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Abstract—The base–collector capacitance and the collector
transit-time in GaAs-based heterojunction bipolar transistors
depend not only on base–collector voltage, but also on collector
current. This has to be taken into account in a large-signal model.
However, since collector transit-time and capacitance are both
caused by the charge stored in the collector space–charge region,
it is not possible to model them independently of each other. This
paper investigates the interrelation between collector capacitance
and transit-time due to transcapacitance effects, and presents an
analytical unified description for both quantities, that is derived
from measurement-extracted small-signal equivalent circuits. The
model is verified by comparison of simulation and measurement
data.

Index Terms—Equivalent circuit, heterojunction bipolar tran-
sistor, semiconductor device modeling.

I. INTRODUCTION

T HE collector of heterojunction bipolar transistors (HBTs)
is commonly weakly doped in order to reduce base–col-

lector capacitance and to increase break-down voltage. The
drawback is that high-current injection occurs already at low
current densities. As a consequence, base–collector capacitance
and collector transit-time are modulated [1]. This influences
the HBTs RF behavior and especially has a negative impact
on linearity [2]. Therefore, it has to be taken into account in
large-signal modeling. Since physically, both capacitance and
transit-time are governed by the charge stored in the collector,
definition of a current-dependent collector capacitance will
inherently lead to variations in transit-time [3].

While the current dependence of the base–collector capaci-
tance is accounted for in several recently published large-signal
models [1], [2], [4], [5], the interdependence of capacitance
and transit-time has implicitly been mentioned, but not been
discussed in detail yet. Traditional nonquasi-static models for
HBTs, on the other hand, account for the base transit-time by
introducing a base charge in a similar way [6], [7], but neglect
the current dependence of the collector capacitance.

In this paper, first the influence of collector charge on
transit-time is investigated. Then, a unified model for base–col-
lector capacitance and collector transit-time is presented. A
single formula for collector charge is given that describes

Manuscript received May 2, 2001.
M. Rudolph, R. Doerner, and P. Heymann are with Ferdinand-Braun-Institut

füur Höchstfrequenztechnik (FBH), D-12489 Berlin, Germany (e-mail:
rudolph@fbh-berlin.de).

K. Beilenhoff was with Institut für Hochfrequenzrechnik, Technical Univer-
sity Darmstadt, 64289 Darmstadt, Germany. He is now with United Monolithic
Semiconductors, Orsay, France.

Publisher Item Identifier 10.1109/TMTT.2002.800425.

Fig. 1. Large-signal equivalent circuit of intrinsic HBT.

both quantities. It is derived empirically from small-signal
parameters of GaAs-based HBTs and is implemented into a
compact large-signal model.

II. BIAS DEPENDENTCOLLECTOR CHARGE

By definition, a capacitance is given as the derivative of
charge with respect to voltage. In case of the HBT’s base–col-
lector capacitance , the charge is the total charge stored
in the base–collector space–charge region, which in case of
a npn-transistor is given by the charge of the dopants, and
the charge of the electrons due to collector current. Hence,

becomes a function of collector current and base–col-
lector voltage as well, in contrast to the capacitance of a
single pn-junction that depends only on the voltage across it.
Since is a function of and base–emitter voltage ,

for simplicity is defined as a function of both voltages:
. Fig. 1 shows the intrinsic part of the HBT

large-signal equivalent circuit. It consists of the charges of
base–emitter and base–collector p-n-junctions, the nonlinear
resistance of the base–emitter p-n-junction, and the current
source . For simplicity, the high resistance of the reverse
biased base–collector junction is not shown, nor the extrinsic
base–collector diode and the parasitics.

In order to obtain the corresponding small-signal equivalent
circuit, all of its elements are to be derived with respect to the
voltages. depends on two voltages and, therefore, yields
and a transcapacitance as well

(1)

(2)

As shown in Fig. 2, may be understood as a voltage depen-
dent current source that is multiplied with .
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Fig. 2. Linearized large-signal (i.e., small-signal) equivalent circuit of intrinsic
HBT.

