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Optimum Design for a Thermally Stable Multifinger
Power Transistor With Temperature-Dependent

Thermal Conductivity
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Abstract—The thermal stability of multifinger bipolar tran-
sistors has been analyzed theoretically. Coupled equations are
solved to study the onset of instability and its dependence on the
distributions of ballasting resistors. We extended our previous
work on the multiple-finger transistor thermal stability from the
simple coupled thermal-electrical feedback equation to the more
accurate – equation and taking the temperature dependence
of the thermal conductivity into consideration. Transistors with
three-fingers and -fingers have been analyzed. Two design
procedures, uniform current design and uniform temperature
design, of the best ballasting resistor distribution for optimum
thermal stability operation were developed. Using these design
flows, we can design the best ballasting resistor needed for thermal
stable operation under the specified current level or specified
junction temperature.

Index Terms—Ballasting resistor, coupling current–voltage
( – ) equations, heterojunction bipolar transistor, multifinger
transistor, temperature dependent thermal conductivity, thermal
effect.

I. INTRODUCTION

B IPOLAR transistors are useful for power amplifications.
With the advances in fiber communications, wireless

and satellite communications, there is a strong demand on the
power transistors in microwave and millimeter frequencies.
GaAs-based heterojunction bipolar transistors (HBTs), because
of their high-speed performance, have become the dominant
devices used in these applications [1]. The transistors, when
used for power applications, often have multiple fingers to
spread out the current and the dissipated heat. However,
because of the heat generated and the uneven heat distribution,
the transistors can become unstable at high powers seriously
limit the power handling capability of the transistors. When
this happens, thermal runaway is observed for Si BJTs and
current collapse is observed for GaAs based HBTs [2]–[5].
To prevent the thermal instability of multifinger transistors,
ballasting resistors are often used. The voltage drop across
these resistors compensates the build-in voltage change due
to temperature rise caused by self-heating and as a result the
thermal stability is improved. Many papers have devoted to the
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thermal modeling of transistors and the design of ballasting
resistors [6]–[10].

In our previous paper [11], we developed a design proce-
dure to determine the values of the emitter ballasting resistors
needed for thermal stable operation from a set of thermal-elec-
trical feedback equations. In this work, we extend our model
to a more accurate one and take into account the temperature
dependence of thermal conductivity. Two practical design pro-
cedures based on uniform current and uniform temperature are
described.

In the calculation presented below, we use the same device
parameters as in the previous work. They are
A, C/W, . Those numbers are
experimentally determined from a 3 40 InGaP/GaAs HBT.
The current gain is assumed to be independent of temperature,
which is a valid assumption for InGaP transistors. The coupling
thermal resistances are obtained by solving the heat flow equa-
tion with proper boundary conditions. The chip dimension used
is 1000 1000 m and the thickness is 100m. The finger size
is 3 40 m and the spacing between fingers is 40m. The
calculated coupling thermal resistances are C/W
and C/W. And the collector voltage is taken to
be 6 V in the simulation. For the transistor considered above, the
absolutely stable condition based on the previous design proce-
dure is and .

II. TEMPERATUREDEPENDENTTHERMAL CONDUCTIVITY

The effect of temperature dependent thermal conductivity
will affect the thermal stability significantly. When the thermal
conductivity is a function of temperature, the steady state heat
flow equation becomes

(1)

This equation can be solved by the Kirchoff transform through
defining a linearized temperature as

(2)

The heat flow equation (1) and its boundary condition can then
be linearized to the same form as the temperature independent
case, which is
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So the solutions of are linear functions of currents.
For the three-finger case

(3)

Once the temperature dependence of the thermal conductivity
is known, we can solve for the actual junction temperature

using (2) and (3). Here, we use the temperature
dependence form given in ref. [12]

(4)

where is the thermal conductivity at and is a fitting
parameter whose value is 1.22. Using the relation of (4), the
actual junction temperature can be obtained as

(5)

From now on, we have a very nonlinear relationship between
temperature and current. This relationship will seriously affect
the behavior of the thermal-electrical feedback equation, as we
will see.

The thermal-electrical feedback equation which our previous
work is based upon is an approximation of a more accurate ex-
pression whose accuracy has been examined by Arnoldet al.
[13]. Using a three-finger transistor as an example, the more
accurate coupled current–voltage (– ) equations with self-
heating are

(6)

where the indices indicate the finger number.s and s are
finger current and temperature. is the applied base-emitter
voltage. is the energy gap at 0 K and is a coefficient that
measures the amount of energy gap shrinkage as temperature
increases. and are the emitter resistances of the side
fingers and the center finger, respectively. And is the junc-
tion temperature independent saturation current defined as

is the ambient temperature or the heat sink temperature that
is 300 K in our simulation. The ideality factor is set to unity for
simplicity. From the definition of the thermal-electrical feed-
back coefficient , we can obtain an expression as [14]

(7)

Fig. 1. Simulation result of�R is a function ofI for a three-finger
transistor when the thermal conductivity is temperature dependent.

