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A I.QW-I.EVXL ANALYSIS FOR THE DUAL KKtTTRR CHOPPER TRANSISTOR 

1. 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 func,ticn of drive current, R on' and by the offset voltage across 
the switch with zero signal current, AvlZO In the low-level theory, 
in which bulk resistances, nonlinear recombination, and changes in 
emitter efficiency with operating 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 is a relatively new device 
which has two emitters fabricated on a single base-collector junction. 
The obvious advantages to be gained are: better temperature matching 
of the two base-emitter junctions than would be possible in two separ- 
ate units; and better matdbing of the doping characteristics of the 
junctions. Although one always expec,ts some imperfections, the dual 
emitter device would appear to have an excellent chance of surpassing 
in per:formance matched pair switches, if for no other reason than in- 
herently better ,temperature matching. 
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'Fnis report calculates the characteristics of the dual emitter 

chopper transistor by a straightforward extension of the lo,w-level 
theory of Ebers and Mall.'. The low-level theory is expected to apply 
over only a lim.i_ted range, for a multitude of reasons. Primarily, as 
has been emphasized by Gibbons2, in any practical a,pplication of a 

saturated or super-saturated stitch, ,the condftions for true low-level 
operation are almost a-utomatically violated. 

The low-level theory will, however, give reasonable answers for Ron 
and AVl2 for drive currents levs than 1 I-&, but only order of magnitude 

answers for currents from 1 t;o 50 mA. The main value of the analysis 

is to point up some I.imitations of the low-level theory, and to provide 
a practical basis for esU.mating performance. 

2. Generalized Ebers-Mall Equations 

The dual emitter transis,tor is shown in Figure 1. 

The Ebers-Moll equations, which are linear in terms of excess 

carrier densities in the base region, can be extended to the present 

case of a h-terminal device as follows-E: 

*It was pointed out by J. P. Gibbons (private comm.) that this 

analysis can be easily extended to treat N-dimensional devices, such 
as multi-port integrated ckcuits, 
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(1) 

where 11, 12, I3 are do c. junctim currents 

59 v29 v3 are junction voltages 

"ll"'* a33 are generalized circuit parameters relating currents 

to excess carrier densi,ties. 

By alternately short-circuiting terminals 1, 2 and 3 to the base, 

one can set the excess densities, Ni/np = (exp qvi/kT -l), equal to 
zero and derive the following relationships between the a's and the 
d.c. short-circuit gains: 

- al2 52= - 
"22 

53 = - - &13 

&33 

- &21 ‘x21 = - 
all 

a31 = - - a3l 52 = - - a32 

all "22 

(2) 

where the a's are the d-c. short circuit current gains as defined in 

Figure 2: 



SIN 
TN 65-64 
R. S. Larsen 
3 August 1965 

FIGURE 2 

Similarly, one can altercately reverse-bias each terminal with the 
remaining terminals shorted to the base, to obtain relations of the 
form: 

In the reverse-bias condition, t'he*minimum possible density becanes n P 
(or p,) and the current that flows is the reverse saturation current. 

Thus, one obtains 

11 = al1 (-1) = "IlO 

which leads to 

"22 = I20 

a33 = I30 

(4) 
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Hence, 

(5) 

wherein all the parameters are de-fined in terms of externally measurable 
a's and saturation currents. 

39 D. C!. Circuit Model 

The basic lumped diffusion model developed by Linvil13 for an or- 
dinary transistor can be extended to the dual emitter device as in 
Figure 3e The model is generally applicable to low-level operation 
only, defined by the following conditions: 3 

1. Bulk sensitivities are negligible 
2. Injected current densities are low 

3. Space-charge layer widening is negligible 
4. Each junction separately can be described by an equa 

I = Is (exp qv/kT -1) 

tion 

FIGURE 3 
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This model is useful only for d.c. or low-frequency calculations, since 

storage effects in the base region and depletion capacitances are not 
included. The form of the parameters is given by: 

Hc = (combinar,ce) s & 

2TP 
Hd = (diffusance)=_ AqDp 

W  

where A = cross-sectional area of the lump 

w = width of the lump 
Dp = diffusion constant for holes 

Tp = 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, NEl, 

NE2y and NE3 
as follows: 

