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A Self-Consistent Method for Complete
Small-Signal Parameter Extraction of InP-Based

Heterojunction Bipolar Transistors (HBT’s)
J. M. M. Rios, Leda M. Lunardi,Member, IEEE,S. Chandrasekhar,Member, IEEE,and Y. Miyamoto

Abstract—A complete method for parameter extraction from
small-signal measurements of InP-based heterojunction bipolar
transistors (HBT’s) is presented. Employing analytically derived
equations, a numerical solution is sought for the best fit between
the model and the measured data. Through parasitics extraction
and an optimization process, a realistic model for a self-aligned
HBT technology is obtained. The results of the generateds-
parameters from the model for a 2� 10 �m2 emitter area device
are presented over a frequency range of 250 MHz–36 GHz with
excellent agreement to the measured data.

I. INTRODUCTION

T HE HIGH-SPEED potential of heterojunction bipolar
transistors (HBT’s) in InP-based systems makes them

promising candidates for optoelectronic applications [1], [2].
The advantages of HBT’s in high-speed applications result
from two features: their structure and their superior carrier
transport properties. In order to optimize the performance of
our HBT-based photoreceiver optoelectronic integrated circuit
(OEIC) [1], a complete and accurate equivalent circuit model
for the transistor is needed. To evaluate these equivalent circuit
device parameters, we can rely on optimization techniques or
try to measure them. Although numerical optimization is often
used to fit the model-generated-parameters to the measured

-parameters, the resulting device element values depend on
the starting values and are not unique. On the other hand, the
measurement of too many parameters is time consuming or,
sometimes, impossible. Many research groups have reported
attempts to balance between how many parameters can be
extracted from multiple types of measurements and how many
must be obtained from optimization [3]–[8].

One important issue in the different approaches is the
system chosen to be studied, usually the AlGaAs/GaAs system
[3]–[7]. Due to its characteristics, this material system allows
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important approximations to the equivalent circuit model,
and the optimization step can even be avoided. But for the
InP-based HBT technology, parameters like high intrinsic
base resistance, high base-collector junction resistance, and
relatively small extrinsic base–collector junction capacitance
prohibit us to utilize some important approximations present
in [5]–[7]. In [8] the authors study an InP-based HBT also, but
we cannot use their procedure of estimating from geometry
the ratio between intrinsic and extrinsic components of base-
collector junction capacitance because of the reduction of
the extrinsic component by chemical etching in our devices
[9]. We want to be able to evaluate the effectiveness of this
process as well, so we addressed the problem with different
steps.

So, our approach is a translation of the physically based
-model equivalent circuit for the individual device into ana-

lytical equations that will fit our measured-parameter data.
With these equations transformed to-parameters, we analyze
the experimental data, extracting the maximum amount of
information, parameter values, and constraints in order to min-
imize the number of unknown parameters that inevitably must
be evaluated by a final numerical optimization process. This
method is shown to be an appropriate technique to provide
a realistic model for InP-based HBT technology without ap-
proximations or device geometry estimations that are specific
to material system or transistor technology. To our knowledge,
this is the first self-consistent method for transistors operating
beyond 80 GHz. However, it relies on complementing small-
signal -parameters with dc measurements of collector and
emitter resistances, minimizing, therefore, the number of total
parameters for the final fitting.

II. M ODEL ANALYSIS

The HBT small signal equivalent circuit used for this work
is the -model shown in Fig. 1. In this model, and

represent the pad parasitic inductances, and and
, the pad parasitic capacitances. These parasitics will be

obtained from measurements of test structures on the same
wafer as the device under study. The pad parasitic resistances
are assumed small and are incorporated into the HBT extrinsic
contact resistances. The dashed box in Fig. 1 emphasizes the
HBT device without the pad parasitics. For this layer of the-
model equivalent circuit, the -parameters equations become
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Fig. 1. HBT small-signalT -model equivalent circuit. At the bottom of the figure, the bias conditions and characteristic frequencies for the InP-Based HBT
are shown along with the equivalent circuit parameters obtained by measurement, parameter extraction, and/or optimization process.

(after a few matrix manipulations) the expressions

(1)

(2)

(3)

(4)

where

and

In a first approximation, we have assumed that the extrinsic
collector, intrinsic collector, and intrinsic base impedances
can be well represented at the frequency range of interest by
pure resistances ( and , respectively) without any
capacitive or inductive component.

We describe the current source by the dc-current gain,
the 3-dB roll-off frequency , the base and collector

transit times and , and the empirical factor .
The intrinsic transit time is defined as

, and the approximation below is valid because, for
InGaAs/InP HBT’s, [5], [10]

Expanding (1)–(3) and studying their frequency behavior,
we arrive at the following expressions:

(5)

(6)

(7)

Equations (5)–(7) incorporate the approximations
and . To be

valid simultaneously, these approximations imply that
, which is typically the case in InGaAs/InP

HBT’s. In (6) it is also assumed that .
These approximations will determine a frequency range over

which (5) and (6) will have constant values. For our devices,
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with appropriate technology parameter values, this frequency
range spans from approximately 1 to 10 GHz.

