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Abstract
An overview of heterostructure RF device simulation for in-
dustrial application based on III-V compound semiconduc-
tors has been given in [1]. Here, we present the most re-
cent achievements in numerical simulation for industrial het-
erostructure devices, together with relevant industrial appli-
cations (GaAs, InP, and SiGe HBTs).

INTRODUCTION
To cope with explosive development costs and strong com-
petition in the semiconductor industry today, Technology
Computer-Aided Design (TCAD) methodologies are exten-
sively used in development and production. Several ques-
tions during device fabrication, such as performance opti-
mization and process control, can be addressed by simu-
lation. The choice of a given simulation tool or a combi-
nation of tools depends to a large extent on the complexity
of the particular task, on the desired accuracy of the problem
solution, and on the available human, computer, and time re-
sources.

Optimization of geometry, doping, materials, and material
compositions targets high output power, high breakdown
voltage, high speed (high fT and fmax), low leakage, low
noise, and low power consumption. This is a challenging
task that can be significantly supported by device simulation.
While DC simulation is sufficient for optimization of break-
down voltages, turn-on voltages, or leakage currents, AC
simulation is required for speed, noise, and power issues.

There are several challenges which are specific for modeling
and simulation of heterostructure devices [2]. The charac-
terization of the physical properties of III-V and SiGe com-
pounds is required for wide ranges of material compositions,
temperatures, doping concentrations, etc. The model param-
eters must be verified against several independent HEMT
and HBT technologies to obtain a concise set used for all
simulations.

For example, the database for novel materials, such as the
GaN or the GaSb systems, which have entered the III-V
world with impressive device results, is still relatively poor.
Modeling of stress-induced changes of the physical proper-
ties of strained material layers and consideration of piezo-
electrical effects is a subject of ongoing research [2]. Het-
erointerface modeling is a key issue for devices which in-

clude abrupt junctions. Thermionic emission, field emission,
and tunneling effects critically determine the current trans-
port, especially in double heterojunction bipolar transistors
(DHBTs).

Advanced device simulation allows a precise physics-based
extraction of small-signal parameters [2]. Measured bias-
dependent S-parameters serve as a valuable source of infor-
mation when compared at different bias points to simulated
S-parameters from a device simulator. By simulating in the
frequency domain, important small-signal figures of merit,
such as the cut-off frequency fT and the maximum oscilla-
tion frequency fmax can be efficiently extracted [3]. On the
other hand, non-linear periodic steady-state analysis can be
performed in the time domain to obtain large-signal figure-
of-merit parameters, such as distortion, power, frequency,
noise, etc. [4] as well in the context of coupled device and
circuit simulation.

HETEROSTRUCTURE DEVICE SIMULATORS
The continuously increasing computational power of com-
puter systems allows the use of TCAD tools on a very large
scale. Several commercial device simulators (such as [5]-
[10]) company-developed simulators (such as [11]-[13]), and
university-developed simulators (like [14]-[19]) have been
successfully employed for device engineering applications.
These simulators differ considerably in dimensionality (one,
quasi-two, two, quasi-three, or three), in choice of carrier
transport model (drift-diffusion, energy-transport, or Monte
Carlo statistical solution of the Boltzmann transport equa-
tion), and in the capability of including electrothermal ef-
fects. The drift-diffusion transport model [20] is by now
the most popular model used for device simulation. With
down-scaling of the feature sizes, non-local effects become
more pronounced and must be accounted for by applying an
energy-transport model or a hydrodynamic transport model
[21]. During the last two decades, Monte Carlo methods for
solving the Boltzmann transport equation have been devel-
oped [22] and applied for device simulation [23, 24]. How-
ever, reduction of computational resources is still an issue,
and therefore Monte Carlo device simulation is still not fea-
sible for industrial application on daily basis. An approach to
preserve accuracy at lower computational cost is to calibrate
lower order transport parameters to Monte Carlo simulation
data.
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SELECTED RESULTS OF INDUSTRIALLY
RELEVANT DEVICES
Two-dimensional device simulation proved to be valuable
for understanding the underlying device physics [25] and
for improving the device reliability [26]. Bias-dependent S-
parameters hold the full small-signal RF information about
the device behavior and allow process control beyond the in-
formation about the DC quantities.

As an example, by means of two-dimensional device AC
simulation with MINIMOS-NT [19], we extracted the S-
parameters for a one-finger InGaP/GaAs HBT with emit-
ter area of 3× 30 µm2 [27]. The combined Smith-polar
chart in Fig. 1 shows good agreement between simulated
and measured S-parameters at VCE = 3 V and current den-
sity JC = 2 kA/cm2 for the frequency range between 50 MHz
and 10 GHz.
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Figure 1: Simulated (–) and measured (+) S-
parameters in a combined Smith-polar chart from
50 MHz to 10 GHz at VCE = 3 V and JC = 2 kA/cm2.

