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Abstract—Linearity characteristics of GaAs heterojunction
bipolar transistors (HBTs) are studied through measurement
and analysis. Third-order intermodulation distortion behavior of
HBTs is examined on devices with various epilayer designs and
at various bias points, loads, and frequencies. Calculations from
an analytical model reveal a strong bias and load dependence
of third-order intercept point (IP3) on the nonlinearities from
transconductance and the voltage dependence of base-collector
capacitance. However, a simple model is not able to predict the
fine details of IP3 with bias. A large-signal HBT model with
an accurate description of the base-collector charge is shown
to account for the measured trends. The base-collector charge
function accounts for the modulation of base-collector capacitance
with current, electron velocity modulation, and Kirk effect (base
pushout) for GaAs-based HBTs. A detailed study of the influence
of collector design on linearity is also presented.

Index Terms—Heterojunction bipolar transistors (HBTs), inter-
modulation distortion, nonlinear distortion, semiconductor device
modeling.

I. INTRODUCTION

GaAs-BASED heterojunction bipolar transistors (HBTs)
have recently found widespread application in radio-fre-

quency (RF)/microwave power amplifiers. With their high-fre-
quency performance and power-handling capabilities, HBTs
are attractive active devices for transmitters in RF/microwave
communication applications. An important requirement for
such devices is to have acceptable distortion characteristics, or
linearity. The power level of spurious frequencies generated by
intermodulation of the in-band signals is an important measure
of device linearity. Linearity characterizations of GaAs and
InP-based HBTs have shown excellent results in adjacent
channel power ratio (ACPR) and third-order intercept point
(IP3) [1]–[3].

There have been numerous studies on the intermodulation
distortion behavior of HBTs through both analysis and mea-
surement. From these works, it is evident that there are two
major distortion components in HBTs: transconductance
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and base-collector capacitance . There have been sev-
eral papers that have investigated the internal cancellation ef-
fect of nonlinear currents utilizing Volterra series. Analysis in
[4] showed that the nonlinear currents from the resistive and re-
active parts of the nonlinear base-emitter junction partially can-
celled. In the analyses of [5] and [6], it was shown that the total
nonlinear currents generated by the base-emitter junction
and the base-collector junction , not including , par-
tially cancelled. Among other effects, these works highlight the
nonlinear currents caused by the nonlinear behavior of. In
[7], it was shown that the emitter and base resistancesand

linearize through the well-known feedback effect.
The other major distortion source in HBTs is the nonlinearity

of with voltage [3], [6]–[9]. Measurements have shown
significant improvements in IP3 when is biased high
enough to fully deplete, or punch-through, the collector [3], [6],
[8]. These studies have suggested epilayer structures with a low
collector punch-through voltage for highly linear performance
at low voltages. A practical linearity figure of merit (LFOM),
given by the ratio IP3/ , considers both linearity and
efficiency. According to this ratio, a lower with the same
level of IP3 results in a high LFOM.

The linearity study for this paper begins in Section II with
two-tone measurements on HBTs with variations on the emitter,
base, and collector profiles. It is found that collector variations
have the most effect on IP3. In Section III, the observations from
these measurements are used to formulate a simple nonlinear
analytical model using Volterra series. The aforementioned non-
linear current cancellation effect is also observed in this model.
Subsequently in Section IV, calculations from this model are
compared with measured results of IP3 as a function of cur-
rent, voltage, load, and frequency. The model is able to pre-
dict the general trends from measurements and is used as a tool
to explain the observed IP3 behavior. Analysis shows that
and nonlinearities are dominant in certain bias areas and
loads. However, this model shows a significant deficiency in
the detailed predictions of IP3 as a function of current. Moti-
vated by this fact, the current dependence of IP3 is investigated
further in Section V with measurements on HBTs with various
collector profiles. Measurement results indicate a complex be-
havior of IP3 as a function of current with discernable maximas
and minimas that are dependent on the collector profile. From
simulations, it is shown that the modulation of , transit
time, and electron velocity with current all have a significant im-
pact on the linearity characteristics and that a large-signal HBT
model, which includes the above-mentioned effects, is able to
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Fig. 1. Cross-section of InGaP and AlGaAs emitter HBTs.

predict the measured trends [10]. In general, it is found that most
of the intermodulation distortion mechanisms of HBTs can be
accounted for by the nonlinear behavior of the base–collector
charge together with the inevitable nonlinear that is
dominant in the low current regime.

