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Nonlinear Modeling of SiGe HBT’s up to 50 GHz
Clemens N. Rheinfelder, Frank J. Beißwanger, and Wolfgang Heinrich

Abstract—A new large-signal model for SiGe heterostructure
bipolar transistors (HBT’s) is presented that includes nonideal
leakage currents, Kirk-effect, and thermal behavior. The pa-
rameters are extracted from S-parameter measurements using
a special procedure which is insensitive to tolerances in mea-
surement data. The model yields excellent accuracy for dc and
S parameters up to 50 GHz. It proved its usefulness in MMIC
oscillator design at 26 and 38 GHz.

Index Terms—Heterojunction bipolar transistors, microwave
bipolar transistors, nonlinear circuits, nonlinear modeling, silicon
germanium.

I. INTRODUCTION

RECENT developments in the area of Si–SiGe–Si het-
erostructure bipolar transistors (HBT’s) pushed the tran-

sit frequencies beyond the 100-GHz limit. and values
of 160 and 116 GHz, respectively, were achieved [1], [2]. This
qualifies the HBT as a key component in the development
of microwave Si-based MMIC’s. The most critical issue in
MMIC design is the accurate modeling of the active devices.
This is true particularly for highly nonlinear circuits such as
oscillators.

Compared with the MESFET, large-signal HBT model-
ing is still in its infancy. Due to the more complicated
equivalent-circuit topology, determination of the elements
from measurements requires highly sophisticated extraction
procedures. On the other hand, the common bipolar large-
signal descriptions hold only for lower frequencies and need
to be extended to cover the microwave frequency range. Also,
SiGe special effects have to be included. Most HBT models
available so far [3]–[5], for instance, do not consider the Kirk
effect. For an accurate modeling of a double-heterojunction
HBT (e.g., the SiGe HBT), however, this phenomenon has to
be taken into account, because the additional heterojunction
at the base-collector interface causes a pronounced Kirk-effect
behavior.

In this paper, a novel model is presented. Its special features
are:

• full implementation of the Kirk effect;
• temperature-dependent dc characteristics;
• nonideal leakage currents (saturation);
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Fig. 1. Small-signal equivalent circuit of the Si–SiGe–Si HBT in the normal
active regime. All parasitic extrinsic and intrinsic elements are included.

• reliable extraction of extrinsic elements based on a field-
theoretical approach.

The paper is organized as follows. First, the extraction of
the small-signal elements is described (Section II). Then, the
large-signal dc and RF model is treated in Sections III and IV,
respectively. Finally, Sections V and VI provide validation by
measurement and the conclusions.

The experimental data refer to a Si–SiGe–Si HBT fabricated
by Daimler–Benz, which is used within the SiGe MMIC
process.

II. SMALL -SIGNAL PARAMETER EXTRACTION

The small-signal equivalent circuit is shown in Fig. 1. The
topology results from the physical structure of the SiGe HBT.
It is based on the usual T-model with distributed base network
to incorporate current crowding, which is unavoidable for
the SiGe HBT’s under consideration. The current-controlled
current source is described by the base-transport factor

where denotes dc current gain
in common-base configuration, is the base transit time,
and the 3-dB cut-off frequency . This topology is
consistent with the large-signal approach (see Fig. 5). The
extrinsic elements, the junction capacitances, and the ratio
between the inner and outer base–collector capacitance are
directly compatible with the large-signal model, while the
bias-dependent intrinsic values are converted according to the
large-signal conditions.
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Fig. 2. Extrapolation of base–collector capacitanceCmeas; bc measured for
different frequencies from 0.05 to 50 GHz in cut-off mode. The exponen-
tial factor mbc of the junction capacitance is calculated from large-signal
measurements of theC–V characteristic and the built-in voltageVbi with
consideration of bandgap narrowing. The actual value for the base–collector
junction is determined to bembc = 0.441.

