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Abstract—It is well known that is the dominant nonlinear
element in heterojunction bipolar transistors (HBTs). To study its
behavior, an analytical nonlinear HBT equivalent-circuit model
has been developed. The present model includes the effect of the
ionized donor charge in the depleted collector region compensated
by the injected mobile charge. The model-based simulation shows
that, at a small-signal range, the third-order intermodulation
(IM3) of the normal HBT has the normal 3 : 1 gain slope gener-
ated by the nonlinearity of . At a large-signal level, the load
line passes through some regions with constant because its
collector is fully depleted by the injected free carriers, and the
growth rate of the IM3 is decreased. The punch-through collector
HBT has constant during the whole RF cycle, and the IM3,
which is generated by nonlinearity, has the normal 3 : 1 gain
slope for the all input signal level. Therefore, the IM3 level is
significantly lower for the punch-through HBT at a low-power
level, but the IM3s of both devices are comparable at a high-power
level. The experiment supports our proposed model.

Index Terms—Base–collector capacitance, heterojunction bi-
polar transistors, intermodulation distortion, linearity.

I. INTRODUCTION

T HE transmitter of the handset of digital mobile commu-
nication systems requires highly efficient linear power

amplifiers [1]–[4]. Heterojunction bipolar transistors (HBTs)
are widely used for the amplifiers and their intermodulation
(IM) behavior has been extensively measured and analyzed
[4]–[12]. The good linearity of HBTs has been attributed to
the partial cancellation of intrinsic nonlinear currents [5], [8],
[10] or the feedback effect of the emitter and base resistances
[9]. It is commonly known that is the dominant nonlinear
source and should be linearized to reduce the IM distortions
[7], [9]–[12]. The HBTs with the punch-through collector at
the operation bias point showed a higher third-order intermod-
uation intercept point (IP3) than the normal HBTs. However,
the IP3 represents a small-signal behavior only. To investigate
the contribution of the nonlinear for the distortion at a
large-signal level, we developed an analytical nonlinear HBT
model in a commercially available harmonic balance simulator,
i.e., ADS, using symbolically defined devices (SDDs). By
considering self-heating and recombination effects, the model
accurately describes the bias dependence of the current gain.
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Fig. 1. Schematic of the HBT used for the analysis.

The physically based large-signal HBT model includes the
effect of the ionized donor charge in the depleted collector
region compensated by the injected mobile charge. Theis,
therefore, dependent not only on the base–collector voltage,
but also the collector current. In order to study the effects
on nonlinear properties, we compared two kinds of HBTs.
The punch-through HBT has a fully depleted collector by the
collector bias voltage even at a low current level. It has constant

during the whole RF cycle, and its third-order intermodu-
lation (IM3) has the normal 3 : 1 gain slope for all signal levels.
On the other hand, the HBT with the normal collector exhibits
a strong nonlinearity of at a small input power, and the
IP3 of the HBT is a lot lower than that of the punch-through
HBT. At a large-signal level, however, the collector can be fully
depleted by the injected charge and becomes constant for
the some portion of RF cycle. Therefore, the gain slope of the
IM3 is decreased and at a very high power level, and IM3 is
almost comparable to that of the punch-through HBT. To verify
the model, HBTs with a punch-through collector and normal
collector were fabricated and tested. The experimental data
support the results of the present model.

II. NONLINEAR HBT MODEL

The schematic HBT structure used for the analysis is shown
in Fig. 1. In this figure, , , and are the width, length,
and thickness for the emitter, base, and collector (
and ), respectively. The doping concentrations of the emitter,
base, collector, and subcollector are , , , and , re-
spectively, and the distances between the emitter and base and
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TABLE I
HBT MODEL PARAMETERS USED IN THE SIMULATION

Fig. 2. HBT large-signal model.

the base and collector are and , respectively. The de-
vice model parameters used in the simulation are summarized
in Table I. All equivalent-circuit parameter values are obtained
as functions of the HBT structures [13], [14].

Fig. 2 shows the nonlinear equivalent circuit for the analysis.
In the figure, , , and are linear components while

, , , , , and are bias-dependent nonlinear
components, which are calculated from the HBT structure.,

, , , , and are parasitics and are extracted by
fitting to the measured-parameter data. The parasitics for our
devices are also listed in Table I. The ohmic resistances of the
HBT are calculated from the following equations:

(1)

(2)

(3)

(4)

where , , and are the specific contact resistivi-
ties of the emitter, base, and collector, respectively, while ,
and are the sheet resistances of the base and subcollector
layers, respectively, and is the thickness of the depleted col-
lector. All the other parameters have their nominal meanings.

The nonlinear current sources and are given by [14]

(5)

(6)

where , , , and represent the emitter saturation
current and current transfer ratio in the normal mode and the
collector saturation current and current transfer ratio in the in-
verted mode, respectively, and accounts for the recombina-
tion current.