I1 = Nil (Hcl+Hd12+Hd13) -NE2 (Hd12) -NE3 (Hd13) (6) 

I2 es "NE1 ('dl2) -?E2 (Hc2+Hd12+Hd23) yNE3 IHd23) 

I3 = -NE1 (Hd13) 

or alternatively, 
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Comparing this expression with equation (5), by symmetry of the model 
we have 

a211l0 = 52"20 

a3l1lo = Y3"30 

a32120 - '2&O 

These relations will prove useful in calculations to follow. 

4. Offset Voltage and On-Resistance 

w 

(7) 

The commonly-specified quantities for a saturated transistor switch 
are: the offset voltage Av12 appearing across the switch in the on 
condition, but with zero signal current; and the small-signal resis- 
tance Ron as a function of drive current, I 

3 
. These quantities will 

be derived for the model chosen and ccmpared with expressions for con- 
ventional single and dual switches. 

4.1 Offset Voltage Av12 

Setting I1 = 12 = 0, the generalized equations become 

7 
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(I 
IlO -%2120 

0 -a21110 I20 

I3 -a3l9lo -‘3=r120 

-a I \ 
13 30 

“0123’30 

I30 

Hence: exp qvl/kT -1 = 0 "12 “13 
0 "22 &23 
I a32 &33 

a 

= 13(a12a2j-a13a&2 
a 
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exp qvl/kT -1 

exp qv2/kT -1 (9) 

exp qv3/kT -1 

and exp qv2/kT -1 = *3b13a21-alp23) 
a 

The offset voltage is then 

AV12 = ("L - v2) = kT/q In a12a23‘-a13a22 
"13"21-"11a23 1 

Substituting from (2) and (8), 

Avl2 = kT/q ln '20 ' 53 + a12a23 - 

*3o a23 a21a13 1 

(10) 

(11) 

02) 

03) 
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J-+,2 On-Resistance R on 

R is obtained from the current-excess density relations as on 
follows: 

k= 
NE2 

exp ( qvl/kT - qv2/kT >; 

kT/q In 

= Av 12 + 1 Ron 

where Av12 is the zero-current offset voltage 

I is the signal current. 

The incremental resistance is 

Ron = d(vl -v2j = 
d(1, = -12) 

then 

kT - NE2 
T NEl 

kT =- 
9 

(14) 

where1 =-I 1 2 is the signal current. 

9 
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In general, for I1 = -I2 + 6, 

from which 

(a NE1 = I1 22a33-a~2a2~+a12a33'"13"3;? 1 + T -3 
( a12a*3-a13az2 > 

a A 

'E2 1 = I. ( -alla33-a21a3'j + "3la23 + a13a31 1 -+ I3 (-alla23+a13a21 > 

a a 

Therefore 

dNEl = A j dNE2 = C!, and 

dll dI1 

kT A - c 
R 

0X-l 
zg c AI1 + BI cIl + DI ' 

3 3 3 (16) 

10 
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For zero signal current, 11 = -I2 = 0 = I . s 

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

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

function of drive current I 3 * 

For the case where I1 = I2 f 0, we observe that Ron-f d 

where 

AI1 = -B13 (18) 

Or CIl = -D13 (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, I 3 e The equivalent condition is that 

N El or NE2-=@n y P 

From (18) we find that 

I1 (a ,a 22 33-a32a23+a12a33"a13a32 ) = -I3 (a 12"23-"13&22 > 

or 

5 "13"22 - a12a23 
3 = a22a3j - tit2apl -t- aj2a-<,, - ai,2a32 

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

11 
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4.3 Special Case of U$ 921&l. 