The first step in determining the equivalent circuit elements
is the accurate extraction of the extrinsic element values. Some
of the pad capacitances, pad inductances, and contact resis-
tances are relatively small but have significant influence on
the extraction of the intrinsic elements. Thus, their values have
to be determined with great accuracy. When applying purely
analytical procedures, for instance, extrinsic capacitance and
inductance deviations below 1 fF and 1 pH have to be taken
into account. Hence, in order to improve accuracy and to
establish a realistic parameter range, the contributions of the
HBT periphery were investigated by a field-oriented approach
(finite difference, frequency domain). The results obtained
then serve as a starting point for the following extraction
procedure. By determining the parasitic elements by test
structures, a significant deviation from the real values occur
due to calibration errors and probing offsets. Additionally, the
limited accuracy (1%–2%) of the measurement equipment has
to be taken into account.

Applying negative bias voltages to the base–emitter and
base–collector diodes, the circuit approximately simplifies to
the extrinsic and space-charge capacitances and inductances
(“cut-off” case) [6]. The extrapolation of these values against
infinite negative bias converges to the external capacitance plus
an internal part. From the measurement data, these two parts
cannot be separated. In the cut-off limit, however, the diode
region is fully depleted. Hence, the internal capacitance can
be calculated by its parallel-plate approximation

, where denotes the permittivity of the Si and
SiGe region, represents the area of the diode, and

is the thickness of the base–emitter and base–collector
region, respectively. The measured capacitance value
equals the sum of the external part plus the inter-
nal base–collector capacitance . Fig. 2 shows the
measured base–collector capacitance values and the
extrapolation for the cut-off case. For the six-finger HBT under
investigation, the above formula yields an inner base–collector

Fig. 3. Extracted pad capacitances forCexbc, Cexbe, and Cexce in the
frequency range between 50 MHz and 50 GHz.

TABLE I
SUMMARY OF EXTRACTED EXTRINSIC ELEMENT VALUES OF

A SIGE HBT WITH SIX 1 � 10 �M EMITTER FINGERS

capacitance of 18.72 fF. One finds an extrapolated
value for of 23.95 fF. This results
in an extrinsic capacitance of
5.23 fF. Note that the measured values for different
frequencies approach a frequency-independent limit in the
cut-off case, as has to be postulated on physical reasons.

In Fig. 3, the extracted values for all extrinsic pad-
capacitances in cut-off mode are plotted against frequency
in the 50 MHz to 50 GHz range. A remarkably flat frequency
response can be observed. This is due to the accurate extraction
of all extrinsic elements and reflects the physical situation.

In analogy, by biasing both diodes in the saturation mode
(“open-collector”) [7], [8], it is possible to determine the ex-
trinsic inductances and the static part of the resistances. Fig. 4
shows the extracted values together with least-square lines for
base currents between 12 and 20 mA. With increasing base
current, the inductance approaches a constant value over the
entire frequency range. This is caused by high carrier injection,
which reduces the space-charge region. The characteristics
of the inductance in Fig. 4 at high base currents clearly
supports this explanation. The remaining inductancesand

are obtained in a similar way.
In Table I, all static extrinsic elements are summarized.

In order to achieve good agreement between measured and
simulated curves (Fig. 8), the deviations of these values must
remain below a few percent. Especially and show
significant influence on the extracted intrinsic elements. Errors
at this point cannot be corrected afterwards and lead to
nonphysical intrinsic elements. This substantiates the necessity
to have reference values for extrinsic elements, which can be
obtained only by a 3-D field-oriented approach.
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Fig. 4. Variation of base-inductanceLb with frequency for base currents
between 12 and 20 mA. With increasing base current, the extracted values
(+, �, *, �) converge nearly frequency independent to the limit of 23.89 pH
(Table I). Additionally, curves in the least-square sense are plotted (�).

