Vol 18 No 2, February 2009
1674-1056/2009/18(02)/0763-05

Chinese Physics B

© 2009 Chin. Phys. Soc.
and IOP Publishing Ltd

Thermal analytic model of current gain for

bipolar junction transistor-bipolar static
induction transistor compound device*

Zhang You-Run(5KF )T, Zhang Bo(5k %), Li Ze-Hong(Z¥%%),
Lai Chang-Jin(Mi &%), and Li Zhao-Ji(Z=4E%)

State Key Laboratory of Electronic Thin Films and Integrated Devices, University of
Electronic Science and Technology of China, Chengdu 610054, China

(Received 7 July 2008; revised manuscript received 18 July 2008)

This paper proposes a thermal analytical model of current gain for bipolar junction transistor-bipolar static

induction transistor (BJT-BSIT) compound device in the low current operation.

It also proposes a best thermal

compensating factor to the compound device that indicates the relationship between the thermal variation rate of

current gain and device structure. This is important for the design of compound device to be optimized. Finally, the

analytical model is found to be in good agreement with numerical simulation and experimental results. The test results
demonstrate that thermal variation rate of current gain is below 10% in 25 °C—-85°C and 20% in —55°C—25°C.
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1. Introduction

It is very important that there be electro-thermal
stability of a Si device in application to the wide
temperature condition or power electronics.!'=4 As a
common and widely used device, the bipolar junction
transistor (BJT) has a big problem that the current
gain increases sharply with the increase of tempera-
ture because of the heavy doping effect of the emit-
ter. This confines the application of BJT in the wide
temperature condition. The BJT-bipolar static induc-
tion transistor (BJT-BSIT) is a compound device re-
garded as the connection of BJT and BSIT in parallel.
It has saturated I-V characteristics the same as the
BJT.I5! So it is possible to exchange it with BJT in ap-
plication. The BJT-BSIT has good thermal stability
in the current gain. Experiments have demonstrated
that the thermal variation rate of current gain is above
40% in the temperature of —55°C-85 °C but for BJT-
BSIT is below 40% (relative to room temperature). (6!
Some theories of BJT-BSIT have been made on I-V
characteristics, on-resistance, etc., but there is a lack
of theory of the thermal model of current gain.[”—1C]
We construct the thermal model and also propose a
best thermal compensating factor for the compound
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device that demonstrates the relationship between the
thermal variation rate of current gain and the device
structure. Finally, the analytical model is found to
be in good agreement with numerical simulation and
experimental results. This is important for the design

to be optimized about wide temperature application
for BJT-BSIT.

2. Thermal analytic model of cur-
rent gain
The simplified cross-sectional view of the BJT-

The substrate
(collector) of donor concentration is 1e20cm™2, epi-

BSIT structure is shown in Fig.1(a).

taxial layer is lel4cm™3 with the depth of 15 um,
source (emitter) of donor concentration is 120 cm =3
with the depth of 1 um, base (gate) of acceptor con-
centration lel8cm™ with the depth of L = 3 um.
The ‘a’ is the half channel width and the ‘d’ is the
emitter width of BJT in Fig.1.

off in the small channel width because of the channel

It works normally-
pinched off by the built-in potential of p-n junction.
Gate electrode connected to positive voltage Vg is ap-

proximately 0.7V, source is to ground, and drain is
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to positive voltage Vp. Ip, Ic and Ig are the cur-
rent of base, collector and emitter of BJT part respec-
tively; I, Is and Ip are the current of gate, source
and drain of BSIT part respectively in compound de-
vice as shown in Fig.1(b).
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Fig.1. Cross-sectional view and equivalent circuit of BJT-

BSIT: (a) cross-sectional view; (b) the equivalent circuit.

We select x-y coordinate on a half structure as
cross-sectional view and setup Poisson equation in the
depletion region.