In the Texas Instrument devices w?&ch 'were studied, the emitter- 
emitter short-circuit current gains, '312 and CX 21, proved to be exceedingly 

small. This is to be expected from the geometry of the device, in which 
,the emitters are diffused on to a t,hin 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 (x,, and. Cu,,, << 1, the foregoing expressions for 

nv12 and R 
0x1 

can be simpi&ed. asGfo.l.lows: 

ny2 gkT/q ln CE~~/CY$ 

Also, for finite I1 = -12, the ratio of maximum 
becomes 

signal to drive current 

1. 1 = 

I 

-al3 3 I; negative (23) - 

=3 R*,oo ba32u22-a. a -J 1.3 32 

I1 
I 

rzz "ml (24) 
I;'_i R+oo 

2.3 
1-U3f123-CY,.p3i 

, I1 positive 

12 
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4.4 ComparLson w-~-c&i *"b Conventiovlal Device Theory 
4 

For a dng1.e trarsistor tiver-ted switch, Bright has derived 

the expression 

Ova = kT/q o ln (l/O+) (25) ' 

where cIT is the inverted #, collector used as the emttter. 
For the dual-emitter device, for CK12? CX2l <<11, the expression 

is Q,ust what cne woul.d expect for .two transistors connected back-to 
back--which is essentially the case tihere there is very low coupling 
between emi-t,terso 

The low-level ,theory predicts a~ on-resistance of 

where LIV 0 
is the cffae~t and. aI the inverted CX. The corresponding ex- 

pressLon for the dldal is 

R Cf kT/qI -I- 
1-“3i(U23*13) 
-- 

3 (281 
OYl 

a23 

For two symmetrical. transistors connected as an inverted dual chopper, 
(q) gives a resistance of 

R '=" kT/qT o 2(&+.) 
3 (29) on 
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For comparison, assume in (28 )that a. 31. 
mation. Hence, for the dual, 

R 2 kT/q13 l-p13 + a23) 
on 53 

If the two halves are symmetrical, a 23 

R on 2 kT/q13 2 

2 J 

= a32 2 1: a very 

+ 
l-(Q + az3, 

a23 3 

= CX139 and 

Since al3 has a maximum value of 0.5, assuming symmetry, 

further approximate 

R on z kT/q13 * 4 (l-259 

Comparing (31) with (29), if ai (max)*dr\j.59 it appears 

August 1965 
good approxi- 

(30) 

then we can 

(31) 

that the dual 

unit has approximately twice the on-resistance of two single units, each 
driven with the same collector current, I 3 . However, it seems more 
proper to assume that the same total drive is availa'ble in both cases, 
in which case each single unit would have a resistance of 

or for both units, 

R 
On 

=" kT/q13 - 4 (l-a,) 

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

current. 
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59 Measurements 

The above quantities, fLv1_2, R on9 and I. /I for R 3 @  3 can be 
13 

calculated from Just ,the d.c, TX's of the device, According to our 

previous definitions, the CX's are obtained by a series of short-circuit 
measurements, each of tihich assures an excess density of zero at ail 
b,ut or:e of the terminals. 

Over the range of drive currents considered, G.1 mA to 50 mA, the 
a's vary considerably; therefore the calculations were made po:int-by- 

point to include these effects. This was done mainly bec'ause nvL2 and 

R on depend on very small d.ifferences be,tween the OI's, and no reasonable 
results can be obtained otherCseO Even when the C&variation is included, 

the low-level theory twill prove ina.dequate because, as mentioned earlier, 
low-level operating conditions are being violated in a number of ways. 

Table I shows the measured CX's for 4 different units, 3- 311~769~ 
(218 volts Vee maxJ 2200 pr; zero-offset) and i- jw9 (212 volts Vee 
max, 2200 pv zero offset). These data were used to calculate nv12 

and R on* Measured values of &.v.,2 for the 4 :ir!izi;, and of Ron for the * 
3 urkts which survived the first measurement /,T%ble II), are compared 
with the calcul.ated values in 33gures 5 through 8. 

One additional set of measurements was m&e on unit No. 6 to deter- 
mine the limiting signal current as a fu.nction of base drive (Figure 9). 
The slopes of these curves illustrate the variation of Ron throughout A 
'the range of I,. 

