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Abstract-Several effects important for large signal operations
of heterojunction bipolar transistor (HBT’s) were not included in
the previous HBT models used in most commercial circuit sim-
ulators. Exclusion of these effects resulted in large discrepancies
between modeled and measured device characteristics. This paper
presents a new large signal HBT model which takes into account
those important effects for the device operation. The effects have
been identified from measured device characteristics and can be
justified from first principles. To make it easy to use, the model is
made up of the elements available from SPICE. During the course
of the model development, an extraction procedure for the model
parameters has been established to minimize the uncertainty of
the extracted parameter values. The new model has been applied
to HBT’s with various emitter sizes and excellent agreement has
been achieved between modeled and measured data over a wide
range of bias conditions and signal frequencies.

I. INTRODUCTION

A N ACCURATE device model valid for a wide range of
operating biases and signal frequencies is required for

the design of high-performance microwave circuits. Existing
bipolar transistor models used in most commercial circuit
simulators, which are based on the Gummel–Peon model
[1], do not take into account several effects important for
the prediction of large signal heterojunction bipolar transistor
(HBT) performance. For example, the self-heating effect is

omitted, which has been recognized as an important factor in

determining HBT operations at high power dissipations. Ef-
forts have been made to include this effect in HBT equivalent
circuit models [2]–[4], and close agreements with measured
data have been obtained for lG – VCE characteristics under
constant lB conditions. However, this does not ensure that the
thermal models are correct under all conditions, for example,
modeled 1-V characteristics under constant VBE conditions are
often not in agreement with measured values. Besides the self-
heating, several other effects either have not been identified in

the literature or not included in HBT equivalent circuit models.

Omitting these effects from HBT models can result in large

discrepancies between modeled and experimental data.

In this paper, we present a new HBT large signal model
which takes into account several important effects for HBT
operations. These are thermal effect, dependence of junction
depletion capacitance and transit time on collector current,
and variation of the effective electron barrier in an emitter
heterojunction.
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Our model was implemented in SPICE and all elements
in the model are available in the simulator. Based on the
understanding of the impacts of each model parameter on
device characteristics, a procedure has been established to
extract the parameters during the development of the model.
The model was verified by the measured I-V characteristics,
junction capacitances and S-parameters over a wide range of

bias conditions, as well as by power sweep measurement.

II. MODEL

Behaviors of HBT’s can be precisely described by a dis-
tributed network. The use of a lumped equivalent circuit to
model HBT’s is an approximation of the distributed network.
Since the distributed network can be approximated in different
ways, the resultance lumped equivalent circuits may have
quite different configurations. Therefore, when constructing an
equivalent circuit, one should take into account the device’s
physical structure, simplicity and accuracy of the circuit, and

extractability of the circuit parameters. The selected circuit
configuration for the large signal case should be also consistent
with those for small signal and noise cases. Finally, it is
preferable to have the equivalent circuit model implemented
in a commercial circuit simulator.

With the above guidelines in mind, the equivalent electric

circuit as shown in Fig. 1 was constructed to develop the
large signal model for HBT’s. Also included in this figure
is the thermal equivalent circuit, which is used to calculate
temperature rise at the emitter junction. The configuration of
the equivalent circuit is similar to that used for small signal
model. Since the present goal is to develop a model for normal
HBT operations, a breakdown mechanism is not included. The
Kirk effect and substrate capacitance, which are believed to be
unimportant for GaAs-based HBT’s under normal operation
conditions, are also ignored in this model.

A. Bias-Independent Elements

Some parasitic elements of HBT’s can be considered to
be bias-independent. Such elements in the equivalent circuit
are the series resistances of the emitter (RE), base (RB ) and
collector (Rc), and the lead inductances of the emitter (LE ),
base (LB ), and collector (Lc).

B. Diodes and Current-Controlled Current Source

Five diodes are used in the model to account for the
currents flowing through the two p-n junctions and those
caused by parasitic effects. In the circuit, DE, LIC1, and
DCX represent the emitter junction, and intrinsic and extrinsic
collector junctions, respectively, while 11~ and DR model the
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Fig. 1. Equivalent circuit topology of the large signal HBT model.

base-to-emitter leakage and the recombination at the device
surface and in the emitter space-charge region. It is assumed
here that all the currents represented by the diodes obey the
Boltzman relation

‘d=’s(exp(a-’) (1)

where Is is saturation current of a diode, N is ideality factor

of diode current, and VT is the thermal voltage at junction
temperature T and defined as VT = kTf q. The current-
controlled current source ICE in the model is calculated from

ICE = ~F . IEE – flR ~ICC (2)

which is similar to that used in the Gummel–Peon model. In
this equation, /3F and ~R are the forward and reverse current
gains determined by the forward and reverse base transport
factors, respectively. IEE and Icc are as defined in Fig. 1.