The stored charges at the base–emitter junctionare com-
posed of depletion and diffusion charges and are given by

(7)

where is the base transit time. The base–emitter capacitance
can be calculated from in the ADS program.

The is carefully modeled. The model includes the ef-
fect of the ionized donor charge in the collector-depleted region,
which was compensated by the injected mobile charge. The de-
pletion thickness ( ) in the collector is modulated by the in-
jection charges [15], and even for the device with an undepleted
collector at a given collector bias, the collector can be fully de-
pleted by the charge. Assuming that the conduction current in
the collector region is mostly by drift and the carriers travel at a
constant velocity of , the mobile carrier concentration in the
base–collector junction is simply , where is
collector current density. The Poisson equation in the depleted
collector region simplifies to

(8)

By integration of both sides for the depletion region from
to with the boundary condition of electric field ,
we obtain

(9)

We obtain the potential by integrating one more time from
to as follows:

(10)
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Fig. 3. Collector current dependency ofC atV = 3:5 V for the normal
HBT and the punch-through HBT.

Here, represents the built-in potential. The junction voltage
is equal to the applied base–collector bias () minus the resis-
tive voltage drop in the undepleted collector layer as follows:

(11)

where is the resistivity of the undepleted collector layer. The
depletion thickness is dependent on and and is
given by (12), shown at the bottom of this page, where

. This equation is applicable for the collector current
density smaller than . The charge at the intrinsic region of
the base–collector junction is given by

(13)

is, therefore, dependent not only on the base–collector
voltage, but also on the collector current. The intrinsic
base–collector capacitor is obtained from
routine of ADS. The current-dependent at the bias voltage

V is extracted from the model and is depicted in
Fig. 3. The of the punch-through HBT is constant for
the all collector current levels. The of normal HBT is,
however, dependent on the collector current density. As the
collector current increases, the depleted region thickens and

becomes smaller. At a higher current density (above 28
kA/cm ), the collector is fully depleted, and becomes
constant.

It can be assumed that the injected electrons seldom enter the
extrinsic collector area [15]. The compensation effects by the

mobile charge is negligible in the extrinsic collector region. The
depletion thickness ( ) in the extrinsic region and extrinsic
base–collector capacitance are modeled as

(14)

for

for (15)

Self-heating effects are also considered [16]. The Kirk current
density of the GaAs-based HBT is much higher than Si bipolar
junction transistors (BJTs) [17]–[19], and the base push out has
not been observed within the bias range of our measurement.

III. EXPERIMENTAL RESULTS

We fabricated AlGaAs/GaAs HBTs using the self-aligned
base metal (SABM) process with mesa isolation. The Al-
GaAs/GaAs HBT epi structure grown by MOCVD consists of
an n -InGaAs cap layer, an n-GaAs layer, an n-AlGaAs emitter
layer, a -doped p -GaAs base layer, an n-GaAs collector
layer, and an n -GaAs sub-collector layer. The HBTs with
punch-through collector and normal collector have the same
structures, except for their collector thicknesses. The HBT
with the punch-through structure has a 0.4-m-thick collector
doped to 2 10 cm and the other has a 1.0-m-thick
collector with the same doping. A thick gold metal layer was
deposited on the emitter to improve the electrical and thermal
performances. We also used the emitter widening process using
polyimide. A substrate was lapped to the thickness of 100m
and an emitter is grounded with a via hole. We have built
several sized HBTs and Fig. 4 shows the photograph of the
fabricated power HBT, which has 32 emitter fingers with a size
of 2 m 22 m.

Fig. 5 shows the measured and simulated character-
istics for the HBT with a single 2m 22 m emitter. The max-
imum current gains of both HBTs are about 30. The breakdown
voltage at an open base is 10 V for the punch-through col-
lector and 17 V for the normal one. Microwave performances of
the fabricated HBTs are shown in Fig. 6. The and are
70 and 80 GHz, respectively, at mA and V
for the punch-through collector structure, and 55 and 125 GHz,
respectively, at mA and V for the normal
collector structure. Fig. 7 illustrates the calculated and mea-
sured HBT -parameter characteristics. Considering the phys-
ical model, a good agreement exists between the present model
and measured dc and-parameter data.

(12)
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Fig. 4. AlGaAs/GaAs HBT with 32� 2 �m� 22�m emitters.

Fig. 5. Simulated and measuredI � V characteristics of a 2� 22�m
AlGaAsGaAs HBT. The base current is 0.3 mA per step.

The power test results at 2 GHz for the 32-emitter finger
HBTs are illustrated in Fig. 8, together with the two-tone test
results. The dc-bias point is mA and V.
The punch-through HBT and the normal one exhibit a power
gain of 16.6 and 16.9 dB, respectively, with output power of
28.9 and 28.6 dBm, respectively, and power-added efficiency
(PAE) of 51% and 59%, respectively, at a 1-dB gain compres-
sion point. The source and load pulls using an automatic tuner
are performed to locate the matching points for maximum gain
and output power. Input matching impedances for the punch-
through device and the normal one are 5.24-j1.05 and 4.74-
j1.51, respectively. Output matching impedances are 6.33-j2.70
and 5.61-j7.87, respectively.

