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In this paper, an efficient thermal analysis method is presented for large scale compound semiconductor integrated
circuits based on a heterojunction bipolar transistor with considering the change of thermal conductivity with temperature.
The influence caused by the thermal conductivity can be equivalent to the increment of the local temperature surrounding
the individual device. The junction temperature for each device can be efficiently calculated by the combination of the semi-
analytic temperature distribution function and the iteration of local temperature with high accuracy, providing a temperature
distribution for a full chip. Applying this method to the InP frequency divider chip and the GaAs analog to digital converter
chip, the computational results well agree with the results from the simulator COMSOL and the infrared thermal imager
respectively. The proposed method can also be applied to thermal analysis in various kinds of semiconductor integrated
circuits.
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1. Introduction
InGaP/GaAs or InGaAs/InP heterojunction bipolar tran-

sistors (HBTs) are widely used in mixed-signal, high-speed,
or high-power circuits[1–4] with the advantages of high
cut-off frequency[5–8] while maintaining high breakdown
voltage.[9–11] Today, with the development of integrated cir-
cuits (ICs) and the growth in military and commercial applica-
tions, the size of HBT has been scaled down rapidly for higher
operating frequency, leading to a huge number of devices inte-
grated in a small chip and a higher current density. Because of
the self-heating and thermal coupling effect, the thermal prob-
lem becomes more and more serious in HBTs.[12–14] With the
temperature increasing in a device, the electrical device char-
acteristics could degrade due to the thermal instability,[15–17]

which reduces the reliability of the circuit seriously.[18–20]

Therefore, it is of great importance to evaluate the distribu-
tion of temperature accurately during the design of integrated
circuits.

With the technology of ICs entering into the nanometer
domain, the thermal analysis for large ICs faces great chal-
lenges. Many improved numerical methods for fast thermal
analysis were developed,[21–24] in which compact heat trans-
fer equations are solved to characterize the temperature dis-
tribution in all parts of the IC chip including the thick sub-
strate based on partitioning an IC chip into many discrete

three-dimensional (3D) elements.[25,26] The accuracy of the
temperature distribution increases with the number of discrete
3D thermal elements increasing. In this case, the calculation
would be significantly time-consuming, which makes it hardly
possible to achieve a large scale circuit.

However, the heat source generated by the active layer of
each device in an IC is usually located in a thin layer close
to the top surface of the IC chip, so only the temperature dis-
tribution within the related layer is of interest. For an HBT,
the current flows from the emitter junction into the collector
junction and the collector junction is at high reverse bias, so
the power dissipation is mainly from the collector junction.[27]

As a result, the collector junction will be the high-temperature
region and the highest temperature will be located in the mid-
dle area between the base and collector, which is the so-called
junction temperature. It will be easy to obtain the important
temperature information of the IC chip with minor calcula-
tions if the highest temperature in this area is calculated for
each heat source, avoiding a huge quantity of calculations of
the numerical methods mentioned above.

In this paper, a semi-analytic temperature superposition
method (SATSM) is proposed, based on the principle of su-
perposition of temperature with considering the self-heating
effect of the device and the thermal coupling effect between
devices. The temperature distribution for the full chip can be
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easily depicted by calculating the highest temperatures for all
devices in a chip with high efficiency and reasonable accuracy.
Meanwhile, the temperature dependence of thermal conduc-
tivity on the thermal coupling from devices between each other
should be considered in implementing the temperature super-
position, otherwise, the measured temperature is higher than
the calculated temperature and the difference increases with
temperature increasing, especially in the high-temperature re-
gion.

A more accurate thermal analysis method based on an it-
erative algorithm, called SATSM-I, is proposed with consid-
ering the temperature dependent thermal conductivity. The
SATSM-I shows higher accuracy while SATSM exhibits high
efficiency and simplicity in calculation. The detailed steps of
SATSM and SATSM-I are described in Section 2. The tem-
perature distributions of the InP HBT frequency divider cir-
cuit and GaAs HBT analog to digital converter (ADC) chip
designed by our research group[28] and calculated by SATSM-
I are compared with the results from SATSM, the simulator
COMSOL and the infrared thermal imager respectively in Sec-
tion 3 for verification. Finally, some conclusions are drawn
from the present study in Section 4.