For the determination of the intrinsic elements, a combina-
tion of analytical and statistical methods is applied to suppress
the high sensitivity of the small element values to measurement
errors and calibration tolerances. The algorithm is based on [9]
with significant enhancements regarding stability and wide-
band extraction. It starts from the measuredparameters
from 50 MHz to 50 GHz and solves all equations in a robust
least-square sense. The fundamental idea is to subdivide the
extraction procedure in several smaller tasks. For example,
the base-transport factor is expressed by the term

. Rearranging this expression in
a linear least-square sense one obtains, , and over
the entire frequency range. The parameters of the intrinsic
HBT are determined from Fig. 1 in the usual way. Because no
optimization is employed the procedure yields unique results.
However, one has to account for ill-conditioning of the least-
square matrices. This is accomplished by reordering and scal-
ing of the matrices. Simultaneously, the least-square matrices
have to be solved by a QR-algorithm instead of direct matrix
inversion to avoid potential errors in the least-square solution.

Table II provides the values of the intrinsic small-signal
elements for two different bias points. All values exhibit a
behavior as expected from physics. One should point out the
strong dependence of the inner base resistanceon bias
conditions. Also, the base–collector capacitancesand
change their values significantly. This justifies the distributed
description of the base. All extrinsic and intrinsic elements
show values that are almost frequency independent up to
50 GHz. This proves the validity of the proposed equivalent
circuit (Fig. 1) and of the extraction procedure.

III. DC M ODELING AND TECHNOLOGY

The nonlinear model (see Fig. 5) is based on the well-known
Gummel–Poon (GP) integral base–charge bipolar model [10].
Enhancements regarding the temperature behavior are imple-
mented for the temperature-sensitive parameter values (e.g.,

, , ). The increase in temperature is described by a

TABLE II
EXTRACTED SMALL -SIGNAL ELEMENT VALUES OF

THE SI/SIGE/SI-HBT AT 2 OPERATING POINTS

Fig. 5. Extended extrinsic and intrinsic GP model for the SiGe HBT.

thermal equivalent circuit [5]. Optimum operating conditions
for HBT’s are at high current densities ( 10 A/cm )
[11]. This requires taking the Kirk effect into account. In the
standard bipolar-junction transistor (BJT) model, only high
injection is considered. Because of the extremely high base
doping ( 10 cm ), this effect can hardly occur in
SiGe HBT’s but, on the other hand, the Kirk effect gains more
influence. At high current densities and low base–collector
voltages, the electrons cannot drift fast enough over the
base–collector space-charge region and, therefore, partially
neutralize the ionized donors in this region. As a result, the
neutral base width of the device is increased, which leads to
an increased transit time . This causes the unwanted base
pushout and a drop-off in current gain. We include this effect
by modifying the integral over the base charge. Because in a
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Fig. 6. Measured (�) and modeled (�) Gummel plot of the SiGe HBT.

Fig. 7. Measured (�) and modeled (�) I–V characteristics of the SiGe HBT.

HBT the Kirk effect starts more abruptly than in the BJT, the
well-known equations [10], [12] need to be modified.

The HBT type under investigation relies on the double-
heterojunction SiGe base approach with inversion of the
doping levels ( ). Due to the high base-
doping level, the base sheet resistance is as low as 550.
Transistors with six 1 m 10 m emitter fingers reach
values of about 85 GHz (MAG).

Figs. 6 and 7 present simulated and measured data for output
characteristics and Gummel plot.

In comparison with the standard BJT, one observes sig-
nificant deviations in the high collector–current regime as
well as in the low base–current region. Due to the low-
temperature passivation process in conjunction with the double
mesa surface, relatively high leakage currents occur, which are
dominated by current flow over the surface. Fig. 5 shows the
complete large-signal model. In addition to the GP model, two
resistors and are included to model the saturation
of the leakage currents. Without these resistors, satisfying
agreement of the dc curves cannot be achieved. Therefore,
the diodes and together with the resistors
and describe the nonideal behavior of the space-charge
region and surface recombination current.