where is the index of finger. The junction temperature for the
three fingers are given by (3) and (5). By setting all currents the
same, i.e., , and using the expression of (7),
a relationship between and can be obtained from (6),
(3), and (5) as

(8)

This distribution is no longer a constant but is a function of the
current or the temperature of all fingers. Fig. 1 shows the sim-
ulated results of versus the current per finger. As
the current increases, we need a higher to guarantee
identical currents in all fingers. This fact is also true for the
finger case. It is interesting to point out that the linearized tem-
perature has an upper limit because the junction temperature

will go to infinity as increases to a certain value. It happens
when the second term in the bracket of (5) is equal to unity. And
because of (3), the currents of the fingers also have a theoretical
upper limit and the hottest finger, the center finger under normal
operation, decides the limit. That is

(9)

Substituting the parameters used before, we have
mA. For the -finger case, the upper limit becomes

(10)

where is the thermal resistance matrix element. Because
of the existence of this upper limit, setting the current to infinity
when deriving the eigenvalue equations in our previous work is
not valid, now. Even so, the basic idea of these equations is still
correct. All the change we need to do is, instead of setting the
current to infinity, setting the current to a specific current level.
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Fig. 2. Simulation result ofT is a function ofI for a three-finger
transistor that the thermal conductivity is temperature dependent.

III. U NIFORM CURRENT DESIGN

We can solve the optimum resistance needed for stable op-
eration under the specific current level, . This is so-called
uniform current design. Once is given, we can determine
the junction temperature , , of each finger
from (3) and (5) and is obtained by substituting
into (7). Then the ideal emitter ballasting resistance distribution

and can be determined from (8). But a rea-
sonable is determined by the highest junction temperature
that is in the three finger case. Fig. 2 shows the rela-
tionship between and in our simulation. We can
see that the current level cannot exceed 26 mA if the junction
temperatures need to be kept below 500 K. Because of the tem-
perature dependence of the thermal conductivity, the derivatives
of temperatures respect to base-emitter voltage become

(11)

Combining (11) with the derivative of (6) respect to and
using the requirement that the solutions of the current deriva-
tives are not unique, the eigenvalue equation becomes (12), as
shown at the bottom of the next page, where

There are three solutions for as before. Fig. 3 shows
the simulation results of the second largest solution of ,
namely, , as a function of the current per finger
if the currents of all fingers are identical for the mentioned

Fig. 3. Simulation result ofR is a function ofI for a three-finger
transistor when the thermal conductivity is temperature dependent.

(a)

(b)

Fig. 4. Simulation result of a three-finger transistor withR =

R = 4:43 
, R = R = 4:77 
 underI = 25 mA. (a)
I–V curves (the arrow marks the unstable point) and (b) the temperature as
function of total current. (f2 is the center finger, f1 and f3 are the side fingers.)
The temperature dependence of thermal conductivity is taking into account.

three-finger transistor. We can find that is negative if
is below 6.34 mA. That means the transistor is unconditional
stable under this current level. If we set mA and
use (8) and (12) to determine and , the
– and – curves are shown in Fig. 4(a) and (b) with

and . Before the
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(a)

(b)

Fig. 5. Simulation result of a three-finger transistor withR =

R = 9:19, R = R = 9:80 
 underI = 50 mA.
(a) I–V curves and (b) the temperature as function of total current. (f2 is the
center finger, f1 and f3 are the side fingers.) The temperature dependence of
thermal conductivity is taking into account.

unstable point is reached, the currents of all fingers are roughly
equal but not exactly the same. It is mainly because of the
current dependent nature of (8). So the ballasting resistor of
the center finger cannot cancel the excess thermal coupling
resistance between the side finger and the center finger in all
current range. We can find that the unstable point, as shown in
Fig. 4(a) marked by an arrow, is just at 25 mA as we specified.
At this current level, the temperature is near but below 500 K
that is still in a reasonable range. When the unstable point is
reached, there are two unstable modes. One is that the center
finger starts to dominate most of the current. The other is
that one of the side fingers dominates. It seems like those two
unstable points described under linear temperature model in our
previous work merge together. In other words, every finger has

the opportunity to become the hot finger. This is quit different
from the traditional brief. Fig. 5(a) and (b) show the– and
– curves for mA. Although the current can be

stable before 50 mA is reached, the temperatures of all fingers
exceed 800 K at this high current level. It is not reasonable
to operate a device at such a high temperature because of the
device operation or reliability considerations.

We list the formulas of the general-finger case as follows.
Once is given

(13)

Here is the current vector that satisfies
, is the junction temperature vector, and

is the thermal resistance matrix. The ideal emitter ballasting re-
sistor distribution (8) becomes

(14)

Here, is the ideal emitter ballasting resistor distribution
vector and is the emitter resistor difference vector
under . And then, the eigenvalue equation (12) becomes

(15)

where

is the determinant of matrix means a diag-
onal matrix with vector as its diagonal elements, andis the
identity matrix. Now, we have a modified version for the design
procedure of the ballasting resistors for an-finger transistor
when the temperature dependent thermal conductivity is consid-
ered. We conclude as follows.