2. Temperature distribution calculation proce-
dure
Based on the principle of superposition of temperature,

there are three factors to affect the thermal distribution, which
include the self-heating effect of the individual device, de-
noted as ∆Tself, the thermal coupling effect from the devices
between each other, named ∆Tother, and the ambient tempera-
ture Ta.

Therefore, the SATSM calculation procedure mainly con-
sists of two steps.

Step 1.1 The initial temperature Ta is assigned to each
device in the circuit.

Step 1.2 The temperature increments of ∆Tself and ∆Tother

of each device are calculated, according to the semi-analytic
temperature distribution function for each kind of device, and
the junction temperature T of each device can be worked out
finally by temperature superposition. The computation pro-
cess will be done and the final junction temperature T will be
output.

In this case, it is very convenient to obtain the temperature
distribution of the HBT IC as long as the semi-analytic tem-
perature distribution function for each device is determined.
Each kind of device is firstly simulated by using COMSOL,
and the semi-analytic function of the temperature distribution
is obtained by fitting with MATLAB. Then, the highest tem-
perature of each device will be worked out with the algorithm
based on Steps 1.1 and 1.2, which is implemented in MAT-
LAB.

Table 1 shows the thermal conductivities of the semi-
conductor materials, in which the thermal conductivity of the
semiconductor material decreases as temperature increases. In
this case, the ∆Tself and ∆Tother will be intensified when local
temperature TLo is increased. Thus, the temperature of devices
calculated by the superposition of the semi-analytic tempera-
ture distribution function will be lower than the actual temper-
ature if the temperature dependence of thermal conductivity is
not considered.

Table 1. Thermal conductivity of semiconductor material.

Material Thermal conductivity/(W/m·K)

GaAs[29] 46·(T/300)−1.4

InP[29] 68·(T/300)−1.4

GaP[29] 77·(T/300)−1.4

InGaP[29] 5.2·(T/300)−1.4

The influence caused by the thermal coupling effect from
the adjacent device in a circuit can be equivalent to the change
of local temperature TLo. Thus, TLo can be replaced by a
slightly higher local temperature TLo−new, resulting in the re-
change of the thermal conductivity of materials. The TLo

would approximate well to the actual local temperature by
the continuous iteration procedure. Therefore, more accu-
rate junction temperature T of each device can be obtained.
Based on the idea above, an efficient thermal analysis method
(SATAM-I) is proposed with the following calculation steps.

Step 2.1 The initial Ta and TLo are assigned to each de-
vice in the circuit.

Step 2.2 The temperature increments ∆Tself and ∆Tother

for each device will be calculated, according to the semi-
analytic temperature distribution function for each kind of de-
vice, and the junction temperature T of each device can be
worked out finally by temperature superposition.

Step 2.3 The new TLo−new of each device can be obtained
according to the relationship between T and TLo.

Step 2.4 The computational process will be done and the
final junction temperature T will be output if the relative error
between TLo and TLo−new is less than or equal to the speci-
fied iterative precision for all devices in a circuit, otherwise,
TLo−new will be re-assigned to TLo for the corresponding de-
vice and the process will be repeated from Step 2.2 until the
precision is satisfied.

In order to realize the total computational process to ob-
tain the temperature distribution of the HBT IC, the tempera-
ture distribution of each kind of device is first simulated by us-
ing COMSOL, and the semi-analytic function of temperature
distribution is obtained by fitting with MATLAB, the same as
the process made in SATAM. In the following, the GaAs HBTs
with four sizes are taken for example to describe the total com-
putational process.
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2.1. Semi-analytic temperature distribution function for
individual device

Before making the function fitting for a single GaAs HBT,
the model of each kind of device is first set and its tempera-
ture distribution is simulated by COMSOL. Figure 1 shows
the schematic diagram of a GaAs HBT simulation model. The
simulation region is 350 µm×170 µm×100 µm including the
backside metallization and passivation layer. For the thermal
boundary conditions, the bottom of the model is set to be at
different local temperatures and the rest of the boundaries are
in natural convection in air. In order to obtain the accurate
simulation results, the temperature dependent thermal conduc-
tivity is involved as shown in Table 1.

emitter 
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45O

x
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(GaAs)

y(a)

x

L

L

substrate (GaAs)

(b) 

Si3N4

Au

1
7
0
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m
1
0
0
 m

m
 

350 mm

Fig. 1. (color online) Schematic diagram of GaAs HBT simulation model,
showing (a) top view and (b) sectional view.