O6(x,y)  0*x.y) __aNp

= . 1
ox? oy? € (1)

By the principle of potential addition:
o(z,y) = ¢p(y) + oLz, y), (2)

¢p(y) is the solution of one-dimensional Poisson equa-
tion approximating to depletion region. ¢r,(z,y) is the
solution of two-dimensional Laplace equation by the
method of Fourier series. We can obtain the depen-
dence of potential distribution:

o(z,y)
v ()
fao (52) rpe (52) s (52

The boundary condition of Eq.(1) is

$(0,0) =0, ¢(L,0)=Vg. (4)
In Eq.(3):
Ve = Vi — do (5)
kKT . N kT  NaNj
and ¢g = — In —=2 + ~—1In A D , namely, built-in

q Np q nf
potential of source-channel NT-N~ junction and gate-
channel p-n junction. The effective gate voltage V(i
that distributes on the boundary of gate-channel is
the expression: Vé = Vg — Iirp. Considering that
BJT-BSIT has a long source size, we cannot neglect
the base resistance. In the experiment, Vs is about
0.7V, gate resistance r, is 200 ~ 400 Q2 and [; is 1 mA.
So we can calculate V{, and get 0.3V-0.5V.
From Egs.(3) and (4), we can get

Mo 1
A= Vg Vi),
770+1< ¢ po—1 D)
1

* 7o *
Vi + DLy, 6
(e mw). o

and
L
Mo = €xp (g) . (7)

Considering V5 = 0 in low current application, we can
get minimum potential barrier ¢, in the channel:

(bmin = (Vé - ¢0) <1 + %) . (8)

The research of BSIT has discovered the mechanism of
potential barrier dominated below 0.5V of gate volt-
age, and we can get the function of Ip in the low

current application:['1:12]

Ip = Ipg exp (qi;m) . 9)

We define the current gain of compound device hps.
So we can obtain the expression from Fig.1(b):

hrs = ; (10)

1
and define hpg = I—C, namely, current gain of BJT.

Because the effective gate voltage V(i is 0.3V-0.5V,
there are little holes injecting from gate region to chan-
nel. So Ig can be taken out of account.

Then we can get

aIp,  dle

dhrs :thFE IndT  I1odT
hesdT  hep df Lo
Ip

(11)
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d/p = 013V}, (1 + 2\/77_0) <0. (12) the best thermal compensating point, it presents the
IndT |95k no +1 negative thermal compensating characteristics. Simi-
We also get 1 dhpg = 0.007/°C,!"3] larly it is the positive thermal compensating charac-
hre AT |7 595k ’ teristics in the right of £ = 1. Figure 2 also indi-

dIco e ~ 0.054/°C 14 cates { increasing with the increase of V¢, at the same
16dT | p_poe T rT2 resosk : Area(BJT)/Area(BSIT). The explanation is that the
Ie Areapt . potential barrier of channel for BJT-BSIT decreases

Suppose To ~ Arcapsir’ namely, the ratio of area  obviously with the increase of V4. So it induces Ip

BJT and area BSIT. So we can get the dependence:

dhrs

hpsdT
2+/exp(nL/2a)

0.13V4 |11+ Y—F———= 0.054
ott exp(nL/2a) + 1 +
= 0.007 — ArcaniT
T
AreapsiT
(13)

From Egs.(11,12), we can see that BJT-BSIT is
effective on counteracting positive thermal effect of
BJT to get the stable current gain under wide tem-

perature condition. By optimizing structure param-
dhrs

hpsdT
coefficient of the current gain optimized.

eters to make = 0, we can get the thermal

3. Results and discussion

We define the thermal compensating factor to dis-
cuss the thermal compensation of compound device.

2+/exp(nL/2a)
0.13V45 |11+ Y——F——~ 0.054
a|tt exp(mL/2a) + 1 +
C - AreaBJT (14)
— +1)-0.007
AreaBSIT
E=1 dhrs 0, it is the best thermal compensat
T U hpsdl P
dh
ing coefficient for BJT-BSIT; £ > 1, S 0, it
hpsdT

is the negative thermal compensating coefficient for

dhrs
BJT-BSIT; 1
JT-BSIT: 0 < € < 1, 3t

thermal compensating coefficient for BJT-BSIT.

> 0, it is the positive

We can see from Fig.2 that it is the negative ther-
mal compensating region in the left of £ = 1. It is the
reason that BJT current is the smaller part in the com-
pound device because of the smaller Area(BJT)/Area

(BSIT). However

dlp
IpdT T=298 K

of BJT is positive and
IedT | p_g9s

of BSIT is negative. So comparing with

increasing obviously in comparison with the same Ic
at the certain drain voltage. The compound device
presents the negative thermal compensating charac-

teristics.
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Fig.2. Dependences of thermal compensating factor with
the different ratios of area (half channel width a = 1 um,
diffusion depth L = 3 pm).