A two-tone test is carried out at 2 GHz. Two-tone spacing
is 1 MHz to reduce the thermal effects on the linearity of Al-
GaAs/GaAs [20]. The matching points and bias conditions for
the two HBTs are the same as the power test. Their IM3 distor-
tion behaviors are remarkably different, as seen in Fig. 8. At a
low input power, the HBT with the punch-through collector has
a much lower IM3 than the normal HBT. The IP3 difference is
14.8 dB (39.5 versus 24.7 dBm). As the input power level in-
creases (in our case, above8.26 dBm), the IM3 of the normal
HBT grows at a much slower pace than the normal 3 : 1 slope.
However, at a large input power, the slope again increases at a
ratio larger than 3 : 1, and in this region, the IM3 distortion of
the both HBTs are comparable.

(a)

(b)

Fig. 6. Frequency dependence ofjh j , maximum stable gain (MSG)/
maximum available gain (MAG), and unilateral gain (U) as determined by
s-parameter measurements. (a) HBT with punch-through collector. (b) HBT
with normal collector.

IV. A NALYTICAL STUDY

To understand the IM3 behaviors of the two HBTs, harmonic
balance simulations were performed at 2 GHz for both structure
HBTs with a 32–finger emitter. The operation conditions, bias
points, and matching impedances were set at the same values of
the measurement case. Fig. 9 shows the simulation results and
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Fig. 7. Comparison ofs-parameters from the model and measurement. The
lines are simulated data and circles are measured data.

Fig. 8. Single- and two-tone test results of the fabricated power HBTs.

Fig. 9. Simulation results of the output power and its IM3 for the 32-finger
HBTs. For comparison, the measured data are also included.

a reasonable agreement between the measured and simulated
data. Our model indicates that the IM3 of the punch-through
HBT is generated by the nonlinearity, since the collector

Fig. 10. SimulatedJ �V characteristics as seen by the RF signal and the
load lines with�11 and 6 dBm, respectively, of the input power.

is fully depleted and is constant for all power levels. The
IM3 follows the 3 : 1 gain slope reasonably well. The origin
of the different IM3 characteristics of the two HBTs is
since our physical models are exactly identical (except the
of the charge modulated collector depletion layer). To under-
stand the effect, the input power-dependent RF collector
current swing is calculated using the load-line concept. Fig. 10
shows simulated characteristics as seen by the RF
signal and the load lines with11 and 6 dBm of input powers.
The collector current density at the bias point is 26 kA/cm
and the collector region is not fully depleted (see Fig. 3). At
a small-signal level (in our case, below11 dBm), the load line
sees the nonlinearity of near the bias point and the IM3 has
the normal 3 : 1 gain slope, but is a much higher level than the
punch-through HBT. The load line at dBm moves
on between 22–31 kA/cmof . Considering the reduced RF
collector voltage at a high current level, the collector is fully
depleted at the current density of 31 kA/cm. Therefore, for
the input power above 11 dBm, the portion of the load line
passes through the constant region and the growth rate of
the IM3 starts to decrease (see Fig. 9). As the input signal in-
creases further, a larger portion of the load line passes the re-
gion with constant and, finally, the IM3 is reduced to that
of the punch-through HBT. Above 6 dBm of input, the load line
touches the saturation region and very strong harmonics can be
generated for both devices, and their IM3s are comparable.

V. CONCLUSION

The collector capacitance of an HBT is the dominant non-
linear element and the HBT with a punch-though collector is
reported to have improved linear characteristics. To study the

effect on the linearity, we have compared the properties of
HBTs with a punch-through collector and a normal collector.
For this purpose, we developed an analytical nonlinear HBT
equivalent-circuit model. The present model includes the effect
of the ionized charge in the depleted collector region compen-
sated by the injected mobile charge. For the normal HBT, the
IM can have a normal 3 : 1 gain slope at a small-signal range
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because the load line moves in the region near to the bias point
and sees the nonlinearity of . At a large-signal level, the load
line passes through some region with a constant formed
by the fully depleted collector, and the growth rate of IM3 is
decreased. The punch-through HBT has a constantduring
the whole RF cycle, and its IM3 has the normal 3 : 1 gain slope
for all input signal levels. Therefore, the IM3 level is lower for
the punch-through collector HBT at a lower power level, but
the IM3 of both devices are comparable at a high power level.
To verify our simulation results, HBTs with a punch-through
collector and normal collector were fabricated and tested. At a
low-input signal, the HBT with a punch-through collector has
much lower IM3 than does the normal HBT. The IP3 difference
is 14.8 dB (39.5 versus 24.7 dBm). The differences are reduced
as the power level increases, and around , the IM3 level of
the two HBTs are quite comparable.
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