The collector–emitter current flows through the collector-
base depletion region with high reverse voltage, resulting in
the highest Joule heating. Therefore, heat generation comes
from the collector-base depletion region.[30] In order to sim-
plify the model, the power of each device is applied to the
interface between the base and collector, which is called the
heat source that is assumed to cover the emitter area as shown
in Fig. 2. The highest temperature would be located at the cen-
ter of the heat source, which is called junction temperature.

emitter

base

substrate

collectorheat source

highest temperature point

junction temperature

Au

Si3N4

Fig. 2. (color online) Position of the heat source and the highest temperature
point in the simulation model.

The ∆Tself is affected by dissipated power p, heat source
area s, and local temperature TLo. Thus, ∆Tself is a function of

p, s, and TLo and is expressed as

∆T = f1 (p,s,TLo) . (1)

Figure 3 indicates the center temperatures versus power
dissipation from 0 to 20 mW for four devices with different
emitter areas. It is apparent that the temperature ∆Tself is a lin-
ear function of dissipated power p, and can be expressed by an
empirical equation (2):

∆Tself = g1 (TLo,s) · p, (2)

where g1(TLo,s) is a function of TLo and s. The g1(TLo,s) in-
creases linearly with TLo as given in Fig. 4, and ∆Tself can be
rewritten as follows:

∆Tself = (g2 (s) ·TLO +g3 (s)) · p. (3)
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lf
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symbol: extracted from COMSOL simulation

line: fitted curves

TLo=293 K

Fig. 3. (color online) Plots of ∆Tself versus p for different sizes of de-
vices at 293 K.
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line: fitted curves
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Fig. 4. (color online) Plots of g1(TLo,s) versus TLo for different sizes of
devices.

Since g2(s) and g3(s) decrease exponentially with s as
given in Fig. 5, equation (3) can be rewritten as

∆Tself = (a1 · sa2 ·TLo +a3 · sa4) · p, (4)

where a1–a4 are four constants extracted from the data fitting
in Fig. 5.
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symbol: extracted from COMSOL simulation

line: fitted curves
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Fig. 5. (color online) Plots of g2(s) and g3(s) versus s.

Then the junction temperature T (i) can be given as fol-
lows:

T (i) = TLo (i)+∆Tself (i)

= TLo (i)+(a1 · sa2 ·TLo +a3 · sa4) · p, (5)

which is the temperature at the center of a single heat source i
without the thermal coupling from other heat sources.

Based on the relationship between the junction tempera-
ture T (i) and the local temperature TLo(i) in Eq. (5), TLo(i) can
be derived and expressed as follows:

TLo (i) =
T (i)−a3 · sa4 · p

a1 · sa2 · p+1
. (6)

Figure 6 illustrates the variations of the temperature increment
∆T with distance L from the central point along three direc-
tions: x direction, y direction, and 45◦-direction in the x–y
plane at a power of 10 mW for the device with an emitter area
of 5 µm2 at 300 K, with the three directions shown in Fig. 1. It
is obvious that the temperature differences in the three direc-
tions are large within a distance of 5 µm, and the maximum
temperature difference can reach 25 K between the x direction
and y direction because of the rectangle emitter.

symbol: extracted from COMSOL simulation

line: fitted curves
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Fig. 6. (color online) Plots of ∆T versus L from the central point along
three directions.

Whereas, for the distance larger than 5 µm, the thermal
profile is almost the same in the three directions. In this case,
it can be found from the layout of the GaAs HBT ICs that the
distance from the center point of the device is at least 20 µm.
Therefore, there is no big difference of the temperature distri-
butions in three directions for expressing the thermal coupling
effect and it is reasonable to choose the x-direction in the fol-
lowing calculation. The 5 µm cut-off distance is adopted for
the GaAs HBT technology currently used. For the other types
of circuits, the method is also applicable. The difference is
that the cut-off distance would decrease to a few nanometers,
such as VLSI, where the distance between devices is on the
nanoscale.