C. Thermal E#ects

Due to the large thermal resistivity of GaAs, thermal ef-

fects including self-heating are very important in GaAs-based

HBT’s and must be considered when determining the large
signal performance of the device. With the thermal equivalent

circuit given in Fig. 1(b), the temperature rise at the emitter
junction can be calculated. The emitter junction temperature

instead of the device temperature is used because the tempera-

ture distribution is nonuniform across the device and the most

significant impacts of temperature rise on device performance

occur at the emitter junction. The Rth in the circuit is the

equivalent thermal resistance corresponding to the junction

temperature rise. For simplicity, a constant value is used here
for Rth. However, its temperature dependence can be readily

incorporated into the model.

Two major consequences from the temperature rise in

AIGaAs/GaAs HBT’s are the decrease in the emitter junction

built-in potential and the increase in the reverse hole injection
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from the base to emitter. The former is responsible for the in-
crease inthe collector current under constant VBE conditions,
and the latter causes the decrease in the collector current under

constantl~ conditions asVc~ increases. Both are identifiable

from device measurements.

Under constant VBE conditions, the emitter current as a

function of the junction temperature may be approximated as

((IE= IsO. exp
))

&(VBE+VJ, T) -1 . (3)

In the above equation, ISO and V~o are saturation current
and thermal voltage at ambient temperature To, respectively.
The exponential temperature dependence of saturation current
Is(T) is taken into account by VJ, T, which is the reduction of
the emitter junction built-in potential due to the temperature
rise and can expressed as

VJ, T = ( ):(VBE) ,=cons, ~(T- To) . (4)

In a circuit model, VJ, T can be effectively modeled by using

a temperature controlled voltage source defined by (4). The
temperature coefficient of E-B junction was extracted from
Z-V characteristics of the E-B junction diode at different

ambient temperatures. With this treatment, the junction diode
temperature can be set at TO, which is required by most circuit

simulators.
Under constant lB conditions, the decrease in the collector

current with VCE is caused by the drop of current gain,6 as the
junction temperature increases. Since the temperature impact
on the base transport factor of GaAS-based HBT’s is not
significant [5], the reduction in ,6’is attributed to the reduced
emitter efficiency. The emitter efficiency is solely determined
by the injection ratio of holes (IPE) to electrons (lNE)

IPE DENB WB

(–)

AEU

INE = DB(NE . WE) ‘ ‘Xp – kT “
(5)

In this equation, AEV is valence-band offset of an emitter
heterojunction, DE and DB are hole diffusion coefficient
in the emitter and electron diffusion coefficient in the base,
NB and NE are base and emitter doping concentrations, and
WB and WE are base and emitter layer thicknesses. It can
be seen from (5) that the injection ratio has an exponential
dependence on temperature due to the valence band offset
of the heterojunction. By applying Taylor expansion to (5)

and considering INE (T) = INE (TO). exP(vJ, T/NVTo ) from
the equivalent circuit in Fig. 1, the increase in backward
hole injection current (represented by IPE, T in the mO@

is derived as

with

v~, T AE1, (T – TO)

x = NVTO kTO T “
(7)

This expression indicates that we can use a polynomial func-
tion of temperature rise to simulate the increase in the back-
ward hold injection current.

D. Effective Electron Barrier Variation

In an abrupt emitter junction, a conduction band spike

appears at the junction, which impedes the electron injection
from the emitter to the base. Although the spike height, which

is mainly determined by the conduction band offset of the

heterojunction, is not bias dependent, the electron tunneling

probability through the spike does vary with bias. This is
equivalent to an effective barrier (Al?c) which changes with
bias. The injection current including the barrier effect can be
expressed by

((I= Is. exp
VBE – AEC(VBE) _ ~

NOVT ))
(8)

where No is the ideality factor without the barrier effect. The
barrier AEC (VBE) is modeled by a voltage-controlled voltage

source VB (VBE ) in the model (see Fig. 1). To derive the
expression for VB (VBE), we use another expression of the
injection current which reflects the fact that the ideality factor
of collector current varies with bias due to the barrier variation

l=ls”(exp(N(%v+)“)
From (8) and (9), the relation between the VD (VBE) and

N(VBE) is derived as

(VB(VBE) = VBENO & –
1

)N(VBE) “
(lo)

This expression is used to construct VB (VBE) in the model
where N(VBE ) is obtained from the measured lC – VBE curve.