II. EXPERIMENTAL TECHNIQUE

A. Device Description

All devices characterized in this work are 28 m emitter
area GaAs-based HBTs. InGaP emitter HBTs are the primary
focus in the study, but several AlGaAs emitter HBTs were ex-
amined for comparison purposes. Representative epilayer struc-
tures for both InGaP and AlGaAs emitter HBTs were selected,
and designs that have slight variations from these devices were
also chosen to identify the influence on linearity of epilayer pa-
rameter variations.

A cross section of the HBT for both the InGaP and AlGaAs
emitter devices is shown in Fig. 1. The AlGaAs emitter process
has a graded emitter, a nonalloyed InGaAs emitter con-
tact, a nonalloyed base contacts, an alloyed collector contact,
and a depleted passivation ledge. The InGaP emitter process
is almost identical to the AlGaAs emitter process except for
the substitution of an abrupt heterojunction InGaP emitter. A
more detailed description of both processes is presented in [11]
and [12]. It is also shown in these references that the InGaP
emitter HBTs inherently possess high reliability at high cur-
rent densities mA/ m : MTTF 5 10 h com-
pared to 8 10 hrs for the AlGaAs emitter process. Since
power amplifiers are typically biased in the high current regime,
InGaP emitter HBTs are excellent devices for this application.
In Table I, selected device parameters are summarized for the
two representative devices. The significant differences between
the two devices are the material of the emitters and the base
widths.

B. Measurement Approach

All of the measurements for this study were done on a
load-pull system including three Agilent 83 650B sources and
an Agilent 8510C network analyzer, which was used to measure

vector corrected on-wafer power, large signal , and
(1/ of the two-tone and signals. An Agilent 8565E
spectrum analyzer was used for measuring output power of the
intermodulation products at the upper and lower sidebands.
One of the sources was used as the dedicated 8510C system
source to provide broadband calibration and thephase-lock
signals during the measurement. The other two sources were
locked to the 8510C system source by its 10-MHz reference
oscillator and provided the and input stimulus. Load pull
was implemented by either a Maury microwave passive tuner
at lower frequencies (up to 2 GHz) or an active load at higher
frequencies (above 2 GHz). The details of this measurement
system are presented in [13] and [14].

Identical bias points and loads were chosen for all of the de-
vices in order to have a consistent comparison. Class A bias
was set at V, mA/ m
mA), and of 0.647 . Mea-
surements were taken at 2 and 5 GHz. A 1-MHz tone spacing
was carefully chosen as a compromise between the need to avoid
low-frequency dispersion [15] and the risk of having a large dif-
ference in the load presented at the two-tone frequencies. Har-
monic loading and source-pull were not implemented, and the
source impedance was 50in all cases.

For two-tone linearity measurements, four parameters were
measured: power gain, 1-dB compression point per
tone, third-order intermodulation products at (IM3
measured in dBc, and output IP3. Since power gain and IP3
are small-signal measurements, whereas and IM3
are large-signal measurements, power sweeps over a wide
range (over 20 dB) were taken for each device. Although IP3 is
calculated from a single point measurement, care was taken to
make sure it was extrapolated in the “3:1 IM3 to fundamental
power ratio” regime.

C. Summary of Measurements with Varying Epilayer Designs

Table II summarizes the linearity measurements of the HBTs
with variations on the epilayer structures. Two emitter variations
of the AlGaAs emitter HBT were chosen for measurements. As
seen in Table II, they have lower and higher emitter dopings. The
effects of varying the doping are apparent, where by lowering
the doping, a lower gain and higher IP3 are observed. Increasing
the doping yields exactly the opposite results. This can be ex-
plained in simple terms by the emitter doping’s influence on

. is dependent on , the extrinsic transconductance,
by the relationship

(1)

where is the dc current gain and is the intrinsic transcon-
ductance given by the expression

(2)

and is the collector current. It is related in a nonlinear fashion
to input voltage by

(3)
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TABLE I
SELECTED DEVICE PARAMETERS OFREPRESENTATIVEHBTs

TABLE II
HBT LINEARITY DATA OF VARIOUS EPILAYER DESIGNS

When is increased, approaches the value

(4)

which is independent of current, and thereby linear. Since
is usually larger than is determined predominantly
by in the high current region. Although increasing lin-
earizes also lowers its magnitude and causes a de-
crease in the power gain.

