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Abstract - A set of test structures consisting of HBTs with
different sizes and contact layouts as well as TLM structures for
determining series resistances was fabricated in a GaAs HBT
technology. Based on these structures, a fully scalable parameter
set for the compact model HICUM was extracted that accurately
describes the transistor behavior in a large range of bias and
temperature conditions relevant for practical applications. 
   Index Terms - Compact modeling, GaAs HBTs, HICUM,
geometry scalable compact models

I INTRODUCTION

Despite continuing advances in various transistor
technologies, GaAs HBTs continue to be important for
realizing certain applications, especially cell phone power
amplifiers. With the push towards higher integration, the need
for physics-based, scalable transistor models has been
recognized and some earlier attempts have shown promise [1].
However, these models are still not commonly available for
III-V HBTs in general and GaAs HBTs in particular [2].
Compared to InP HBTs, for which geometry scaling has
already been demonstrated [3], GaAs HBT technology is more
mature and yields quite repeatable characteristics. Moreover,
the relevant physical effects are well enough understood for
scalable models to not only be possible, but well worth the
time investment for parameter extraction. The latter is
especially true when compared to the effort necessary for
creating individual simple compact or table-based models for
a multitude of different device configurations. Furthermore, a
geometry scalable physics-based model parameter set allows
to naturally include process tolerances and thus statistical
modeling of a (mature) process technology.

In existing process design kits (PDKs) III-V HBTs are often
described using AHBT [4], which is a dedicated III-V model
that attempts to include the negative differential mobility
(NDM) effect explicitly through a semi-empirical formulation.
Unfortunately, AHBT is available only in ADS, which is a
significant drawback for many users and applications. It seems
to be less known to the III-V HBT modeling community that
modern standard compact models, although their development
mainly focuses on SiGe HBTs, include most, if not all,
necessary physical effects for successfully describing III-V
and in particular GaAs HBTs. For instance, efforts for
including the NDM effect in MEXTRAM [5] and also in
HICUM [6, 7] have been made. Additionally, standardization
of these models across the semiconductor industry has made
these models widely available in all circuit simulators and
allows for a more flexible PDK. Thus, there is an incentive to

use such standard models also for GaAs HBTs. Since
HICUM/L2 has been continuously developed and
demonstrated to be suitable for a variety of high-speed HBT
technologies (e.g. [3, 8, 9, 10]) it has been employed in this
work for describing GaAs HBTs as well.

The goal of this paper is to demonstrate that, with a limited
number of test structures and the application of commonly
used extraction methods along with some relatively simple
scaling equations, a fully scalable parameter set for HICUM
can be obtained for a commercial GaAs HBT technology.

II TECHNOLOGY, STRUCTURES AND EXTRACTION STRATEGY

The transistors and test structures were designed by
Qualcomm Technologies and manufactured in WIN
Semiconductor’s 3rd generation (C3) GaAs HBT technology
[11] with (fT, fmax) = (40, 110) GHz. 

Transistors in CBEBC configuration and GSG pads for AC
measurements were available for the sizes given in Table 1. In
addition, two double-finger and two four-finger devices were
produced and measured. A full measurement set, consisting of
all data needed for extraction, was obtained only for the single
finger reference device with a drawn emitter area AEd = 3µm x
30µm. A reduced data set for extracting and verifying the
device scaling was measured for all other HBTs. All
measurement data for these devices were open-short-
deembedded, with an individual open standard available for
each transistor length, but for a constant reference width.

Table 1: Drawn emitter width (bEd) and length (lEd) dimensions
available for measurement.

Besides the transistors in GSG pads, DC test structures for
determining the internal and external base sheet resistance as
well as the collector sheet resistance (subcollector with and
without BC mesa) were implemented and evaluated following
the structures described in [12]. Finally, area- and perimeter-
intensive junction structures were evaluated to facilitate an
accurate separation of perimeter and area junction capacitance
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and current components as well as of parasitic capacitances.
The extraction was performed in three major steps: 

• Technology-specific parameters were determined first from
special test structures and by applying special measurement
conditions to HBTs. The results were used in the subsequent
extraction steps for, e.g., determining the split of internal
and external peripheral capacitances, the external collector
resistance and the internal and external base resistance.