In a grade emitter junction, the barrier is significantly
reduced by composition grading. But it can not be completely
removed. Therefore, the barrier exists to some extent in a
graded emitter junction as well.

E. Capacitors

Capacitors are used to model the transit time and charge
storage mechanisms in the large signal model. In the model

(see Fig. 1), CE, (kl, and C’CS represent the capacitances
for the base-emitter, the intrinsic and extrinsic base-collector
junctions, respectively. Based on the charge-control theory,
transit time is lumped as a capacitor (CTT.) parallel to CE.

The classic expression for a junction depletion capacitance
assumes that either no current flows or carriers pass through
the unction at infinite velocity. However this assumption
may not be valid for both junctions of HBT’s under normal
operations. The electron concentration in the junction depletion
regions, which supports the current flow, may be comparable
with the donor density there, leading to charge compensation in
the n-type depletion region. Due to the charge compensation,
the n-type depletion region must be expanded to maintain the
chaxge neutrality of the junction assuming that the total charge
in the P+ -type depletion region is not changed. As a result, the
depletion capacitance decreases with current until the electron
concentration exceeds the donor density ND. To account for
this effect, the charge density qND in classical expressions of
depletion capacitances [6] should be replace by q(ND – n),
where n is the average electron density in the depletion region.
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By using the relationship between the current and n, a general
expression for the capacitance calculation may be given by

c = c(v) .(1– (ql.1))~’ (11)

where C(V) is the capacitance at the zero current, and ql
and qz are parameters determined by the electron velocity, the
junction area and the junction doping profile. This treatment

was applied to the intrinsic collector depletion capacitance
(CCI) in the model. The extrinsic collector (CCA-) and the
emitter (CE ) depletion capacitances were treated classically
(i.e., without considering their current dependence) since no
significant current flows through the extrinsic collector junc-
tion and the emitter doping level is usually an order of
magnitude higher than that of the collector.

The transit time capacitor CT. in the Gummel-Peon model

is related to the total transit time 7TT and transconductance
gm by

6’TT= %=(%)(%9”rTr”gm’12)
where Q~ is the total electron charges of a npn transistor. In
the Gummel–Peon model, a constant value is used for ~Tr.
In fact, ~TT is a function of both VCB and lc. The VCB

dependence of the transit time mainly results from the change
in the collector junction depletion width with VCB and the lC
dependence is due to the variation of the electron velocity as
Ic changes. Taking into account these effects, we can express
CT. in a general form

where VJ is the built-in potential of the collector junction and
60 – b3 are the parameters determined by the device physical
structure. In this equation

is the voltage-dependent term and l~s is the current-dependent
one. If ‘@r is independent of current, b3 = 1 due to gm N lC.
In this case, b. is the base transit time and

(bl(l+~)b’)

is collector transit time.
The above treatment on transit time only includes its effect

on signal magnitude because it is found that the effect on
signal magnitude is more important than that on signal phase.
However, the effect on signal phase can be modeled by
introducing a phase factor in the current-controlled current
source of the equivalent circuit, as that used in Gummel–Peon
model.
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Fig. 2. Gummel plot of a BNR HBT with an abrupt emitter-base junction,
showing the sections on the curves (lines) to extract the corresponding
parameters.
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Fig. 3. Comparison of the modeled and measured Gummel plot for the HBT
given in Fig. 4.

III. PARAMETER EXTRACTION

To minimize the uncertainty of parameter extraction, it is

necessary to use a complete set of the measurable device

characteristics which contain the information about all the
elements in the model. For this reason, the dc and small-signal
microwave characteristics under several sets of representative

bias conditions were measured and used to extract the param-

eters of the large signal HBT model in this work. During the

development of the model, the effects of each element on the
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Fig. 5. Comparison of themodeled andmeasured I-Vcharacteristics under
constant VBE conditions.

device chwacteristics were studied and identified. Based on
the understanding of these effects, the characteristics which
are the most sensitive to certain elements were used to extract
those element values.

A. Extraction for Bias-Independent Eleirrents

ht the developed extraction procedure, the bias independent

element values were extracted from dc measurements and
small-signal S-parameters. These elements include six parts.