The temperature increment away from the center point is
denoted as ∆Tcouple. The ∆Tcouple is a function of the distance
L between two devices, p, s, and TLo. Therefore, ∆Tcouple can
be expressed as

∆Tcouple = f2 (p,s,TLo,L) . (7)

Figure 7 shows the temperature ∆Tcouple of the device with
an emitter area of 5 µm2 in the x-direction for four different
powers at 293 K. It is clear that the temperature distribution at
more than 5 µm away from the center point exhibits the power
function form as expressed below.

∆Tcouple = a0 ·a ·Lb + c, (8)

where a0 is defined as 1/µmb to express the units of the three
above undetermined coefficients a, b, and c conveniently.

symbol: extracted from COMSOL simulation
line: fitted curves
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Fig. 7. (color online) Temperature distributions in the x direction for
different powers.

This power function of ∆Tcouple, i.e., Eq. (8), has been
verified.[31] Figure 8 shows the temperature increment ∆Tcouple

versus L with power dissipation caused by a resistor as an on-
chip heater from 50 to 110 mW in steps of 20 mW, which is
measured by p–n diode sensors at 293 K. The fitted curves in
the power function form are consistent with the measured data.
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Figure 9 shows the relationship of a, b, and c with the dis-
sipated power p for the device with an emitter area of 5 µm2

at 293 K. The a, b, and c can be expressed by Eqs. (9), (10),
and (11), respectively,

a = h1 (TLo,s) · p+h2 (TLo,s) , (9)

b = h3 (TLo,s) · p+h4 (TLo,s) , (10)

c = h5 (TLo,s) · p2 +h6 (TLo,s) · p. (11)

As shown in Fig. 10, h1(TLo,s)–h6(TLo,s) are linearly re-
lated with TLo separately for the device with the emitter area
of 5 µm2 at 293 K, which can be expressed as follows:

h1 (TLo,s) = h7 (s) ·TLo +h8 (s) ,
h2 (TLo,s) = h9 (s) ·TLo +h10 (s) ,
...
h6 (TLo,s) = h17 (s) ·TLo +h18 (s) .

(12)
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Then, the functions of h7(s)∼ h18(s) are fitted with s for
four devices. Finally, the temperatures ∆Tself and ∆Tcouple ex-
pressed by Eqs. (1) and (7) are determined respectively. Fur-
thermore, the obtained functions can also be re-used for the
circuits with the same technology.

2.2. Temperature distribution for full IC chip

For an IC chip with n heat sources, the temperature in-
crement at the center of heat source i is obtained by summing
the temperature increment caused by source i itself and cou-
pling heat from the sources of n− 1 based on the principle
of superposition.[32] Then the final junction temperature at the
center of heat source i can be written as

T (i) = Ta (i)+∆Tself (i)+∆Tother (i)

= Ta (i)+∆Tself (i)+
n

∑
k=1,k 6=i

∆Tcouple (i) , (13)

where Ta is the initial ambient temperature, ∆Tself(i) is its own
temperature increment, ∆Tother(i) is the temperature increment
based on the thermal coupling effect from other devices, and
∆Tcouple(k) is the temperature increment from the coupled heat
source k. Therefore, the new equivalent local temperature
TLo−new can be calculated from Eq. (6).

Based on Eq. (6) and the calculation steps, such as
Steps 1.1 to 1.2 or Steps 2.1 to 2.4, the junction temperature T
of each device can be worked out sequentially by SATSM or
SATSM-I to obtain the temperature distribution of the circuit.
Also, this method can be generally applied to the thermal anal-
ysis for various kinds of semiconductor integrated circuits as
long as the geometric models are applied to the corresponding
devices in COMSOL.

3. Thermal analysis for compound semiconduc-
tor integrated circuits
In this section, the method will be applied to the ac-

tual circuits. The SATSM and SATSM-I are codified by
MATLAB on a Lenovo QiTianM6500-N000 desktop com-
puter with 8-GB memory and an Intel(R) CoreTM i5-4570
CPU @3.20 GHz. The COMSOL is operated on a DELL
R730 server with 128-GB memory and 2 Xeon (R) E–2683 V3

CPUs @2.00 GHz. The first example is an InP HBT frequency
divider, which is a small scale IC. The layout of the circuit is
shown in Fig. 11, in which 28 transistors are included.

Fig. 11. (color online) Layout of InP HBT frequency divider.

