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Abstract—A scalable large-signal model for heterojunction
bipolar transistors (HBTs) is presented in this paper. It allows
exact modeling of all transistor parameters from single-finger
elementary cells to multifinger power devices. The scaling rules
are given in detail. The model includes a new collector description,
which accounts for modulation of base–collector capacitance jc,
as well as for base and collector transit times due to temperature
effects and high-current injection. The model is verified by
comparison with measurements of GaInP/GaAs HBTs.

Index Terms—Equivalent circuits, heterojunction bipolar
transistors, semiconductor device modeling, semiconductor device
thermal factors.

I. INTRODUCTION

H ETEROJUNCTION bipolar-transistors (HBTs) are
favorite devices for power applications in mobile com-

munication systems. This is due to their linearity and ability to
operate at high power densities with low collector voltages.

In HBTs, the base is highly doped to reduce sheet resis-
tance, while the collector doping is low in order to minimize
base–collector capacitance and to increase breakdown
voltage. Therefore, high-current injection first occurs in the
collector region. This leads to modulation of the base–collector
space charge region and, hence, changesand collector
transit time . Finally, high-current injection causes base
push out and an excess base transit time . Since the base
is very thin, in order to minimize base transit times, the
contribution of the voltage and current dependent to the
total transit time cannot be neglected.

Various analytical models of in Si– and Ge-based
bipolar junction transistors (BJTs) have been presented
following the initial work of Kirk [1], [2]. Also, different
analytical models and numerical simulations for modulation
of have been published [3], [4]. These models provide a
physical understanding of the effects in the collector.

In GaAs-based HBTs, however, the nonlinear field depen-
dence of the electron velocity and self-heating of the device pre-
vents analytical calculation of and . Therefore, an empir-
ical description has to be developed, as in [5]. In this investiga-
tion, for the first time to the author’s knowledge, experimental
data is given, which shows the bias and temperature depen-
dence of transit times and . The small-signal equivalent-cir-
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cuit elements are obtained by a method previously published by
the authors [6], which allows to distinguish between intrinsic
and extrinsic base–collector junction capacitance. An empirical
description is developed and implemented into a large-signal
model.

A scalable nonlinear model is required for several purposes.
From a foundry point-of-view, one requires insight into the
large-signal behavior to develop new transistors, and to have
small-sized sample devices in order to monitor the process
parameters. The designer of monolithic microwave integrated
circuits (MMICs), on the other hand, demands for simulation
tools to optimize the HBT performance as a function of HBT
size for a specific task. Thus, scaling is a central task for HBT
modeling when proceeding from “simple” small periphery
devices to large high-power transistors.

In the literature thus far, the power performance of a large-
scale HBT was predicted from the known electrothermal be-
havior of its elementary sub-cells and their thermal interaction
[7], [8]. The aim was to account for the mutual heating of the
emitter fingers in a multifinger device. In other papers, scaling
of the small-signal equivalent-circuit elements was investigated
[9], [10].

In this paper, a new scaled large-signal model is presented.
It is verified for the HBT process type with thermal shunt
technology, available at the Ferdinand–Braun–Institut für
Höchstfrequenztechnik, Berlin, Germany [11]. All emitters of
multifinger transistors are connected with a thick air bridge,
which equalizes their temperature in order to prevent thermal
runaway. It has been observed that the different HBTs under
investigation can be described by the same equivalent circuit.
The scaled model is, therefore, obtained by defining the model
parameters as a function of HBT geometry. No additional
information on thermal or electrical interaction between the
emitter fingers is necessary. The new model predicts the
electrical behavior of HBTs of different geometry than that
device the parameters have been extracted from.

The scaling range extends from a single-finger HBT with an
emitter area of 3 30 m to a ten-finger power cell with
the tenfold emitter area capable of 30-dBm output power at
2 GHz. As an example, the model parameters are extracted from
a single-finger elementary cell and scaled up to ten-finger power
cells. Only the thermal resistance has been determined for
the different types individually.

II. BASIC MODEL

The equivalent circuit is shown in Fig. 1. The extrinsic el-
ements describing the contacts and coplanar test environment
are bias independent and, therefore, not shown here. Besides the
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Fig. 1. Large-signal model topology including thermal equivalent circuit.

new description for and , the following elements, which de-
pend both on bias and transistor size, are added to the common
model.

• A base–collector diode , a capacitance , and an in-
trinsic base resistance account for the mesa structure
of the device.

• A diode with series resistor models the nonideal
base–emitter current due to recombination at the hetero-
junction. This describes the different ideality factors of
base and collector current [12].

• To determine the junction temperature, the well-known
thermal equivalent circuit is applied.