TABLE III
EXTRACTED LARGE-SIGNAL PARAMETERS FOR THESI–SIGE–SI HBT

All parameter definitions are according to the GP model.

The dc parameters are extracted from the Gummel plot in
forward (Fig. 6) and reverse mode. Table III lists all dc and
RF parameters of the investigated SiGe HBT.

While the built-in voltages and are calculated
under consideration of doping and bandgap narrowing [13],
the exponential factors and are determined by the
slope of the intrinsic capacitances in cut-off mode. Caused
by the doped spacer between base–collector and base–emitter,
the Early voltages , are present. These layers are
necessary to prevent the outdiffusion of the boron into the
collector and emitter. For maximization of the Early voltage,
the implementation of an undoped layer is optimal, but this
favors the unwanted Kirk effect. The extracted parameters
and show that the Webster effect is not significant.

IV. L ARGE-SIGNAL MICROWAVE MODELING

The values of the high-frequency-relevant elements were
found using small-signal extraction by analytical and statistical
methods. Multibias measurements at 100 bias points were
performed. The extracted values could be directly implemented
in the large-signal model. Fig. 8 shows the measured and
simulated parameters for a typical operating point ( 450
A, 26 mA). Excellent agreement is found. The results
prove the validity of the new model up to frequencies beyond
50 GHz.

A separate method to validate a large-signal model is to
compare simulated and measured output harmonics with the
device biased in a typical operating point ( 450 A,

2.5 V). Fig. 9 presents the corresponding data. The
model accurately predicts the fundamental and the first three
harmonics. This is an important step in verifying the proposed
model, because the input power is swept from small-signal
levels up to levels sufficiently large to produce significant
gain compression. Therefore, the nonlinearities of the HBT
have to be described precisely. At very low input power
levels below 20 dBm, the content of the higher harmonics
cannot be measured exactly due to the dynamic limitation of
the spectrum analyzer. In an amplifier configuration with 50-

terminations, the effects of the device’s nonlinearities are
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Fig. 8. Measured (�) and modeled (�) S parameters (f = 0.05–50 GHz)
of the SiGe HBT for a typical operating point (I

b
= 450�A, Ic = 26 mA).

Fig. 9. Comparison between measured (�, �, +, �) and simulated (�)
fundamental and harmonics for the six-finger HBT for one-tone exitation as
a function of the available input power. The operating point isI

b
= 450�A,

Uce = 2.5 V. The applied fundamental frequency isf0 = 5 GHz.

minimal. This can be seen in Fig. 9 where the second, third,
and fourth harmonic are at least 20 dB below the fundamental
level.

A second feature of a new model is compatibility with
common circuit-design software. The new model demonstrated
numerical stability in harmonic balance and transient analyses
for the simulation of oscillators [14] at 38 GHz and amplifiers
at 25 GHz.

V. RESULTS

Using the new model in conjunction with large-signal simu-
lations, we designed a monolithically integrated LC oscillator
[14]. For fabrication, the Daimler–Benz SiGe process was
used. The nominal value for the oscillating frequency was
38.25 GHz. Five oscillators on the same wafer were measured.

The maximum output power was 2 dBm. Apart from the
fact that the output power is not yet satisfactory, excellent
agreement regarding frequency is found. Maximum relative
deviation from the nominal frequency is 1.1% (37.818–38.680
GHz). Sixty percent of the measured oscillators show a de-
viation from the nominal frequency below 0.1%. This proves
usefulness and accuracy of our model.

VI. CONCLUSION

The results demonstrate that the standard nonlinear BJT
model can be modified to describe also the microwave HBT
case. For SiGe HBT’s, nonideal diodes, Kirk effect, and
temperature dependence need to be accounted for. A special
procedure is applied to extract the small-signal equivalent-
circuit parameters. The new model yields excellent accuracy
for frequencies up to 50 GHz. It can be implemented in the
common nonlinear microwave CAD tools and software and
was successfully employed with MMIC oscillator design.
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