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Abstract—We demonstrate the results of two-dimensional (2-D)
hydrodynamic simulations of one-finger power heterojunction
bipolar transistors (HBTs) on GaAs. An overview of the physical
models used and comparisons with experimental data are given.
We present models for the thermal conductivity and the specific
heat applicable to all relevant diamond and zinc-blende structure
semiconductors. They are expressed as functions of the lattice temperature and, in the case of semiconductor alloys, of the material
composition.
Index Terms—Electrothermal effects, heating, semiconductor
device thermal factors, simulation software.

I. INTRODUCTION

H

ETEROJUNCTION bipolar transistors (HBTs) attract
much industrial interest because of their capability to
operate at high current densities [1], [2]. AlGaAs/GaAs or
InGaP/GaAs-based devices are promising candidates for power
applications in modern mobile telecommunication systems.
Heat generated at the heterojunctions cannot completely
leave the device, especially in the case of III-V semiconductor
materials. Therefore, significant self-heating occurs in the
device and leads to a change of the electrical device characteristics.
Accurate simulations save expensive technological efforts to
obtain significant improvements of the device performance. The
two-dimensional (2-D) device simulator MINIMOS-NT [3] is
extended to deal with different complex materials and structures, such as binary and ternary semiconductor III-V alloys
with arbitrary material composition profiles. Various important
physical effects, such as bandgap narrowing, surface recombination, and self-heating, are taken into account.
This paper describes the physical models and gives examples
of simulations verified by measurements.

Fig. 1. Temperature dependence of the thermal conductivity. Comparison
between experimental data and the model for Si, Ge, and GaP.

Fig. 2. Temperature dependence of the thermal conductivity. Comparison
between experimental data and the model for InP, GaAs, and InAs.

II. THE PHYSICAL MODELS
In previous work, we emphasized on bandgap narrowing as
one of the crucial heavy-doping effects to be considered for
bipolar devices [4]. We have developed a new physically-based
analytical bandgap narrowing model, applicable to compound
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Fig. 3. Material composition dependence of the thermal conductivity.
Comparison between experimental data and the model for SiGe and InGaAs.
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Fig. 4. Material composition dependence of the thermal conductivity.
Comparison between experimental data and the model for InAsP and AlGaAs.
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Fig. 6. Temperature dependence of the specific heat. Comparison between
experimental data and the model for GaAs and AlAs.

Fig. 7. Principal simulated HBT structure. The GaAs substrate is replaced by
a thermal contact.
Fig. 5. Temperature dependence of the specific heat. Comparison between
experimental data and the model for Si and Ge.

semiconductors, which accounts for the semiconductor material, the dopant species, and the lattice temperature. As the minority carrier mobility is of considerable importance for bipolar
transistors, a new universal low field mobility model has been
implemented in MINIMOS-NT [5]. It is based on Monte-Carlo
simulation results and distinguishes between majority and minority electron mobilities.
Energy transport equations are necessary to account for nonlocal effects, such as velocity overshoot [6], [7]. In recent work,
a new model for the electron energy relaxation time has been
presented [8]. It is based on Monte-Carlo simulation results and
is applicable to all relevant semiconductors with diamond and
zinc-blende structure. The energy relaxation times are expressed
as functions of the carrier and lattice temperatures and in the
case of semiconductor alloys of the material composition.
Considering the nature of the simulated devices (including
abrupt InGaP/GaAs and AlGaAs/InGaP heterointerfaces) and
the high electron temperatures observed at maximum bias we
use sophisticated thermionic-field emission interface models
[9] in conjunction with the hydrodynamic transport model.
At the other (homogeneous or graded) interfaces continuous
quasi-Fermi levels were assumed.

Fig. 8. Forward Gummel plots at V
measurement data.

= 0 V for Device 1. Comparison with

III. SELF-HEATING SIMULATION
The 2-D device simulator MINIMOS-NT [3] accounts for
self-heating effects by solving the lattice heat flow equation (1)
self-consistently with the energy transport equations. Finally, a
system of six partial differential equations is solved
div

grad

(1)
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Fig. 9. Forward Gummel plots at V
measurement data at 293 K and 373 K.

= 0 V for Device 2. Comparison with

V

= 0 V for Device 4. Comparison

Fig. 10. Forward Gummel plots at
with measurement data.

where
lattice temperature;
time variable;
heat generation term;
and
material’s mass density, specific heat, and
thermal conductivity, respectively.
For different semiconductor materials proper models must be
used.
A. Mass Density Models
The values of the mass density of the basic semiconductor
materials are well known, and are used to model the values for
compound materials. In the case of SiGe and ternary III-V alloys, it is expressed by a linear change between the values of the
basic materials A and B
(2)

Fig. 11. Reverse Gummel plots V
= 0 V for Device 4. Comparison with
measurement data at 293 K and 373 K.