The temperature dependence of the base–emitter diodes is mod-
eled using the formula

(1)

with the maximum saturation current for , an ac-
tivation energy , the thermal voltage , and the
ideality factor . The temperature dependence of the collector
diodes and is neglected and the temperature-independent
formula

(2)

applies. Current gain decreases linearly with temperature.

III. COLLECTOR MODEL

To understand what happens in the collector in the high-cur-
rent regime, it is useful to define an effective collector doping
level

(3)

with the electron velocity , the collector current density ,
the collector doping density , and the electron charge. This
means that the electrons of the collector current compensate the
charge of the donors, and the resulting charge is understood as
an effective collector doping. Using (3), one can distinguish the
following three conditions dependent on the current density:

1) very low current range, with and
;

2) range of moderate currents, where , but
of comparable magnitude;

3) high-injection range, with .

It is important to note that at , the quantity
changes from n- to p doping. Consequently, the p-n-junction
shifts from the base–collector interface to the collector–subcol-
lector interface. If the collector is not fully depleted, a neutral
region is formed in the collector region at the base–collector
junction, which is called current-induced base and leads to an
excess base transit time . This effect is known as base
push out or Kirk effect. The current that determines the onset of
base push out is expected to increase with collector-base voltage
( ) since it is determined by the width of the space–charge
region. In power HBTs, however, the opposite behavior can be
observed for the transit frequency.

From this simple model, it can be expected that modulation of
base–collector space–charge region and, hence,and , has
to be considered starting from the range of moderate currents,
even below the current density that determines the onset of base
push out. and will depend on collector current as well as
on base–collector voltage ( ).

The model presented in this paper is based on empirical for-
mulas since the nonlinear field dependence of electron velocity
in the GaAs collector prevents a compact analytical solution of
(3) suitable for large-signal modeling. The new description is
developed considering small-signal equivalent-circuit elements
extracted at various bias points and different ambient temper-
atures, in order to separate temperature and bias-dependent ef-
fects.

A. Capacitances

It is found from measurements that the base–collector capac-
itances and are independent of temperature, but depend
only on base–collector voltage and collector current-den-
sity , as expected from physics. Comparison of total base–col-
lector capacitance and intrinsic capacitance [see
Fig. 2 (a) and (b)] demonstrates that dominates the total ca-
pacitance in the high-injection range. At moderate currents, the
large value of shadows the contribution of . Therefore,
one has to extract accurately.

At moderate currents, up to kA/cm , where the col-
lector current lowers the effective doping, decreases accord-
ingly. It can be modeled by the following empirical formula:

for
else

(4)

with , where , , and are fitting pa-
rameters. For the HBTs under investigation, , i.e., ,
decreases linearly with current. This has also been observed by
other authors [13]–[15]. The minimum value is reached,
when the whole collector is depleted. For , (4) ap-
proaches the common formula for depletion capacitances.
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(a)

(b)

Fig. 2. Total base–collector capacitanceC + C of 3 �15 �m HBT.
(a) Extracted at different ambient temperatures. (b) Intrinsic base–collector
capacitanceC with parameterV = 0; 0:5; 1; 1:5; 2:5; 3:5; 4:5 V
(symbols: extracted values, lines: model).

In case of base push out, beyond kA/cm , the capac-
itance increases. The empirical model formula for this region is

(5)

with , where , , , ,
and are fitting parameters. For the HBT shown here,
increases according to a quadratic law with .

The following two important conclusions can be drawn from
the investigation of :

• The effect of base push out is independent of temperature.
• The current density that determines the onset of the base

push-out effect, i.e., , increases with .
On a first glance, this is in contradiction to the bias and tem-
perature dependence of measured values of. However, on the
other hand, it agrees with analytical and numerical models that
neglect temperature effects.

B. Transit Times

The small-signal extraction routine yields a time constant
that is the sum of the emitter charging time , base transit
time , and collector transit time .

As a first step, the temperature dependence ofis in-
vestigated. The junction temperature is determined by

Fig. 3. Temperature dependence of� at J = 15 kA/cm , V �

0; . . . ; 4:5 V, T = 30; . . . ; 60 C.

Fig. 4. Temperature-independent� , extracted and modeled (V �

0; . . . ; 4:5 V, T = 30 C).

, with the ambient temperature ,
the thermal resistance , and the dissipated power . At
a constant bias point, is found to depend linearly on temper-
ature, as reported in the literature [16] (see Fig. 3). The bias
dependence of the slope is found to be given mainly
by two terms. The first is a constant, which is understood as
the temperature dependence of the base transit time that also
is assumed to be bias independent. The second contribution is
proportional to , similar to the emitter charging time .
The dependence of on base–collector voltage is very
weak. It is considered in Fig. 3, but obviously can be neglected
in the model.

