3W76/6 3N79/% 3N76/7
122" 950" 1458
32 115 38
19 Lo 22.5
5.8 7.4 6.0
3.0 3.6 3.0

24