1) RE: measured by using the open collector method [7].
2) RC: estimated from Z-parameters which was converted
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Fig. 7. Comparison of the modeled and measured total base-collector junc-
tion capacitance at lC = O.

from measured small signal S-pa-ameters.

RC = {2r~[Im(Z21) - Im(Z12)]}-1. (14)

3) RB: estimated from measured C~C, fT and Fm.x

RB =
~T

8TCBCf~ax .
(15)

4) LE, LB, and Lc: determined by using the optimization
for the small signal model of HBT’s.
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Fig. 9. Comparison of S-parameters from modeling (solid hnes) and measurement (symbols) at bias condition of VBE = 1.65 V and VCE = 1.65 V.

5)

6)

,8F: determined from measured Gummel plot, as indi-
cated in Fig. 2.
PR: obtained from measured reverse-mode Gummel plot
with the assumption that the maximum current gain is
equal to /3R.

B. Bias Dependent Elements For DC Characteristics

The dc 1-V characteristics of the transistor are primarily
determined by noncapacitive bias-dependent elements. These
elements are the collection junction diodes DC1 and llcx~, the
leakage diode DL, the recombination diode DR, the emitter
junction diode DE, and the controlled voltage source VEB
which accounts for the additional electron barrier at an abrupt
emitter junction.

The parameters of DC1 and Dcx were extracted from the
1? – C junction 1-V characteristics. The same ideality factors
were assumed for the two diodes. The measured saturation

current was partitioned between DC1 and DC-Y according to

their area ratio. This allows the parameters of the two diodes

to be extracted from one 1-V measurement.

The other bias-dependent parameters were extracted from

different sections on the Gummel plot, as indicated in Fig. 2.
Based on the analysis of the impacts of each element on

the Gummel plot, the section which is most sensitive to

an element was chosen to extract the parameters of the

element. For example, the base current is dominated by

leakage current at low VBE and by recombination current

in medium VBE regime; therefore, these two sections on the
IB – VBE curve were used to obtain the parameters of DL

and DR, respectively.
DL models the leakage current between emitter and base.

The leakage current is featured by a very large ideality factor,

which is much larger than 2. The cause for such a current has

not been well understood yet. The recombination current which
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Fig. 10. Comparison of the modeled (solid lines) and measured (symbols)
frequency response at VBE = 1.4 Vand VcE = 1.4 V.
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Fig. 11. Comparison of the modeled (solid lines) and measured (symbols)
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includes both surface and bulk recombinations is modeled by
DH, which has an ideality factor less than 2. The big difference
between the ideality factors of the diodes makes is possible to
extract the parameters of the diodes from different sections of
~~ – VB~ curve.

The Ic – VBE curve in the Gummel plot were used to
extract the parameters Of DE and VEB. As seen in Fig. 2, the

I I

I I
.-

0 1 10 100
Frequency(GHz)

Fig. 12. Compsrrisonof the modeled (solid lines) and measured (symbols)
frequency response at V~~ = 1.5 Vand V~E = 2.5 V.

collector current has distinct VB E dependence in different
ranges of VBE, indicating that the mechanism governing the

current transport changes with VBE. In the low range of VBE,

the diffusion process dominates. Thus the section of lC – VBE

curve in that range is used to obtain the parameters of DE.

With increasing VB,g beyond a certain point. the ideality factor
of IC begins to change with the bias, which indicates the
impact of the emitter barrier on collector current. It is noted
that the variation of the ideality factor can not be attributed
to emitter resistance since the effect of the resistance on lC

is negligible in this current range. Therefore, the parameters
of the emitter barrier VB can be determined from this section
of lC – VBE curve, based on (10). As VBE further increases,

the effect of emitter resistance eventually becomes significant,

and collector current is controlled by both emitter barrier and
emitter resistance. The point at which the emitter resistance
effect becomes important sets the upper boundary of the
section of IC – VBE used to obtain the parameters of V,B.
Since the value of emitter resistance is pre-determined from
the open-collector measurement, this point can be determined
on Ic — VBE curve.

C. Elements Related to Thermal Effects

The thermal-related elements in this model are RTh for

thermal resistance, VJ, T modeling the reduction of the emit-
ter junction built-in potential and IPE, T accounting for the
increase in the reverse hole injection from emitter to base as
the junction temperature rises. The thermal resistance can be
obtained from’ the temperature dependence of VBE via the
power dissipation of the transistor PDISS

AVBE
VBE(T) = VBE(To) + --&?#D1ss. (16)
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Fig. 13. Measured and simulated output power at fundamental frequence (2
GHz) and its harmonics versus input power at lB = 0.1 mA and V~E = 3.0
v.