Once the thermal behavior ofis known, it can be separated
from the bias dependence. In order to investigate the bias de-
pendence, the transit time at constant junction temperatureis
calculated (Fig. 4). It can be modeled by the following formula:

(6)

The temperature-independent part of the base transit time
is assumed to be independent of bias. The emitter charging time

depends on emitter current density.
The third term in (6) is the collector transit time . It is a

function of base–collector voltage and collector current density.
In order to prove that the strong bias dependence of the total
transit time in the range of moderate currents is caused by

, it is helpful to consider the strong dependence ofon col-
lector doping. Fig. 5 shows a comparison of two HBTs with an
emitter size of 3 30 m . The only difference between these
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Fig. 5. Extracted values of� for 3 � 30 �m HBTs with (�) N = 1 �
10 cm and(�) N = 2 � 10 cm , V � 0; . . . ; 4:5 V, T =
30 C.

two HBTs is the collector doping, which is 1 10 cm for
the first and 2 10 cm for the second transistor. Accord-
ingly, the current that yields ist twice as high for
the second HBT. The behavior ofis similar for both HBTs,
only the axis is stretched. It, therefore, can be concluded: 1)
the bias-dependence ofonly is caused by the collector region
(for high enough that can be neglected) and 2) that the
respective parameters scale linearly with collector doping.

The collector transit time depends on current and voltage
in a complex way. At low currents, increases with due to
widening of the space–charge region. However, with increasing
current and constant , decreases, while the space–charge
region increases due to lowered . When the collector is
fully depleted, increases with . This behavior may be
influenced by the negative slope of the field dependence of the
electron velocity [5].

The dependence of on is modeled proportional to
as follows:

(7)

with the fitting parameters , , and . The linear depen-
dence on is, of course, not valid for all current densities. For
lower currents, saturates in case of the HBT with higher col-
lector doping in Fig. 5. This effect may be shadowed by the
larger contribution of for the other HBTs (Figs. 4 and 6).
Also, it is assumed that approaches a constant value in the
high-current range.

In the high-current regime, an additional transit time
due to the current induced base region has to be considered. It
is described by the following formula:

(8)

with . denotes the minimum
transit frequency, when the current-induced base region fills
the whole collector, and are parameters to describe the
voltage-dependent slope of . No temperature dependence
of this parameter is included since the main effect is the rapid
degradation of beyond the onset of the base push-out effect.

Fig. 6. Modeled and extracted total transit time� , V � 0; . . . ; 4:5 V,
T = 30 C.

From this section, it can be concluded: 1) that the contribution
of the bias-dependent collector transit timeto the total transit
time cannot be neglected and 2) the onset of base push out is
better observed in since, in the transit times (and), it is
shadowed by temperature effects.

IV. I MPLEMENTATION INTO LARGE-SIGNAL MODEL

The base–collector capacitance is modeled by a collector
charge . The transcapacitance resulting
from is small up to the onset of base push out.
The current that determines the onset of base push out is
approximated by a constant, in order to improve convergence
of the harmonic-balance simulation. This is possible since the
output current of a power amplifier reaches its maximum only
within a narrow range of low voltages.

The transit times are usually described by the time constant of
the base–emitter p-n junction, i.e., by , , and . There-
fore, the charge is modified in the new
model.

The dependence ofon is approximated by a linear func-
tion. Linear behavior is also reported in [17]. Itsdependence
is described by a tanh characteristic. Additionally, to the param-
eter , the bias dependence is modeled using the parameters

, , , and . describes the temperature
dependence

(9)

(10)

for
for

(11)
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V. PARAMETER EXTRACTION

Input data are on-wafer microwave-parameter and dc–
measurements. The small-signal equivalent-circuit elements are
determined at various bias points [6]. The parameters that are
directly inserted into the large-signal model are the bias-inde-
pendent extrinsic elements and the intrinsic base resistance,
which turns out to be constant as well.

The parameters describing the base–collector junction capac-
itances and are extracted from the bias dependence
of the small-signal capacitances.-parameter measurements in
the off state yield the parameters describing the base–emitter
junction capacitance . The diffusion capacitance and
the base transit-time parameters are determined from the small-
signal equivalent circuit.

The parameters describing the base–emitter diodes, ,
and their temperature dependence are calculated from Gummel
plots measured at different substrate temperatures. The thermal
resistance is extracted from dc output characteristics, measured
at two different temperatures, using an analytical procedure
[18]. This measurement also yields the current gainand
its temperature dependence. The values of the base–collector
diode are estimated from the turn-on voltage in the output
characteristics.

VI. SCALING OF MODEL PARAMETERS

In the following, the scaling of the equivalent-circuit param-
eters is discussed in detail.

Extrinsic Elements: As is easy to realize, these elements do
not depend on dc bias and RF power and scale with the relevant
areas of the device, e.g., the emitter area. Detailed scaling
rules are given in [10].