The base variation was a reduction in the thickness. Table II
shows that decreasing the base width does not result in a signif-
icant change in either IP3 or gain. This observation is consistent
with simulation predictions in [6].

Finally, the collector variations are considered. The principle
variation was to increase the collector thickness with a slightly
lower collector doping. It is apparent in Table II that this has
a significant influence on IP3. The decrease in IP3 can be at-
tributed to the nonlinearity of as a function of [6]. A
plot of versus with V in Fig. 2 clearly
shows that the 8000-Å collector has a more nonlinear
than the 4000-Å collector at a of 2.7 V. Previous studies
have demonstrated that biasing the collector of the HBT in the
fully depleted region, or the constant region, results in the
highest IP3 [3], [6], [8]. This explanation is valid at certain bias
regions, and a detailed examination in Section V will further
elaborate on the influence of collector design.

Results from Table II show that third-order intermodulation
distortion of HBTs in the small-signal region (characterized by
IP3) is significantly dependent on the emitter doping and col-
lector profile. A distinction can be made between mechanisms
for strong and weak nonlinearities. Strong nonlinearities arise
from the consequences of a large-signal swing, which include
saturation and cutoff of the HBT as well as interactions between
higher order intermodulation currents. Weak nonlinearities arise

Fig. 2. MeasuredC versusV (with V = 0 V) for 4000- and 8000-Å
collector profiles.

from the weakly nonlinear behavior of conductances and ca-
pacitances and can be analytically calculated by a small-signal
model. The primary focus of this study is to understand the inter-
modulation distortion mechanisms of HBTs in the weak regime
by both measurements and analysis, and therefore IP3 is exten-
sively used as a measure of device linearity.

III. SIMPLIFIED MODEL FORNONLINEAR ANALYSIS

In this section, a small-signal analytical model with nonlinear
elements is formulated as a tool to understand IP3 behavior.
Since similar methods of analysis for HBTs have been previ-
ously presented in detail [4]–[6], only a brief description of the
derivation will be presented. From the results in the preceding
section and previous representative linearity studies of HBTs
[3]–[9] and Si bipolar junction transistors (BJTs) [16]–[18], it
is apparent that nonlinearities from and have a sig-
nificant influence on intermodulation distortion. Therefore, el-
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(a) (b)

Fig. 3. HBT small-signal model with nonlinear elements: (a) standard hybrid-� model and (b) model used for nonlinear analysis.

ements that are related to these parameters are modeled using
nonlinear analysis.

A. Derivation of the Simplified Model

The fundamental small-signal model is the hybrid-model
shown in Fig. 3(a). The nonlinear components in the analysis
are , and the voltage-controlled current source
(VCCS) . Here, is the nonlinear junction resistance
defined by and is the diffusion capacitance given
by , where is the transit time. The analysis assumes a
common-emitter configuration, where the input and output cor-
respond to the base and collector, respectively, with the emitter
grounded. Although this model appears simple, it is rather dif-
ficult to analyze because of the shunt feedback from and
the series feedback due to . The analysis can be somewhat
simplified by splitting the VCCS from the collector node to the
base node and from the base node to the emitter node, and it can
be further simplified by combining and the VCCS across the
base and emitter nodes, as shown in Fig. 3(b). This combined re-
sistance is equal to the value , where is the common
base current gain. This derived model resembles the T-model of
the bipolar transistor.

The nonlinear elements are , , the VCCS, and .
Volterra series “method of nonlinear currents” [19] is used to
calculate the nonlinear current contributions. This nonlinear
analysis method is appropriate for IP3 calculations since all of
the distortion components are weak nonlinearities.