• Next, the parameters for the reference device (using initial
results from geometry separation of all transistors for split-
ting diode currents) were extracted. The results of this step
were used for all non-scalable parameters in the final step.

• Finally, the scaling parameters were determined from all
available devices.
All results shown in this work correspond to model cards

resulting from the third step, even though the second step
produces a more precise model for the reference device since
the scaling does not reproduce the best model for any one
device due to process variations between transistors,
especially those that were not all realized on the same die.

III PARAMETER SCALING

The drawn and effective (electrical) dimensions were nearly
identical. For the GaAs HBTs considered here, simplified
parameter scaling equations were implemented directly in an
ADS model card rather than using an external program
offering more sophisticated scaling formulations (e.g. [13]).
As verified from the different transistor geometries, the mesa
structure permits to omit some components of the standard
model such as the substrate transistor components. Also, the
BE injection current was found to be purely internal, while
the recombination current was purely peripheral and no
peripheral emitter junction capacitance was found. 

For the investigated technology, 21 individual model
parameters have been found to be dependent on geometry.
Most scaling parameters, such as the perimeter-area
separation, follow the expected trends seen also for other
technologies (e.g., [3, 8, 14]). However, two exceptions
should be highlighted here: the emitter resistance and the
external base resistance.

The base resistance does not follow common geometry-
scaling equations due to the particular combination of
materials and layout. While a foreside via connection (cf. Fig.
1(a)) is well described in [15, 14], the presence of a contact
resistance between the highly conductive base metal and the
semiconductor impacts the current distribution and could not
be modeled accurately enough with available equations. Thus,
quasi-3D numerical simulations (e.g. [15, 14]) were used to
determine the actual resistance. Subsequently, the geometry
dependence was adjusted in several ways:
• Treating the foreside contact instead as a parallel base con-

tact due to the highly conductive base metal.
• Adjusting the sheet and contact resistance to obtain a better

agreement between the simulated and analytical results.
• Adjusting the results from the existing foreside equations by

using a constant multiplier.
A comparison between device simulations and several

analytical approximations is shown in Fig. 1(b). It was found
that the equations in [14] multiplied by a constant is a
reasonable approximation. A more accurate physics-based
formulation is currently under investigation. Adjusting the
contact resistance is similarly accurate.

Fig. 1: (a) Sketch of the base contact and access layout. (b)
Comparison of simulated base resistance with various
analytical approximations.

The second atypically scaling parameter is the emitter
resistance RE. It is typically modeled as

 (1)

with the model constants RE0 and EA. Inserting the drawn
emitter dimensions for the emitter area AEd did not result in a
good match with measured data. TEM pictures of multiple
transistor geometries indicated that the M1-Emitter-interface
was consistently narrower than the drawn emitter width and
the emitter mesa beneath (cf. Fig. 2(a)). Consequently, (1)
was reformulated as

 (2)

with the width reduction b and nF as finger number. A value
of b = 0.7 µm was determined from both TEM pictures and
nonlinear fitting of (2) to the data from all devices. Fig. 2(b)
shows the results of fitting (1) and (2) to the available data.

Fig. 2: (a) Sketch of metal 1, emitter mesa and base-collector mesa
(not to scale), illustrating the interface width difference. (b)
Extracted emitter resistance for each device (symbols) and
scaling model with (solid line) and without (dashed line) b.
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IV MODEL COMPARISON TO EXPERIMENTAL DATA

Below, measurement and model are compared for the most
important characteristics, starting with the reference device
and followed by an overview on scalability. For all compari-
sons the same process specific model parameter set was used.
Notice that the measurement range was limited by thermal
breakdown. In all figures, symbols represent measurements
and lines model results.

A comparison of DC characteristics for various
temperatures and voltages is shown in Fig. 3. Additionally,
Fig. 3(b) shows the large error introduced by neglecting the
thermal resistance when keeping VBE constant.

Fig. 3: Comparison between model and measurement for the reference
device. (a) Collector current density for the reference device
for T = [280, 300, 320, 340, 360] K at VBC = 0 V. (b) Forward
output characteristic with VBE = 1.29... 1.36 V at T = 300 K.
Dashed lines indicate results obtained with Rth = 0.