The initial ambient temperature and local temperature
surrounding the individual device are set to be 300 K. The
calculations of the center temperature for each of all the de-
vices are accomplished within 0.54 second and 0.69 second by
SATSM and SATSM-I respectively, and the thermal profiles of
the devices in the frequency divider are mapped using MAT-
LAB for 28 devices and shown in Fig. 12(a). It is obvious that
the farther the distance from the center of the device, the lower
the temperature is. The maximum temperature is 361.03 K lo-
cated in the center position of the device of No. 13, owing to
its higher dissipated power.

In order to validate the temperature distribution, the sim-
ulation of the temperature distribution is performed by us-
ing COMSOL with a great number of grids, costing CPU
time of about 3 hours with the peak memory usage of 100
GB as shown in Fig. 12(b). Therefore, it can be concluded
that SATSM and SATSM-I are more efficient than COMSOL.
Comparing Fig. 12(a) with Fig.12(b), the maps of the two ther-
mal profiles are consistent with each other. However, there are
differences between these two thermal profiles of the full cir-
cuit somewhat, because the number of the meshes in COM-
SOL is far more than that in SATSM-I.
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Fig. 12. (color online) Thermal profiles of frequency divider, obtained from (a) SATSM-I and (b) COMSOL.
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Table 2 shows the junction temperatures of the devices obtained by using the COMSOL, SATSM, and SATSM-I. Due to the
longitudinal symmetry of layout, there are only 14 devices listed in Table 2 and their locations are shown in Fig. 12(a). It can be
obviously seen that the results from SATSM-I match the results from COMSOL very well. Furthermore, the mean relative error
of the SATSM-I is reduced by 19.35%, which decreases significantly compared with that of SATSM.

Table 2. Comparison among temperatures of frequency divider, obtained from SATSM, SATSM-I, and COMSOL.

No. COMSOL/K SATSM/K SATSM-I/K
Error of Error of Decrease of

SATSM/K SATSM-I/K relative error/%

1 343.10 342.23 342.77 0.87 0.33 37.93
2 343.05 342.16 342.72 0.89 0.33 37.08
3 350.19 349.23 350.12 0.96 0.07 7.29
4 350.23 349.3 350.11 0.93 0.12 12.90
5 343.42 342.67 343.37 0.75 0.05 6.67
6 343.2 342.47 343.16 0.73 0.04 5.48
7 332.5 332.07 332.63 0.43 0.13 30.23
8 332.56 332.01 332.57 0.55 0.01 1.82
9 332.34 331.96 332.51 0.38 0.17 44.74

10 332.27 331.77 332.31 0.50 0.04 8.00
11 342.85 342.29 342.95 0.56 0.10 17.86
12 345.35 344.64 345.26 0.71 0.09 12.68
13 360.86 360.08 361.03 0.78 0.17 21.79
14 339.8 339.18 339.65 0.62 0.15 24.19

In order to verify the proposed method for large scale IC,
a 6-bit 3-Gsps ADC chip is used as a testing example, in-
cluding 3449 GaAs HBTs processed with 1 µm GaAs HBT
technology. Figure 13 shows the full layout of the ADC chip,
which consists of THA, folding-interpolating block, digital en-
coder, etc.

For more than 3 thousand devices, a huge quantity of cal-
culations would take unbearable computation time and mem-
ory if the simulation is implemented by using the simulator
COMSOL, leading to it being far beyond the capability of the
computer. However, this problem can be easily solved by the
proposed method with only 58.61 seconds and 242.70 seconds
by SATSM and SATSM-I respectively.

folding interploating 

block
digital encoder

DEMUX with
output drivers

THA comparators coarse ADC

Fig. 13. (color online) Full layout of GaAs HBT ADC chip.

Figure 14 shows the temperature distribution and the
isothermal distribution obtained from SATSM-I. In order to
figure out the validity of the results from SATSM-I, the tem-
perature distribution of the ADC chip is measured by an in-

frared thermal imager, and the thermal image of the ADC chip
is shown in Fig. 15. As can be seen from Fig. 14(a), the tem-
peratures of regions 1 and 2 are much higher than those of
other parts of circuits because of their larger power dissipa-
tion. The highest temperature has reached 506 K located in
region 1.