Base–Emitter Diodes:The saturation currents depend on
the diode area. In case of the base–emitter diodes, this is the
emitter area . As shown in Fig. 1, there are two diodes in
the base–emitter part of the device: The usual intrinsic junction
diode and the additional diode in series with . The
scaling of the temperature dependent parameters of (1) is given
in Table I.

Base–Collector Diodes:These two diodes of the collector
part represent the intrinsic junction diode and the external
diode . Their splitting ratio is for all sizes of tran-
sistors investigated. The current does not depend on tempera-
ture, the parameters are given in Table I. It should be noted that

is the very small saturation current of the usual diode charac-
teristic (2), whereas the values given for the base–emitter
diodes are the maximum currents for , i.e., fictive quan-
tities.

Depletion Capacitances:These capacitances scale in the
same way as the diodes with the emitter area. The voltage
dependence is given by . The
parameter of from (5) is found to be 1.77. is
found to be 0.22 fF/m . The other values are given in Table I.

Diffusion Capacitances, Transit Times, and Current
Gain: The parameters for base and collector transit time

ps, fs/V, ps, fs/K, the
excess transit-time factor ps, the limitation factor

, and the current gain are independent

TABLE I
PARAMETERS OFDIODES AND DEPLETIONCAPACITANCES

(a)

(b)

Fig. 7. DC characteristics of one- and ten-finger HBT. The model is valid up
to 1.2-W dissipated power, indicated by the hyperbola (symbols: measurements,
lines: simulation).

of transistor geometry. The current gain decreases by 0.15/K
with temperature.

Onset of Kirk Effect: The current that determines the onset
of the base push-out effect depends on emitter area

A/ m . is chosen to be 4.5 10 A/ m .
Thermal Resistances: depends on HBT periphery and

layout and, due to mutual heating of the emitter fingers, no
law applies. Therefore, a simple scaling rule with the

number of emitter fingers cannot be derived. The values are
K/W for the one-finger device, 430 K/W for the

two-finger device, and 155 K/W for the ten-finger device.

VII. RESULTS

In order to verify the above results, a set of model parame-
ters was determined for the single-finger device and then scaled
for two- and ten-finger devices using the scaling rules described
above. DC characteristics of the one- and ten-finger HBT are
compared in Fig. 7. The higher slope of the– characteristics
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(a)

(b)

Fig. 8. (a)S andS � 2 and (b)S andS =40 of a one-, two-, and
ten-finger HBT atV = 3 V, J = 40 kA/cm , f = 50 MHz, . . ., 50 GHz
(symbols: measurements, lines: simulation).

Fig. 9. Normalized output power and PAE versus normalized available input
power atJ = 50 kA/cm , 2 GHz for the HBTs with one, two, and ten fingers.
The load is matched for maximum output power, second and third harmonics
are terminated with 50
 (symbols: measurements, lines: simulation).

of the ten-finger HBT is caused by relatively higher due to
mutual heating of the emitter fingers. The model is accurate up
to 1.2 W of dissipated power in case of the ten-finger HBT. Be-
yond this, a soft thermal breakdown occurs. Typical bias points
are below this value. Measured and simulated-parameters for
the three types of HBTs are compared in Fig. 8. Generally, good
agreement is found. Accuracy in the nonlinear case is demon-
strated in Fig. 9. The results of harmonic-balance simulations
using the model and load–pull measurements for all transistor
sizes agree up to the saturation regime. The transistors exhibit

(a)

(b)

Fig. 10. Waveforms of collector–emitter voltagev (t) and collector current
i (t) at 2 GHz. (a)P = 6 dBm (one-finger HBT) and (b)P = 19:5
dBm (ten-finger HBT) (symbols: measurements, lines: simulation).

18 dBm per emitter finger, while the power-added efficiency
(PAE) decreases from 48% for the single-finger HBT to 46% in
case of the ten-finger power cell.

Finally, Fig. 10 presents waveforms of collector current
and collector–emitter voltage . These measurements were
taken under the same conditions as the previous measurements.
The available source power is 6 dBm for the single-finger
HBT, 8 dBm for the two-finger HBT, and 19.5 dBm for the
ten-finger HBT. While the amplitude of the voltages is given
by the bias point V, the currents scale with emitter
size. The amplitudes of the currents are different since
is only approximately scaled. The agreement between measure-
ment and simulation is good for all sizes of HBTs.

VIII. C ONCLUSIONS

A fully scalable HBT large-signal model for power applica-
tions has been presented in this paper. The model includes a new
description for base–collector capacitance and transit times, in
order to account for the bias-dependence of the base–collector
space–charge region and the temperature dependence of the
transit times. It is verified for one-, two-, and ten-finger HBTs
operating at high-power levels up to 28-dBm output power
for the ten-finger device. Only a single set of parameters is
necessary for all cases. This simplifies parameter extraction,
circuit design, and on-wafer device characterization.
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