Figure 3 demonstrates that Area(BJT)/Area
(BSIT) increases first and then tends to saturation
with the increase of channel width under the best ther-
mal compensating condition. When the half channel
width changes from @ = 1 ym to a = 4 um, the poten-
tial barrier decreases and Ip increases obviously. To
maintain the best thermal compensation, it is neces-
sary to increase Area(BJT)/Area(BSIT), namely, in-
When the channel width a > 4 pum, p-
n junction of gate-channel cannot be pinched off by

crease Ic.

the depletion area. So the compound device is not
normally—off and Ip tends to saturation on the drain
voltage Vp, namely, Area(BJT)/Area(BSIT) tends to

saturation.

The authors utilize the simulation soft-
ware TCAD MEDICI to certify the thermal
model. We simulate the dependences of £ and

Area(BJT)/Area(BSIT) in comparison with the an-
alytic model and get Fig.4. It must account for the
fact that Area(BJT)/Area(BSIT) in 2-D simulation
is the ratio of d/a (as shown in Fig.1).
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Fig.3. Dependences of different ratios of area with differ-
ent half channel width on the best thermal compensating
condition (£ =1).
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Fig.4. Comparison of proposed model and MEDICI sim-
ulation on the conditions of @ = 1pum, 2pum, 3 um and
VL =04V.

We design the structure and the process pa-
rameters of BJT-BSIT based on the best ther-
mal compensation condition, namely, ¢ = 1pm
and Area(BJT)/Area(BSIT) = 16, a = 2um and
Area(BJT)/Area(BSIT) = 19, a = 3um and
Area(BJT)/Area(BSIT) = 21. We also make different
cells of layout with square, donut and compounding
square as shown in Fig.5, then do experiments and
test samples of current gain variation rate and -V
characteristics as shown in Fig.6. Thermal variation
rate of current gain testing for high (25°C-85°C) and
low (—55°C-25°C) temperature are the dependences:

6, — ‘th (T:i;LS8 K) — hrs (17=208K) )
FS (T=298K)

6, ‘th (T:2hlB K) — hrs (17=208K) a6)
FS (T=298K)

We can also get the dependences of thermal variation
rate of current gain and thermal compensating factor:
01(2)

§1(2) = [0.007— ﬁ} / 0.007. (17)

Fig.5. Different cells with square, donut and compound-
ing square based on the model.
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Fig.6. BJT-BSIT I-V characteristics curve.

The test results demonstrate that the thermal
variation rate of current gain is below 10% in 25°C—
85°C and 20% in —55°C-25°C in Table 1. It is much
better than thermal variation rate of BJT current gain
0.007/°C to achieve compensation effectively. But we
can also see that test results depart from the best ther-
mal compensating condition: £ = 1. It is the reason
why the process error departs from the channel width
optimized, such as time and temperature of gate’s dif-
fusing process. Otherwise, the cryogenic effect of BJT
is not considered, which results in the test results in
the low temperature more away £ = 1 than in the high

temperature. 9]

Table 1. Test results of current gain variation rate for
high temperature 61 and low temperature 62 and the cor-
responding thermal compensating factor £; and &a.

01 &1 02 &2
a=1 7.1% 0.83 13.4% 0.76
a=2 7.8% 0.81 14.0% 0.75
a=3 8.2% 0.80 16.1% 0.71
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4. Conclusion

BJT-BSIT is a compound device with the same
I-V characteristics as BJT. At the same time, BJT-
BSIT has the advantage of stable thermal characteris-
tics of current gain. So it is possible to exchange with
BJT in wide temperature application.

A thermal analytical model of current gain for
BJT-BSIT in low current operation is proposed. We
setup the thermal model and also propose a best ther-
mal compensating factor that indicates the relation-
ship between the thermal variation rate of current gain
and the device structure.

We design the structure and the process parame-
ters of BJT-BSIT based on the best thermal compen-
sation, namely, @ = 1 um and Area(BJT)/Area(BSIT)
= 16, a = 2pum and Area(BJT)/Area(BSIT) = 19,
a = 3um and Area (BJT)/Area (BSIT) = 21. The
simulation results match with the model.

The test results demonstrate that the thermal
variation rate of current gain is below 10% in 25°C-
85°C and 20% in —55°C-25°C. This is much better
than the thermal variation rate of BJT current gain
0.007/°C to achieve the thermal compensation effec-
tively.
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