3 

6. Experimental Results 

P 

6..l. Offset Voltage Lv1-2" 

The calculated offset voltages in general agree with the measured 

1.5 
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values for drive current s between 0,l mA and 1-2 mA. At higher currents, 
marked deviations occur0 Below 0.1 mA, the calculated and measured values 
show the same trend but do not agree to better than t-100 pvm 

6.2 On-Resistance R 
Oil 

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 exhib:f,ts an unusually large resistance, and corres- 
pondingly, a phenomenally low offset voltage. (The low offset seems 
related to unusually high r esistance in the base region.) 

Units No+ 6 md7 have R on '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 

o,y mA n - lOn7R 0~5 ti A = 16-3.~ 
5 mA A= 500 5 A= 5.3 
1.0 a -2 8.6 1.0 A= 1101 

10 a z 4 Js 10 A= 4.4 

3 00 A- 5*7 3 -0 A= 6.0 
30 A= 209 30 A= 2.9 

For unit No. 6, the difference decreases roughly by a factor of 2 for 

each decade of drive current. For uni,t No, 7, the factor is closer to 

3* 

6,3 ~~~irnum Signai Current I~ m%x 

For operation as a switch, the maximum current which can be 
switched for a given drive current is often important. For a chopper, 

16 



SIAC 
TN 65-64 
R. S. Larsen 
3 August 1965 

the maximum current gives an indication of a "margin of safety;" i.e., 
the drive should alwa,ys exceed the maximum signal current by a factor 

of 2 or 3 .to assure a low on-resistance. 

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

below, where it; is assumed that Cf219 0.12<<1. 

-"13 
1 - a32a23 - %&2 

(33) 
‘? 
*I I ' I, max +g [ 1 a23 

I3 
1 - cw3la23 - a31a13 

Base' Drive 

I3 - 

0.1 mA 

I 
Imyalc) 

C-4 4.6’ 
(4 5.43 

?l!E 
Z3(meas'dj 

(i 4.5 
1 (- 6.0 

1.9 mA (‘+) 4.0 
(-) 4.2 

10 mA 
I 

+) 3*70 
4 3.96 

30 I-flA (+> 2.51 
(-) 2.64 

The measured values were deduced frmtn oscilloscope photos.,(see 
Figure 9) and are not reliable to better than 25%. Here again, as in 
the previous cases: the results are in reasonable agreement only to 

about ~1 mA of drive Current. Also, note that the resistance Ron, as 

17 
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given by the slop.- e of the curves in F5gure pJ is a minimum at I1 = -I, = 0; 

hence, for any finite signal current 11, the dynamic resistance w-ill be 

proportionately greater than the zero value. 

6.4 Optimum al2 

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

R = kT on - 
q13 

- a&2 ~ ' - a2l - 0132a23 - 

a23 + a13a21 

First assume symmetry: 

52 = cI2l 

a23 = 0113 

a32 = 0131 

Then Ron = 2kT - al2 - x123al3 

q13 a13 + a12a13 1 

(34) 

We observed experimentally that al2 <l, 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 al2 could become large. For 

large CX12> we can say 

or 

18 
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then 

and 
R on g 2kT C1 - al2) - 2(1 w q2b~3 

q al3 + T.3Y2 1 
1 

(35) 

Hence, if a12+1, Ron 3 0. At the same 

“3lY 0 * This implies poor coupling from 
through the base region, and at the same 

timej the forward Ctk, CX 
32 

and 
collector to the emitters 
time reasonable coupling in 

the forward directionsa (c1 13 and 0123 finite), However, one would 
expect a13and CX23 to deteriorate along with a! 

31 md 0132; so in actual 
fact, i,ncreasing al2 and CX2l would probably result in a very minor de- 
crease in R on' 

79 Conclusions 

The low-level theory has been shown to give a very rough description 
of the dual-emitter chopper transistor. It is not too surprising that 
the offset voltage calculation is not too precise, since we are dealing 
with minute differences 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 accuracyj 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 values are (l', ahout 5 x less than the measured values of 
3.6 and 3.7". 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 



SLclC 
TN 65-64 
R. S. Larsen 
3 August 1965 

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 a's; and further, 
that the offset is independent of drive current. This is true only 
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, Ron at 1 mA = f&, or 1m for a matched @air. s 
For our units 6 and 7, the Ron at 2mA were 11.8~1 and 13.3 respectively. 