Once the temperature coefficient AVBE/LIT is determined by
measuring VBE at different substrate temperatures, RTh can be
extracted from the slope of VBE – PDIs,s curve. The extracted
value of RTh was confirmed by liquid crystals measurements.

The parameters for VJ, T are extracted from the 1-V char-
acteristics of E – B junction diode at different ambient
temperatures and verified by the lC – VCE characteristics
under constant VBE conditions. The parameters for IPE, ~

can be determined from the lC – VCE plot under constant
IB conditions where Ic decreases with VCE. It should be

noted that it is important to use lc – VCE plots under both
constant ~B and VBE conditions to construct the thermal
model. Temperature effect parameters extracted only from the
Ic – VCE characteristics under constant IB conditions, as was
done in some HBT thermal models, may lead to an incorrect
thermal-effect model. For example, all the thermal effects may
be incorrectly attributed to the reduction in the base transport
factor with temperature.

D. Parameters of Bias-Dependent Capacitors

Four capacitors are used to model the bias-dependent fre-

quencyltransient response of HBT’s. The parameters in de-
termining the emitter junction depletion capacitor CE were
obtained by fitting the measured E – B junction capacitance
as a function of the applied voltage. The measured B – C
junction capacitance data were used to extract the parameters
for calculations of the extrinsic collector capacitance (7CX
and the voltage-independent part (the C(VD ) in (13)) of
the intrinsic capacitance CCI. In this extraction, the same
voltage dependence was assumed for both Ccx and CCI and
the measured total capacitance at zero bias was partitioned
between Ccx and CC1 according to the area ratio of the
intrinsic to the extrinsic collector. The parameters for the
current-dependent part of CCI [see (11)] are determined from
the difference of the measured B-C junction capacitance (lC =
O) and the capacitance calculated from the small signal Hzl

Gain

o Measured
— Simulated 0

PAE

/’
-35 -25 -15 -5

Input power (dBm)

Fig. 14. Measured and simulated power gain and PAE versus input power
under the condition of Fig. 13.

at various collector currents [9]

cc”=-[wlm(Y’)l-l
(17)

In order to extract the parameters for the transit time capac-
itance CT., the small signal HBT model was first optimized
against the measured S-parameters at different biases. In
the optimization, all the elements except CBE (the total
capacitance appeared at the E – B junction) were fixed at the
values obtained with the techniques described before, i.e., CBE

was the only variable to be determined by the optimization.
With CBE values obtained at different biases, the dependent
of CBE on VBC and Ic was determined. This dependence,

together with the known relationship between the junction

depletion capacitance CE and VBC was used to deduce the
parameters of CT..

IV. MODEL VERIFICATION

To verify the model, it was applied to HBT’s with various
emitter sizes [10]. An example is given here for a composite
HBT consisting of ten circular emitters with 2.5 &m diam-
eter. Figs. 3–5 show the dc characteristics calculated from
the developed model and obtained from measurement. The
emitter junction depletion capacitance and the total collector
capacitance (at lC = O) obtained from the model and from the
junction diode measurement are compared in Figs. 6 and 7. To
demonstrate the validity of the model for ac analysis over a
wide range of operating biases and signal frequencies, the S-

parameters, HZ 1 and G~~~ under five different bias conditions
were calculated by using the model. The five operating points
cover the major area of the lC – VCE characteristics in Fig. 5.
Figs. 8–12 compare the results from the calculation with the
measured data. To further verify the validation of the large-
signal model, a power sweep measurement was performed
for a common-emitter device biases under class A condition
and with 50 0 output termination. Figs. 13 and 14 show
the measured and simulated output power at fundamental
frequency of 2 GHz and at its harmonics, power gain, and
power added efficiency PAE. The agreement between the
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measured and the modeled data, as shown in these figures,
is excellent.

V. CONCLUSION

A new large-signal HBT model, implemented in SPICE, has

been developed. With the inclusion of the effects important
for HBT operations and the use of an accurate extraction
procedure for the model parameters, an excellent agreement

between the measured and the modeled data has been achieved
over a wide range of operating biases and frequencies. Several
new effects were identified from experimental observations
during
tribute
design

The
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H

the development of the model. These findings con-
to better understanding HBT operations and to the
optimization of the devices and circuits.
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