For simplification, the standard Gummel–Poon model
expression for as a function of bias is used in the analysis.
More sophisticated expressions, which include the full deple-
tion of the collector and the current dependence, can be found
in [20] and [21]. The capacitance equation can be approximated
by the expansion

(5)

where and are coefficients related to the first and second
derivatives of with respect to voltage, respectively.

The voltage across the internal base and collector nodes is
defined in terms of “orders” of voltages given by

(6)

where and represent the first-order and fre-
quencies) and second-order and - frequencies, for ex-
ample) voltages, respectively, and so on. The total current from

is given by the expression

(7)

and, solving for the nonlinear current terms relevant to the third-
order intermodulation frequencies

(8)

This nonlinear current expression generated by indicates
that both the first and second derivatives of with respect to

are important.
Nonlinear currents can be calculated in a similar fashion.
nonlinearities are described by the current–voltage relation-

ship:

(9)

The voltage across the internal base and emitter nodes can be
expressed in terms of “orders” of voltages given by

(10)

All three nonlinear elements associated with (VCCS, ,
and are related to the current generated bygiven by
the general expression

(11)

where is 1 for the VCCS, 1/ for , and for .
Solving for the nonlinear current terms pertinent to the IM3 fre-
quencies yields

(12)
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Fig. 4. Comparison of calculations using the simple analytical model and
an equivalent Gummel–Poon large-signal model with harmonic balance
simulations.

Finally, the total IM3 current through the load is calculated
from the above current expressions [notably (8) and (12)] and
the linear circuit in Fig. 3(b). The source impedance is set to 50

, and the load impedance is a user-definable parameter. Loads
presented to the harmonics as well as the difference frequen-
cies are not separately specified and are assumed to be the same
as the load at the fundamental. It is well known that varying
the load presented to these frequencies is important [5], but har-
monic loading is not part of the linearity study for this particular
work.

All of the equations are implemented in and solved by
MATLAB. To verify the accuracy of this simple nonlinear an-
alytical model, simulation results were compared to harmonic
balance simulations with an equivalent Gummel–Poon large
signal model using Agilent Microwave Design System (MDS).
Fig. 4 shows that the simple analytical model is able to predict
the IP3 simulation trends of the more sophisticated large-signal
model.

B. Contribution of Individual Nonlinear Sources

The analytical model can be used to examine the influence
of the nonlinear elements to intermodulation distortion. Since
the linear circuit is solved independently of the nonlinear cir-
cuit, specific nonlinearities can be removed without affecting
the linear response of the circuit. As an example, a plot of IP3
versus illustrates the nonlinear current contributions. For
simplification, five cases are examined:

1) all nonlinearities;
2) no nonlinearities;
3) no total nonlinearties;
4) no nonlinearities from the base-emitter junction

currents);
5) no nonlinearities from the base-collector junction

currents).
Fig. 5 shows the results for the five cases.

When no nonlinearities are present, a significant im-
provement in IP3 is observed in the low region. This is
consistent with the influence of the nonlinear voltage depen-
dence of in (5). When total nonlinearities are excluded,
improvements in IP3 are observed in the higher regime.
When only one of the nonlinear currents from either the
base-emitter or base-collector junctions is removed, a drasti-

Fig. 5. Calculated IP3 versusV with specific nonlinear components
removed.(J = 0:6 mA/�m andR = 260 
.

Fig. 6. IP3 versusV : measurements and calculations atJ = 0:6
mA/�m .

cally lower level of IP3 is observed. As explained in [5] and
[6], and also by the model, the reason for the higher IP3 levels
when all currents are present rather than only one is due to
the fact that currents from the two junctions partially cancel.

IV. I NFLUENCE OFBIAS, LOAD, AND FREQUENCY

The bias, load, and frequency dependencies of IP3 were mea-
sured with the representative InGaP emitter HBTs as described
in Section II. A similar study for Si BJTs has been presented by
Narayanan [16]. The parameters of the analytical model in Sec-
tion III were fit to the characteristics of the measured devices.
Since the mode of operation assumes a common-emitter con-
figuration in the forward active region, only a few parameters
were necessary for the model. Some key parameters include the
parasitic resistances, as a function of voltage, at peak
value, and the saturation current density.