In terms of offset voltage and on-resistance, then, there appears 
to be little difference between the dual emitter device and a matched 
pair. 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.:! 
Gibbons' theory primarily accounts for a nonlinear recombination law 
(rather than the linear form used in the present derivation), which 
for a single unit yielded 
8 mA. Assuming that each 
to have an on-resistance 

excellent results up to currents of about 
half of the unit can separately be considered 

R = (1 + Ac/Ae)vo 
on 

'b 
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where 

AC = 
Ae = 

v. = 
Ib = 

then the total resistance would be 

collector area 
emitter area 
inverted connection offset voltage 
base drive 

R on = 
(1 + Ac/Ae)(vol + vo2) 

'b 
(37) 

Without presenting the details, it was found that the measured 
values of (vol + vo2) did not consistently correlate with the measure 

R ; 
AzyAe 

and, as in the linear theory, the predicted resistances assuming 
z 2 for each half, were much too low. Hence, for resistance 

calculations it appears 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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Forward Ci's Reverse a's I I 

No. 6 0.100 0 047 o 081 a9953 QPPlP 
0 0500 1.92 .9962 .9940 
l.0 3 055 

::t 
09965 09946 

5 .oo 14 .o 21.3 09972 09957 
10.00 26 =5 40.0 .9974. .9960 
30 -00 99 -0 130 e 09967 a9957 

mA 
0.01 - 
oclo 
0 050 

::: 
10.0 
30 .O’ 

I 1 
jia,/'mA 
X*pj 
50. 

245. 
488 ..,,Ym, 

2 035 
4060 

12.9 

&A , 
.lO 

41.6 
201. 

.2%2-.. 
2J.3 
4.28 

12.3 

O”13 &23 

.495 ,410 
0500 .416 
a490 .422 
.488 0425 
.470 .426 
.460 c.428 
.430 .410 

3WP 0001 0.210 09790 09785 0 -01. 1.56 1.60 ~56 ~60 
No. 4 0,100 1.42 ;*4”;5 e .9858 .9860 0.10 24.3 24.9 .243 .24p 

0.500 5035 5 932 $893 09893 O-50 151. 155 l .302 .310 
1.00 9.4 p A .pp06 ,pp06 

YWPP-Y- s---o0 
1.0 0 0325 

5 ,oo 3802 37 02 .pp24’ “9925 j ,, 1.81 
yg a?& 43; 

10.00 750 12.5 -9925 09927 10. 3 07 3178 *370 1378 
30.00 480, 480 o a984 .p84 30 n 10.8 10.9 .360 .363 

3~6 0 901 o 078 0*47 0922 .a953 
No. 7 0.10 4.1 2.72 a959 a9728 

0.50 907 7015 09806 es985’7 
1.0 13 02 1002 .9868 .9898 
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TABLE II 

OFFSET VOLTAGE CALCULATIONS 

3fl76/6 

-166 pv 
- 88,5 - 57*2 - 48.1 - 38e 

- 2’; - . 

AV12 = KT/q L+I a32 

a3l 

3w9/4 3w6/7 3w6,'1 
- 13. pv -1-906. p -166. pv 
.f 5.2 385. -135 

+ 1.56 1330 0 78. : 7’ 
-I- 5.m2 25.4 - 44:2 
+ 6.5 l4o3 - 36.4 

0 12.2 - 37.2 

OFFSET VOLTAGE MEiASUREMEfaTS =1 =12=0 

-110. pv - 20. pv 9550. pv -17oe pv 
- 64 0 +270 -120 
- 67 + 10 70 -100 
- 70 -I- 5 -100 
- 70 -+ 10 

lo" 
-130 

-160 + 10 2oc -170 
-300 + 47 22 -310 

ON-RESISTANCE MEASt?MENTS Ron 

3w6/6 3w9/4 3w6/7 

122Q 950sa 145" 
32 115 38 
19 49 22.5 

5w8 7 -4. 6.0 
3 JJ 306 3*0 