It is worth mentioning that is of physical origin, and not
only a mathematical problem. It reflects the fact thatis mainly
controlled by . It may be understood as a collector transit-
time.

Since lies in parallel with the current gain, both can be
joined to form a total current gain in the small-signal equiv-
alent circuit. In order to do so, both current sources in Fig. 2 are
rewritten as follows:

(3)

(4)

(5)

with , and
.

The locus of in the complex plain is a half-circle, starting
at for , approaching for .
The transcapacitance therefore does not yield excessive gain
at highest frequencies, but reaches a constant value. The total
gain of the base–collector branch then is additionally limited by

.
Equation (5) is approximated in order to estimate the total

transit-time

(6)

In the small-signal parameter extraction, onlyis visible, and
only can be extracted reliably.

Three conclusions are to be drawn from this section.

• The current dependence of leads to a transcapaci-
tance.

• The transcapacitance adds a value to the
total transit-time . Therefore, it can be understood as the
origin of the collector transit-time. This agrees with the
finding [1] that both and can be assumed to be
independent of temperature, in contrast to.

• The formula for used in a large-signal model has to
represent as well as . A unified collector-charge
model is required.

III. I MPLEMENTATION INTO LARGE-SIGNAL MODEL

The capacitance of the space-charge region of reverse-biased
pn-junctions is given by

(7)

(8)

The base–collector space-charge region of a real HBT, however,
is limited by the collector width, therefore

. In our approach, for , this is modeled by

(9)

(10)

The advantage of this approach is that one has a single contin-
uous description for the complete voltage range.

The electrons of the collector current first lower the effective
collector doping, leading to a reduction of . While the cur-
rent dependence may be linearly approximated [1], [2], [5], this
leads to a that is constant up to the current when reaches
its minimum value, and then drops to zero. The following em-
pirical expression on the other hand, is well-behaved:

(11)

(12)

(13)

for , with the fitting parameter . For ,
, , .

with the base–emitter
ideality factor , and the thermal voltage . The index
“med” indicates that this formulas are valid in the range of
medium currents. They approximate the linear behavior of
at low currents, but at , when reaches its minimum
value , becomes zero. Thereby, regular expressions are
assured which is not the case for a purely linear approximation
of .

The onset of base push-out, or Kirk effect, depends on
and on as well. For simplicity, a constant current is
defined that corresponds to the condition that the electrons of
the collector current fully compensate the collector doping [1],
[2]. Above , increasing current reduces the base–collector
space-charge region and, therefore, increases again. This
behavior can be approximated by

(14)

(15)

(16)
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Fig. 3. Extracted (�) and modeled (–) intrinsic base–collector capacitance
C . Parameter isV = �4:5; . . . ; 0 V.

for . For : .
stands for a capacitance formula as in (8) and (12), but with

modified parameter . While in p-n-junctions, is restricted to
a range of , it is used in this formula to compensate
for the neglect of the voltage dependence of. In case of the
HBTs under investigation, . The index “hi” indicates
that these formulas model excess charge at high currents.

.
The full formula for the collector charge is now given by

(17)

In addition of , that has been studied in detail so far, base
transit-time and emitter charging-time are modeled by the time
constant [see (6)] of the base–emitter junction. While the
emitter charging-time is given by the base–emitter p-n-junc-
tions depletion capacitance, the diffusion capacitance, and base
transit-time is modeled by

(18)

(19)

where describes the excess transit-time due to base
push-out for . describes the base transit-time and
base–emitter diffusion capacitance, describes its tempera-
ture dependence, is the difference in temperature due to
self-heating. The factor describes the slope ofdue to base
push-out, and its temperature dependence.

IV. RESULTS

The model has been developed for the FBH 4″ GaInP/GaAs
HBT process [8]. It is implemented into a commercial circuit
simulator and now in routine use for MMIC design [9]. Conver-
gence of large-signal harmonic-balance simulations generally
is good, since the new formula for and its derivatives are
continuous and well-behaved functions. In order to obtain the
collector-charge model parameters, first, the small-signal equiv-
alent-circuit elements are determined using an analytical algo-
rithm [10]. Then, the formulas given above are fitted to these
values.