1) The thermal resistance matrix is determined by mea-
surement using test structures or by a three-dimensional
(3-D) simulation.

2) We specify the highest or the center finger junction tem-
perature from device operation or reliability
considerations and solve for the corresponding specific
current level from (13).

3) The ideal emitter ballasting resistor distribution under
can be obtained by (14). Even when this distribution

is satisfied, the currents of all fingers will not be exactly

(12)
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identical because of the temperature dependence nature
of the ideal distribution in (14).

4) Then, by solving the eigenvalue equation of (15), the
second largest real positive solution is the optimum value
of the emitter ballasting resistance for stable op-
eration up until is reached. This value is the smallest
resistor needed for the stable operation.

IV. UNIFORM TEMPERATUREDESIGN

Besides requiring uniform current distribution, we can re-
quire the temperature of all fingers identical, too. As shown in
Figs. 4(b) and 5(b), the center finger will be hotter than the side
fingers when approaching the unstable point under the require-
ment that the currents of all fingers must be the same at that
point. If we increase the value of the ballasting resistor of the
center finger, the current and temperature of this finger will de-
crease. There will be a certain value for the ballasting resistor
of the center finger that will result in identical temperature of
all fingers. Because the temperature difference is small, the in-
crement of the ballasting resistor is minor. We can expect that
the behavior of the curves will not change too much under the
uniform temperature design. But we still need a procedure to de-
cide the distribution of the ballasting resistors under temperature
consideration. Here, as the last section, we take the temperature
dependence of the thermal conductivity into account to gener-
alize our discussion. First, we rewrite (3) as

(16)

where

Then, setting the temperature of all fingers identical, that is,
, which also results in

according to (5), the ideal emitter ballasting resistor distribution
under uniform temperature condition can be obtained as

(17)

Similar to (8), this ideal distribution is temperature or current de-
pendent. So, we need to set a specific temperature level,,
instead of setting a specific current level as the last section.
The following argument is very similar to the last section. Once

is given, we can get

(18)

and then we can obtain , , and
by substituting into (16) and

, , by substituting
into (17). Based on earlier results the eigenvalue (12) becomes
(19), shown at the bottom of the next page, where

There are also three solutions for and we only need the
second largest real positive solution as . If we set

K, and ,
the – and – curves are shown in Fig. 6(a) and (b). The
total current of the unstable point is 80 mA comparing to 75
mA of mA for the identical current case. Although
the total current under uniform temperature consideration is
about 6.5% larger than that under uniform current considera-
tion, the ballasting resistances are about 7.5% larger. It seems
that the uniform current design is better. But because that the
difference is small and the uniform temperature design is more
straightforward, we think these two designs are both useful.

(19)
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(a)

(b)

Fig. 6. Simulation result of a three-finger transistor withR =

R = 4:75 
, R = R = 5:15 
 underT = 500 K. (a)
I–V curves and (b) the temperature as function of total current (f2 is the center
finger, f1 and f3 are the side fingers.) The temperature dependence of thermal
conductivity is taking into account.

Finally, we derive the formulas of the general-finger case
as follows. Once is given, is obtained from (18) and

(20)

where

is the linearized temperature vector that satisfies
. From (7), the thermal-electrical

feedback coefficient vector is

(21)

Then, the ideal emitter ballasting resistor distribution (17) be-
comes

(22)

where

Following the procedure as before, the eigenvalue equation (19)
becomes:

(23)

where

The optimum value of the emitter ballasting resistance
for stable operation up to can be solved by (23). The de-
sign procedure of the ballasting resistors for an-finger tran-
sistor with temperature-dependent thermal conductivity under
uniform temperature consideration is similar to that of last sec-
tion. We list it as follows.

1) The thermal resistance matrix is determined by mea-
surement using test structures or by a 3-D simulation.

2) We specify the highest junction temperature from
device operation or reliability consideration and solve the
corresponding specific current level from (18) and
(20).

3) The ideal emitter ballasting resistor distribution under
can be obtained from (21) and (22).

4) Then, by solving the eigenvalue equation of (23), the
second largest real positive solution is the optimum value
of the emitter ballasting resistance for stable op-
eration up until is reached. This value is the smallest
resistor needed for the stable operation.

V. CONCLUSION

We extended our previous work on the multiple-finger tran-
sistor thermal stability from the simple thermal-electrical feed-
back equation to the more accurate– equation and taking
the temperature dependence of the thermal conductivity into ac-
count. Transistors with three fingers and-fingers have been
analyzed. Two design flows, uniform current design, and uni-
form temperature design, of the best ballasting resistor distri-
bution for optimum thermal stability operation were developed.
Using these design flows, we can design the best ballasting re-
sistor needed for thermal stability operation under the specified
current level or the specified junction temperature.
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