The comparisons of the transit frequency fT and maximum
oscillation frequency fmax for the reference device are
showing in Fig. 4 quite good agreement even for a forward-
biased BC diode, which is of interest for power amplifier and
other large-signal applications.

 

Fig. 4: Comparison of model (lines) and measurement (symbols): 
(a) fT and (b) fmax for the reference device at T = 300 K, VBC =
[-0.75, -0.5, -0.25, 0, 0.5, 0.75, 1] V.

Fig. 5(a) demonstrates a possible impact of the NDM effect
on fmax. Due to the nearly constant collector current, the main
impact factors on the cut-off frequencies are self-heating, the
change of the low-current transit time with VBC and the NDM
effect. The figure demonstrates that a large part of the fmax
slope (and fT, not shown) can already be modeled quite
accurately through the two former effects, although a
preliminary implementation of the NDM related collector
transit time in HICUM following [6] leads to a slightly

improved agreement in the forward active region at the cost of
accuracy at lower CE voltages. Fig. 5(b) shows excellent
agreement for the output characteristics up to current densities
slightly beyond the cut-off frequency peak. The observed
deviations are due to variations in IB scaling.

Examples of model scalability are given in Fig. 6, showing
IC and fT for devices with different emitter widths. The
agreement for devices with different lengths is even better.

Fig. 5: (a) fmax and (b) JC at constant IB versus VCE for T = 300 K. Red
solid lines indicate model with NDM effect, blue dashed lines
indicate optimized scaling model.

 

Fig. 6: (a) Collector current IC and (b) transit frequency fT extracted at
f0 = 5 GHz: comparison of model (lines) and measurement
(symbols) for T = 300 K and different device sizes as given in
Table 1 with lEd = 30 µm, NF = 1...4. 

Fig. 7 shows the S-Parameters at typical operating points
for the largest available device using still the same process
specific model parameters and scaling equations. Even for
large devices with thermal variations between fingers, the
model shows good agreement with the measurements, with
the exception of deviations in S11 around 20 GHz, which has
been observed only for multi-finger transistors and is
attributed to a deembedding error, since open and short
structures were available only for single-finger devices.

Using load-pull measurements, a verification of the model
under large-signal conditions is given in Fig. 8. The HBT with
AEd = 4 x 3µm x 20µm is from a different die than the devices
used for parameter extraction. Excellent agreement is ob-
served for the output power and power gain without adjusting
the model parameters, thus demonstrating both the process
stability and the applicability of the scalable model across the
wafer. The difference of simulated to measured output power
is below 0.36 dBm across the entire measurement range.
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Fig. 7: S-Parameters for the device with AEd = 4 x 3µm x 30µm at
T = 300 K, VBC = [-0.5, 0, 0.75] V, and JC corresponding to
approximately the current density at fT,peak/2. 

Fig. 8: (a) Pout, gain and (b) PAE as a function of input power at
f0 = 2.4 GHz, VCE = 3.4 V, JC = 50 µA/µm², T = 298 K,
Zl = (129.48+78.32j) , Zs = (15.84+8.34j) , for a multi-
finger transistor with AEd = 4 x 3µm x 20µm.

V SUMMARY AND CONCLUSIONS

GaAs HBTs with a range of different emitter widths,
lengths and number of fingers have been described with the
standard compact model HICUM/L2. Thanks to the fact that
the process scales quite well, excellent agreement has been
obtained over a wide range of geometries, bias and for
temperatures between 280 and 360 K despite using simplified
geometry-scaling equations and without including negative
differential mobility (NDM) effects explicitly. Higher
accuracy can be achieved with more detailed formulations for
the NDM effect and more sophisticated scaling. Given these
results, the following conclusions can be drawn:
• Commercially available GaAs HBT processes are suffi-

ciently mature for using a fully geometry scalable modeling
and parameter extraction approach as opposed to parameter
fitting for a small set of individual devices.

• The test structures employed for SiGe HBT parameter
extraction can also be used for GaAs HBT modeling.

• A standard compact model such as HICUM, which is avail-
able across all major circuit simulation platforms, is capable
of providing a satisfactory agreement for circuit design pur-
poses even without III-V material specific extensions.
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