In addition, we set up a mixed-mode circuit to compare
large-signal measurement data in the small-signal range.
Fig. 2 gives simulated AC collector current iC versus AC in-
put power PIN in good agreement with experimental data.
Fig. 3 shows a comparison between measured and simu-
lated AC output power POUT versus AC input power PIN.
An almost perfect match of the curves is achieved in the
small-signal area of the figure. A further increase of the in-
put power causes harmonics in the device, which can not
be obtained by the linear small-signal mode. Several meth-
ods which account for harmonic generation in the device,
e.g. the harmonic balance method, have been evaluated in
[28]. A software platform that integrates harmonic balance
RF simulation technologies into an analogue/mixed signal
design flow framework is offered by Agilent [12].
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Figure 2: Comparison of simulated and measured
AC collector current iC vs. AC input power PIN.
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Figure 3: Comparison of simulated and measured
AC output power POUT vs. AC input power PIN.

In another example we investigated a nominally 1× 8 µm2

InP/InGaAs/InGaAsP/InP DHBT self-aligned device struc-
ture with a typical cut-off frequency of about 130GHz and
breakdown voltage of BVCE0 = 5.5V. Tunneling mecha-
nisms which dominate electron transport between the device
must be properly accounted for in the interface models. In
addition high-field/high-energy electron transport in InGaAs
and InP (respectively the quarternary InGaAsP), which de-
termines both the steady-state and small-signal device be-
havior, has been carefully modeled. Other important is-
sues which have been solved in the course of our work are
proper modeling of the energy bandgaps and bandgap align-
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ments between InGaAs and InP, and the bandgap narrow-
ing effect at high doping concentrations, especially in p+ In-
GaAs. Fig. 4 shows a comparison of intrinsic S-parameters
at VCE = 1.1V and VBE = 0.91V in a frequency range be-
tween 250 MHz and 120 GHz.

A detailed discussion and comparison of various InP single
HBTs and DHBTs, such as InP/InGaAs/InGaAsP/InP and
InP/GaAsSb/InP HBTs, is given in [2].
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Figure 4: Simulated (–) and measured (+) intrinsic
S-parameters in a combined Smith-polar chart from
50 MHz to 120 GHz at VCE = 1.1 V and VCE = 0.91 V

MINIMOS-NT was further applied to industrial 12×0.4 µm2

SiGe HBTs. All important physical effects, such as surface
recombination, impact ionization (II) generation, and self-
heating (SH), are properly modeled and accounted for in the
simulation in order to get good agreement with measured
forward and output (Fig. 5) characteristics using one con-
cise set of models and parameters [29]. It must be noted
that simulation without including self-heating effects cannot
reproduce the experimental data, especially at high power
levels. A closer look at the increasing collector current IC at
high collector-to-emitter voltages VCE and constant base cur-
rent IB, stepped by 0.4 µA from 0.1 µA to 1.7 µA, reveals the
interplay between self-heating and impact ionization gener-
ation. While impact ionization generation leads to a strong
increase of IC, self-heating decreases it. In fact, both IC and
IB increase due to self-heating at a given bias condition. As
the change is higher for IB, in order to maintain IB at the same
level, VBE and, therefore, IC decrease. A proper DC calibra-
tion is an important prerequisite for AC simulation [3]. The
consideration of anisotropic electron mobility in the strained
SiGe base is demonstrated in Fig. 6. In addition, results ob-
tained by a commercial device simulator (DESSIS [8]), using
default models and parameters, are included for comparison.
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Figure 5: Simulated output characteristics with and
without self-heating (SH) and impact ionization (II)
and comparison to measurements. IB is stepped by
0.4 µA from 0.1 µA to 1.7 µA.
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Figure 6: Simulated (anisotropic with solid line,
isotropic with dashed line, DESSIS with dotted line)
and measured (with circles) current gain cut-off fre-
quency fT versus collector current IC at VCE = 1 V.

Once calibrated, the simulator can be further applied to de-
vices from different technologies and different vendors. For
example, Fig. 7 shows a forward Gummel plot of an six-
finger 20× 0.25 µm2 SiGe HBT. The third harmonic inter-
cept voltage parameter VIP3 is considered to give a good indi-
cation of the device linearity. As suggested in [30], VIP3 can
be obtained from DC characteristics. The results derived by
this approach prove that it is applicable also to SiGe HBTs.
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Figure 7: Forward Gummel plots at VCB = 0 V: Com-
parison between measurement data and simulation
at room temperature.
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