A. Influence of Bias Voltage

IP3 was measured as a function of voltage with two different
loads and .
The current was set at mA/ m mA), and
the two-tone frequencies were at 5 GHz with a 1-MHz spacing.
The measurement results are shown with calculated predictions
in Fig. 6.

The behavior of IP3 versus voltage is strikingly different with
different loads. For 50 , the analytical model shows that dis-
tortion across is dominated by nonlinearities. This ex-
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Fig. 7. IP3 versus output load: measurements and calculations atJ = 0:6

mA/�m .

plains the flat IP3 behavior as a function of voltage in the calcu-
lations since nonlinear currents are not strongly influenced
by . The measurements, however, only show this flat trend
in the region of between 2.5 and 5 V. Low IP3 at the highest

can be explained by distortion due to breakdown effects,
which is not implemented in the model. The measured decrease
in IP3 below 2.5 V is due to the nonlinearities from Kirk ef-
fect, which are also not implemented in the model (explained
more in detail in Section V). For 260, there is a significant
voltage dependence of IP3. The analytical model shows that
at low voltages, distortion contribution from is dominant
and IP3 improves as the voltage is increased. This directly cor-
responds to a decrease in the nonlinearities from as the
base-collector junction is reverse biased Å de-
vice in Fig. 2). The highest IP3 is measured when the collector
is “punch throughed,” which is consistent with results from [6],
[8], and [9]. nonlinearities are prominent at 260and not
at 50 because of the magnitude of the voltage swing across

. The analytical model shows that larger loads entail larger
voltage swings across and thus more nonlinear contribu-
tion from this capacitance.

B. Influence of Load

The impedance presented to the output of the device was
varied to investigate its influence on IP3. The load was kept
nearly real, i.e., minimal output reactance, so the effect of the
magnitude of load on IP3 could be studied. Fig. 7 shows mea-
sured IP3 versus load for of 3 and 4 V at a center frequency
of 5 GHz, spacing of 1 MHz, and mA/ m .

The analytical model shows that there are distinct regions
where and nonlinearities dominate. At smaller loads,
IP3 is determined by nonlinearties and the power gain. This
is also suggested by the fact that IP3 is not strongly dependent on

in the measurements. As the load is increased, the analyt-
ical model shows that nonlinearity decreases and power gain
increases, and results in an improvement in IP3. At higher loads,

nonlinearities dominate. This is supported by the fact that
IP3 levels are different at the two biases in both measure-
ments and calculations. The analytical model shows that the
gradual decrease in IP3 at higher loads is due to the increasing
nonlinear current contribution from [16]. The large differ-
ences between measurements and calculations at V
in the higher load region are likely due to the fact that the full

Fig. 8. IP3 versus frequency: measurements and calculations atV = 2:7
V andJ = 0:6 mA/�m .

Fig. 9. IP3 versusI : Measurements and calculations withR = 260 
.

depletion of the collector is not modeled in the equation
of (5). The analytical model shows that the peak in IP3 is due to
a transition between the and dominant regions.

C. Influence of Frequency

Fig. 8 shows IP3 versus frequency with 1-MHz tone spacing
at two loads (50 and 230 measured at V
and mA/ m . The variation of IP3 with frequency
depends significantly on the output load. At smaller loads (50

, both measurements and calculations show an improvement
as the frequency is increased. Since nonlinearities are the
dominant source of distortion at this load and bias point in the
analytical model, the improvement in IP3 is due to a decrease in

nonlinearities as the frequency is increased. The improve-
ment is not solely due to the stray emitter inductance since the
analytical model does not include this element. When non-
linearities are dominant , there is very little
variation in IP3 as the frequency is increased for both measure-
ments and calculations. Although IP3 stays nearly constant, IM3
level generally decreases since the power gain decreases.

D. Influence of Bias Current

IP3 was measured as a function of current at V and
V. The two-tone frequencies were set again at 5 GHz

with spacing of 1 MHz, and the load was set to .
Fig. 9 shows measured results with calculated predictions.