443 K

1

2
3

(b)

(a)

506 K

503

493

483

473

463

453

443

433

Fig. 14. (color online) (a) Temperature distribution and (b) isothermal
distribution of ADC from SATSM-I.

From Fig. 14(b), it is clear to see that the temperature
around the chip is about 443 K. Owing to the lower resolution,
the thermal imager can only provide an average temperature

108101-7



Chin. Phys. B Vol. 27, No. 10 (2018) 108101

in the related range, resulting in a little difference in temper-
ature distribution between Fig. 14(a) and Fig. 15. It is found
from Fig. 15 that the ambient temperature of the chip is about
405 K from the green area outside the chip, and the yellow
part around the chip is 443 K approximately. The purple and
white parts in region 1 are the high-temperature area, with a
maximum temperature of about 521 K.

Table 3 shows the results of the chip temperatures, cal-
culated by SATSM-I and SATSM, and also the temperature
measured by the infrared thermal imager. Comparing with the
measured values, the difference in the highest temperature is
15 K with a relative error of 2.88% obtained by SATSM-I. The
SATSM-I reduces the error by 55.56%, compared with the re-
sults calculated by the SATSM. For the lower dissipated power
than the THA circuit in region 1, the highest temperatures in
regions 2 and 3 and the temperature around the chip calcu-
lated by SATSM-I are about 493 K and 473 K, which are the

same as the measured values, because the variation of thermal
conductivity is taken into consideration in implementing the
temperature superposition by iterative algorithm.

1

2 3

~405 K

~443 K

~473 K

~493 K

521 K

 

Fig. 15. (color online) Thermal image of ADC chip.

Table 3. Comparisons between chip temperatures calculated by SATSM-I and SATSM with measured values

Method
Ambient The highest temperature The highest temperature The highest temperature Temperature around

temperature/K in region 1/K in region 2/K in region 3/K the chip/K

SATSM 405 494 ∼ 483 ∼ 463 ∼ 438
SATSM-I 405 506 ∼ 493 ∼ 473 ∼ 443

Measured values 405 521 ∼ 493 (488∼498)∗ ∼ 473 (468∼478)∗ ∼ 443 (438∼ 448)∗

∗These temperatures are estimated from the thermal image.

As shown from Table 3, the accuracy of SATSM-I is im-
proved more than that of SATSM. However, the temperatures
calculated by SATSM-I are almost the same as the measured
values except in the highest temperature region, for which the
most important reason is that the power dissipation of each
device used in the calculation is obtained in circuit simulation
software with constant local temperature. Actually, the power
dissipation for each device increases with the increase of lo-
cal temperature in operation because of the temperature pos-
itive feedback. Therefore, the difference between the actual
temperature and the calculated temperature by SATSM-I or
SATSM must be more obvious in the high temperature region.
Due to the fact that the thermal radiation of the chip is affected
by the surface layer material and the air, the temperature of the
thermal image is lower than the actual temperature inside the
chip. Therefore, the temperatures calculated by SATSM-I are
very close to those from the thermal image. In addition, the
interconnections and vias are not considered in the simplified
model, which can induce a certain error in calculation. In the
proposed method, it is difficult to address all the relevant ef-
fects in a single study and therefore further research is needed
to strengthen the model. Nevertheless, the modeled results
agree well with the measured temperature distribution of the
full chip, which demonstrates that the SATSM-I proposed in
this paper is effective and suitable for predicting the tempera-
ture of a large scale IC with high accuracy and high efficiency.

4. Conclusions
In summary, an efficient thermal analysis method

SATSM-I has been presented for large scale compound semi-
conductor ICs based on HBT. Considering the temperature de-
pendence of thermal conductivity on the thermal coupling ef-
fect and self-heat effect, the accuracy of the calculated result
from the SATSM-I is significantly improved compared with
the SATSM dealing with a fixed thermal conductivity, espe-
cially for the higher temperature region. However, the SATSM
is also a good choice if power dissipation is lower because of
its high efficiency and simplicity of calculation. Moreover,
a relative error of the highest temperature from SATSM-I is
only about 2.88%, achieving high efficiency operation. It is
demonstrated that the proposed SATSM-I can be used in the
calculation of temperature distribution and the thermal analy-
sis design for a large scale compound semiconductor IC. Also,
this method would be easily applied to other kinds of large
scale integrated circuits.
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