Measured and modeled of HBTs with an emitter size of
3 15 m is shown in Fig. 3. Up to 35 kA/cm, is given by
(12). Up to this current, the almost linear current dependence is
still well approximated. The contribution of on is shown
in Fig. 4. In the current range below the onset of Kirk-effect,

Fig. 4. Extracted (�) and modeled (––) transit-times. The contribution of eq.
(13) to the transit-time� , and the total transit-time for the lower current
range � , that consists of base–emitter charging time, temperature
dependent base and collector transit-times. Parameter isV = �4:5; . . . ; 0
V.

Fig. 5. Extracted (�) and modeled (–—) transit-times. The contribution of
(16) to the transit-time� , and the total transit-time� . Parameter isV =

�4:5; . . . ; 0 V.

mainly , , and the base–emitter charging time contribute
to . exhibits a behavior, and increases linearly
with temperature [1]. The collector transit-time, that is mainly
responsible for the bias dependence of, is well approximated
by (13).

In the example, Fig. 3, the Kirk effect sets in around
kA/cm . Although is approximated as a constant value,
is modeled well in a broad bias range by (15). Fig. 5 shows

the contribution of (16) to . The higher the collector current,
the narrower the space-charge region becomes, and as a conse-
quence, the number of stored electrons is reduced. Furthermore,
the negative value of the transcapacitance corresponds to
that increases with current. Under base push-out condition, how-
ever, the total transit-time rapidly increases due to the effective
base widening. Therefore, negativevalues are not observed
nor modeled. Fig. 5 also provides data on the total transit-time.

Figs. 6 and 7 show a comparison of measured and simulated
-parameters at kA/cm , V, 3 V, 6 V of

HBTs with an emitter size of 330 m . At this current, transit
frequency is maximum for this sample, and, consequently,
Kirk effect sets in at higher currents. The-parameters are mod-
eled well in case of the new model (see Fig. 6). The accuracy
of deteriorates significantly, if is assumed current inde-
pendent (see Fig. 7). In both cases, the-parameters are mod-
eled with a large-signal model using the same set of parameters.
Only of (8) and of (18) are adjusted in the simplified
case in order to obtain the best fit for-parameters and
at the bias point kA/cm , V. Consequently,

in this case is lower than the value one determines by mea-
suring the base–collector p-n-junction.
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Fig. 6. S-parameters of 3� 30�m HBT, measured (symbols) and modeled
with new large-signal model.I = 22 kA/cm , V = 1:5 V (�), 3 V (�),
6 V ( ), f = 150 MHz–40 GHz.

Fig. 7. S-parameters of 3� 30 �m HBT, measured (symbols) and
modeled with large-signal model neglecting current dependence ofC .
I = 22 kA/cm , V = 1:5 V (�), 3 V (�), 6 V ( ), f = 150 MHz–40
GHz.

Fig. 8. Current and voltage waveforms of 3� 30 �m HBT, measured
(symbols) and modeled with new model of collector charge (solid line) and
neglecting current dependence ofC and� (dashed line).I = 33 kA/cm ,
V = 3 V, f = 2 GHz.

Large-signal waveform measurements for the same device are
shown in Fig. 8. The current sweep reaches into the range of
base push-out. Again, the improvement in accuracy using the
new model is visible. Even at this relatively low frequency (

), the current dependence of and plays an important
role.

V. CONCLUSION

High-current injection is observed in the collector of
state-of-the-art GaAs-based HBTs. It modulates the base–col-
lector capacitance as well as the collector transit-time.
This behavior has to be accounted for in large-signal models,
since it has an impact on small- and large-signal RF behavior
and on distortion characteristics.

It is shown in this work that and can not be modeled in-
dependently of each other in a large-signal model. Furthermore,
the current-dependence of inherently leads to a transcapac-
itance. This transcapacitance can be understood as the origin of

. Measurement-extracted values of both quantities are taken
into account in order to derive an analytical model for a unified
collector charge , that is capable of describing both and

. The new formulas improve the accuracy of an HBT model
in a broad range of bias points.
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