The analytical model shows that nonlinearities dominate
at low currents. Since nonlinearites are weakly dependent on
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TABLE III
COLLECTOR PROFILES AND SELECTED CHARACTERISTICS OF THE

THREE HBTs IN SECTION V

in the model, this explains the similar values of IP3 at the
two biases. It should also be noted that power gain is less
at lower currents due to a smaller , which in turn influences
IP3. As the current is increased, nonlinearities are decreased
due to and , and eventually, distortion from non-
linearties dominates. In the measurements and calculations, the
level of IP3 is higher at V than at V in the

dominant region. However, it is evident that the analytical
model is not able to accurately predict the trends in IP3 in this
region. This is because the model does not account for transit
time and nonlinearities due to Kirk effect. In Section V,
these additional nonlinearities will be investigated, and it will
be shown that the “dip” in IP3 roughly corresponds to the Kirk
effect condition.

V. INFLUENCE OFCOLLECTOR DESIGN

It was shown in Section II that the variations in the collector
profile had a significant effect on IP3. Furthermore, it was
shown in Section IV that modeling the bias dependence of
with only was not sufficient to predict IP3, especially as
a function of current. Previous works on HBT linearity have
stressed the importance of optimizing the collector profile [6],
[8], [9]. An extensive simulation study for Si BJTs has also
suggested optimizing the collector profile [18]. Since current
modulates the collector space-charge, it is meaningful to
examine the linearity characteristics as a function of collector
current.

A. Characterization of Collector Design Variations

Three InGaP emitter devices with significantly different col-
lector dopings and widths were selected for charac-
terization. The epilayers of the HBTs (HBT-A, HBT-B, HBT-C)
are identical above the base. HBT-A (identical to the “represen-
tative InGaP device” in Section II) has a base width of 800 Å,
while HBT-B and HBT-C have base widths of 600 Å. The dif-
ferent base widths should not have a significant influence on
IP3, as was shown in Section II. The layout of these devices is
slightly different from the ones studied in the previous sections,
where these three devices employ a single base-finger layout.
A separate study (which is not presented here) was done on the
linearity differences between a single- and a double-base con-
tact layout. It was found that there were no significantly large
differences in IP3, which is consistent with observations from
[7]. Table III summarizes the collector profiles and characteris-
tics of the three devices.

The differences in collector doping and thickness result in
breakdown voltage variations. In the first-order approximation,
the breakdown voltage can be increased by reducingand
increasing . From Table III, it is evident that improving the

Fig. 10. MeasuredC versusV of HBT-A, HBT-B, and HBT-C with
V = 0 V.

breakdown voltage in this manner lowers , where is
defined as the critical current density at whichpeaks. This
roughly corresponds to the onset of the Kirk effect condition.

can be analytically calculated if it is approximated as ,
the current density at which the carrier concentration equals the
doping concentration and the electric field at the base-collector
junction is reduced to zero. is given by the expression

(13)

where is the electron charge, is the electron velocity, is
the permitivity, and is the built-in potential of the junction.
Since the peaking of is typically observed above the current
when the field at the base-collector junction reaches zero,
will be slightly higher than .

Fig. 10 shows as a function of with
V, illustrating that (with no collector current) becomes a
constant at a relatively low . is defined from measure-
ments as the voltage at which becomes nearly a constant
minimum value. This corresponds to the condition when the
collector depletion layer reaches the subcollector with an ap-
propriate reverse bias voltage. can be analytically estimated
using the depletion and one-sided abrupt junction approxima-
tions

(14)

Fig. 11(a) shows IP3 as a function of current density at a fixed
load , frequency GHz with 1 MHz tone
spacing), and bias voltage. is biased high enough to ensure
the collector is fully depleted (HBT-A = 4 V, HBT-B = 5 V,
HBT-C = 5 V). The general trends are consistent for all three
devices, and show there are significant peaks and troughs in the
IP3 behavior. However, the values of IP3 and current densities
at which these peaks and troughs occur are dependent on the
collector design. As Fig. 11(b) shows, corresponds to the
current density at the trough that occurs after the peak in IP3.
The peak always appears at a current density slightly lower than

. Furthermore, a higher value of generally results in
higher levels of IP3.