Fig. 12. Output characteristics for Device 3. Simulation with and without
self-heating compared to measurement data.

where
is the value for the thermal conductivity at 300 K.
This approximation is in good agreement with experimental
data [10]–[13], as presented in Figs. 1 and 2, where comparisons between experimental data and the results obtained with
our model are shown for the thermal conductivity in the temperature range 300 K–800 K. The parameter values used are summarized in Table II.
B ,
varies between the
In the case of alloy materials A
values of the basic materials (A and B). A harmonic mean is
. An additional bowing factor is introduced
used to model
in order to account for the drastic reduction of the thermal conductivity with the increase of material composition . The temperature dependence factor is linearly interpolated because of
lack of experimental data at temperatures other than 300 K
(4)

The parameter values used in MINIMOS-NT are summarized
in Table I.
(5)
B. Thermal Conductivity
of the basic semiconThe temperature dependence of
ductor materials is modeled by a simple power law
K

(3)

The parameter values used in MINIMOS-NT are summarized
in Table III.
In Figs. 3 and 4, comparisons between experimental data
from [11]–[16] and the results obtained with our model are
shown for the thermal conductivity at 300 K.
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TABLE III
PARAMETER VALUES FOR THERMAL CONDUCTIVITY

Fig. 13.

Intrinsic device temperature versus V
TABLE I
PARAMETER VALUES
DENSITY

for Device 3.
TABLE IV
PARAMETER VALUES FOR THE SPECIFIC HEAT

FOR

MASS

(0 K–800 K). The parameter values used are summarized in
Table IV.
The specific heat capacity coefficients in the case of SiGe
and ternary III-V compounds are expressed by a linear change
between the values of the basic materials (A and B)

TABLE II
PARAMETER VALUES FOR THERMAL CONDUCTIVITY

(7)

IV. FABRICATION OF THE SIMULATED DEVICES

C. Specific Heat
The specific heat capacity
modeled with

of the considered material is

K

(6)

K
is the value for the specific heat at 300 K [17]. The
where
model is used for the basic semiconductor materials. In Figs. 5
and 6, we present comparisons between experimental data and
the results obtained with our model for the specific heat. Note
the excellent agreement it gives in a wide temperature range

The electrical behavior of four different types of one-finger
m has been studied
power HBTs with emitter area of
at several ambient temperatures. Typical operating temperatures
for the devices under consideration range from 300 K to 380 K
[2]. All devices are MOCVD epitaxially grown. The first device, later on referred to as Device 1, has the following layer
sequence. The cap is formed by an n -InGaAs/n-GaAs layer.
The emitter consists of 80 nm Si-doped n-Al Ga As with
20-nm graded layers on its top and bottom, respectively. The
cm ), fol120-nm GaAs base is carbon doped (p
cm ) and
lowed by 700-nm GaAs collector (n
cm ). In two other
700-nm GaAs subcollector (n
devices (Device 2 and Device 3) the graded AlGaAs layer next
to the base-to-emitter junction has been replaced by a 20-nm
cm and 3.10 cm , respecInGaP ledge layer (n
tively). Both devices differ in the base carbon doping (p
cm versus 4.10 cm ) and layer thickness (80 nm
versus 120 nm). A state-of-the-art 40-nm InGaP emitter (n
cm ) HBT with a 120-nm thick base is the last device
type under consideration (Device 4). All HBTs are processed by
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etching a double mesa structure and passivated by Si N . The
simulated device structure is shown in Fig. 7.

V. SIMULATION RESULTS
One concise set of model parameters was used in all simulations. The extrinsic parasitics, e.g., the emitter interconnect
resistance, were accounted for in the simulation by adding resistance of 1 at all electric contacts. In Fig. 8, we present the
simulated forward Gummel plot for Device 1 at 293 K compared
to experimental data. We achieve good agreement at moderate
and high voltages, typical for operation of this kind of devices.
Encouraging results for Device 2 have also been achieved.
In Fig. 9, we include the simulated Gummel plot at 373 K to
demonstrate our ability to reproduce correctly the thermal device behavior. Comparisons with measured data for Device 4
are shown in Figs. 10 and 11. Note the very good agreement for
the reverse Gummel plots also at higher temperatures.
The results verify our models and therefore are a good prerequisite for simulation of self-heating effects. For that purpose,
an additional, substrate thermal contact has been introduced. A
measured value of about 400 K/W for the thermal resistance has
been used [19]. The thermal dissipation through the emitter and
base contacts is assumed to be negligible, therefore, a Neumann
boundary condition was assumed.
In the case of simulation of the output HBT characteristics
one meets severe problems to achieve realistic results, especially
in the case of power devices, which is the case with the HBTs
considered in this work. As stated in [20], as collector-to-emitter
increases, the power dissipation increases, graduvoltage
ally elevating the junction temperature above the ambient temperature. This leads to gradually decreasing collector currents
at constant applied base current
or, respectively, gradat constant base-to-emitter voltage
.
ually increasing
In Fig. 12, we show the simulated output device characteristics
V to
V
compared to measurements for constant
using a 0.01 V step. We achieve good agreement in the simulation with self-heating effects included. In Fig. 13, we present
.
the intrinsic temperature in the device depending on the
For Device 3, the temperature reaches as much as 400 K for the
specified thermal resistance. As we already stated in [21], such
lattice temperatures significantly change the material properties
of the device and, therefore, its electrical characteristics. This
confirms the necessity of exact dc simulations at several high
ambient temperatures before including self-heating effects.

VI. CONCLUSIONS
We presented simulations of power HBTs on GaAs. New
thermal models were employed to get good agreement with experimental results and aid getting an insight and understanding
of the real device and thus achieve better device performance.
Thermal models for semiconductor device simulation valid in
wide temperature range for various HBTs investigated experimentally were tuned to include self-heating effects in the device.

APPENDIX
The parameter values used in MINIMOS-NT are summarized
in Tables I-IV.
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