Fig. 12(a) and (b) shows plots of IP3 as a function of
at 0.3 mA/ m (4.8 mA) and 0.6 mA/m (9.6 mA), respec-
tively. The general improvement in IP3 for increasing is
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(a)

(b)

Fig. 11. (a) Measured IP3 versusJ and (b) measuredf versusJ . (HBT-A:
V = 4 V; HBT-B and HBT-C:V = 5 V).

again attributed to the fact that becomes less nonlinear as
the base-collector junction is reverse biased. Fig. 12(b) clearly
shows that IP3 reaches a plateau when is biased beyond

at mA/ m . However, IP3 does not level off
at the same value of IP3 for different collector designs. More-
over, at mA/ m (in Fig. 12(a)), IP3 does not always
plateau when is biased beyond . These observations
suggest that there are sources of distortion other than the non-
linear voltage dependence of . The IP3 versus charac-
teristics at 3 mA/ m can be explained by examining a
plot of both IP3 and as a function of of HBT-C in Fig. 13.
At mA/ m and V, IP3 for this device is
at the sharp peak in the plot of IP3 versus. As was previ-
ously shown, this peak and the subsequent trough are related to
the value of . Since is dependent on according to
(13), the position in current of the peak in IP3 should decrease
when is decreased. Fig. 13 shows the locations of the peaks
and troughs of IP3 when is biased at 2 and 5 V. A slight
change in from the 5-V bias point will significantly change
the value in IP3 due to the sharp peak. The sudden increase in
IP3 of 7 dB in Fig. 12(a) between and V is due to
this effect. It should be noted that the collector is fully depleted
in this voltage range, and therefore the nonlinearities from the
voltage dependence of are at a minimum. It is then evi-
dent that Kirk effect has a significant influence on the linearity
characteristics even at bias points beyondand below .
Fig. 14 shows a dc I–V plot of HBT-C. Also plotted are values

(a)

(b)

Fig. 12. Measured IP3 versusV at (a)J = 0:3 mA/�m and (b)J =

0:6 mA/�m .

Fig. 13. Measured IP3 andf versusJ of HBT-C atV = 2 and5 V.

of at different (denoting the onset of Kirk effect). The
figure shows that Kirk effect has little influence on the dc char-
acteristics [22]. The “overshoot” of IP3 observed for HBT-B in
Fig. 12(a) is also due to the voltage dependence of. In this
case, the peak in IP3 [in Fig. 11(a)] decreases in current as
is decreased, and “crosses” mA/ m at a of 2.2
V.

The measurement results indicate Kirk effect and the full de-
pletion of the collector (quantified by and , respectively)
are important mechanisms that influence linearity characteris-
tics of HBTs. Since the characteristics of these two effects are
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Fig. 14. Collector current density versus collector voltage characteristics of
HBT-C with measuredJ .

determined by the collector thickness and doping, designing an
HBT with linear performance requires a careful selection of the
collector profile.

B. Analysis of Collector Design

A standard Gummel–Poon (GP) model and an HBT model
based on [21] were extracted to compare with the observed
linearity behavior. DC and -parameter data were acquired
using an Agilent 4142 DC source/monitor and 8510C network
analyzer both controlled by Agilent IC-CAP modeling soft-
ware, and model parameter fits were done using MDS. The
HBT model is implemented as a symbolically defined device
in MDS. The model topology resembles that of the GP model
but differs in the definitions of the junction charge functions.
The charge functions model the high-frequency behavior of
the device, particularly the capacitances and delay time effects.
Some salient features of the model are the following.

1) The intrinsic base-collector charge function is defined by
the equation

(15)

where the first term models the bias dependence of the
collector depletion layer as functions of both voltage
and current. The definitions for and
are identical to the GP model, and is given by

[similar to the bias-independent part of (13)].
This equation is only valid below . When the collector
is fully depleted, the charge function switches to

(16)

where represents at the collector punch-
through condition.

Fig. 15. HBT-C: Measured and simulated IP3 versusJ .

2) Electron velocity modulation for the GaAs collector ma-
terial is modeled by the parameter in (15) and (16)

(17)

where accounts for the increase in collector transit
time with an increase in and models the
decrease in as is increased. terminates the
contribution of at high currents. The model is able to
take into account the effect of varying with bias even
with a fixed collector depletion layer width.

3) Kirk effect is implemented by the charge function

(18)

To expedite simulation time, the thermal subcircuit in [21]
was excluded. It is worthwhile to mention that the equations for
the base-collector and base-emitter charge functions are similar
to the equations utilized in the DARPA/UCSD HBT model.1

Harmonic balance simulations based on the two large-signal
models are compared with the measured IP3 versusresults in
Fig. 11(a) for HBT-C. Fig. 15 shows this plot at V with
calculated predictions from the analytical model (fit to HBT-C)
presented in Section III. While the GP model and the analytical
model do not predict the strong variation of IP3 with current, the
HBT model shows excellent agreement with measured trends.

Parameters of the HBT model were varied in order to pro-
vide insight into the complex behavior of IP3 as a function of
current. At low currents (exemplified by region A in Fig. 15),
distortion is dominated by the nonlinear contributions from
and improves as current is increased. All three models exhibit
this trend.

As the current is increased further, other mechanisms begin
to dominate. The HBT model shows that the nonlinear relation-
ship between base–collector charge and controls IP3.
For example, in region B of Fig. 15 (current densities below the
peak in IP3), the detailed values of and govern
the behavior of IP3. Simulations show that the magnitude of

has a strong influence on IP3 in this region. From a
physical standpoint, in this region the charge in the collector de-
pletion region varies with both and . Also, the effective

1See http://hbt.ucsd.edu.
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electron velocity changes as a function of the electric field in
the collector. The influence of this velocity modulation is com-
plex and can lead, for example, to “capacitance cancellation,”
for which it is possible for to decrease with current even
when the collector is biased beyond [22].

At the highest current density (region C in Fig. 15), distortion
due to Kirk effect begins to dominate. The peak in IP3 occurs
at the transition between regions B and C. There are two major
sources of distortion from Kirk effect. One is the nonlinearity of
the electron transit time, which is related to the diffusion charge.
Nonlinearity from this parameter is discernable in a plot of
versus and is dominant in the vicinity of . In keeping
with this, for the various collector designs, the breadth of the

versus peaks resembles the breadth of the IP3 versus
troughs in Fig. 11(a) and (b). Furthermore, from qualitative ob-
servations, the curvature at the peak appears to be related
to the value of IP3 at , where smaller curvature results in
higher IP3. These observations are consistent with distortion
analysis for Si BJTs on the influence of on distortion [23].
The other source of distortion from Kirk effect is the increase
in due to a decrease in the effective width of the collector
depletion region. The influence of this nonlinearity is evident at
the highest currents where IP3 levels off.

Although the explanation of the current dependence of IP3
is based on simulations of an empirical HBT model, it is evi-
dent that collector space-charge effects have a significant role
in determining the linearity characteristics of HBTs. Therefore,
a large-signal HBT model should accurately account for these
effects when it is used for distortion simulations.

VI. CONCLUSIONS

Third-order intermodulation distortion characteristics of
GaAs heterojunction bipolar transistors were examined in
detail. Measurements on devices with various emitter, base,
and collector profiles showed that the collector variations had
the most significant influence on intermodulation behavior.
A simple analytical nonlinear HBT model was presented and
used to explain observations from measurements with various
biases, loads, and frequencies. The analytical model showed
that there were certain bias and load conditions whereand

nonlinearties dominate.
The influence of collector design on the intermodulation dis-

tortion behavior was studied in detail. Measurement of IP3 as a
function of current was observed to be complex. A local min-
imum appears in IP3 at the critical current density for Kirk ef-
fect, . A large-signal HBT model that includes effects such
as the modulation of with current, Kirk effect, and velocity
modulation was able to predict the complex behavior of IP3 with
current. For accurate distortion predictions, a large-signal model
should include the description of collector space-charge effects
that are specific to the collector material of the HBT.
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