In the case of (7), a constant value will be attained only
at high frequencies. At low frequencies, this expression will
approach the resistance value of the base–collector junction

(8)

We find also the following useful expressions:

(9)

(10)

(11)

Equations (9) and (10) incorporate the approximations
and , where we

assume and .

III. PARAMETER EXTRACTION METHODOLOGY

The InP/InGaAs HBT’s characterized here were fabricated
from metal organic vapor phase epitaxy (MOVPE)-grown
material, with 2 10 m emitter area. The details of the pro-
cessing and epitaxial structure have been published elsewhere
[9]. The small-signal measurements were performed from 250
MHz to 36 GHz with a network analyzer, with data acquisition
and analysis performed running commercial software.1 The
footprints of the transistor and test structures were designed
on the ground-signal-ground (GSG) configuration. Two test
structures, an “open” and a “short,” were included along
with the transistors to estimate the parasitics (capacitances
and inductances) [3], [11]. Examples of the equivalent circuit
parameters are discussed below.

A. Total Base-Collector Capacitance

In Fig. 2 we plot (5) with the measured device-
parameters, before and after the de-embedding, and

, respectively. From this plot, the difference between
the two values is the parasitic capacitance value. This
value is usually extremely flat with a standard deviation of
1% or less. The discrimination between the intrinsic
and extrinsic parts of the total capacitance will be
possible only later in the optimization step, where the fitted

-parameters and the measured-parameters are matched.
So, will be a constraint value during the optimization.

B. Total Base Resistance

Fig. 3 shows the plot of (6), the total base resistance,
with the measured device -parameters, before and after
the de-embedding. This parameter mean value must also be

1MMICAD for Windows Software, Optotek Ltd., Kanata, Ont., Canada,
1993.

Fig. 2. Frequency dependence of the total base-collector junction capaci-
tance,cbct. The dotted line indicates the mean extracted value.

Fig. 3. Frequency dependence of the total base resistance,rbt. The dotted
line indicates the mean extracted value.

extracted in the frequency region of 1–10 GHz. Although this
value is usually very flat with a standard deviation around
2%, there is a small decrease between 8–10 GHz, which we
will address with an extrinsic base contact capacitance,
shown in Fig. 1, due to the nonalloyed base metal contacts
[3], [12].

The distribution between the intrinsic and extrinsic
parts of the base resistance and the evaluation of the

contact capacitance will be possible only later in the optimiza-
tion step. This value, , will be the second constraint value
during the optimization. The two constraints, namely and

, will together determine the distributed base impedance in
the 1–8-GHz region, and the base contact capacitance
will correct this impedance at higher frequencies.

C. Collector Resistance

For our InGaAs/InP technology (7), for , presents a
different behavior than that seen in [5] (a GaAs-based HBT



42 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 1, JANUARY 1997

Fig. 4. Frequency dependence of the current gain magnitude,�. The dotted
line indicates the low-frequency mean extracted value, presented in Fig. 1.

with large dimensions). First, it is extremely sensitive to the
parasitic collector–emitter capacitance, , that must be de-
embedded in smaller devices, such as ours. Also, the second
term in (7) is dominated at high frequencies by the high intrin-
sic base resistance, , causing the total collector resistance
value to become negative, with high standard deviation, and
therefore, meaningless.

We choose to obtain the collector resistances from dc
measurements so they could be kept constant during the
optimization process. The normal measurement method [13],
the stepped collector current method, is used to obtain the
sum of the resistances, . The distinction between the
intrinsic and extrinsic parts, and , was done utilizing
the open collector method, with the emitter and collector
exchanged, and assuming that this lower collector resistance
result is mainly the extrinsic part due to contact resistance.
Fig. 1 shows the values we found, with a standard deviation
of 1 .

From (8), at low frequencies this parameter will approach
the base–collector junction resistance value. This would imply
that the measurements have to be performed down to low
frequencies (a few megahertz in our InP technology) for a
precise value. Since we limit our measurements down to 250
MHz, will be useful only to obtain an order-of-magnitude
estimate of the base-collector junction resistance,.

D. DC Current Gain

Fig. 4 shows the plot of (9), the dc current gain,, showing
that de-embedding affects it marginally. This parameter is
treated as a constant during the optimization step.

E. Total Emitter Resistance

The first two terms of (11) form the well-known low-
frequency limit for the real part of [4], from which the total
emitter resistance is usually obtained. But with the addition of

(a)

(b)

Fig. 5. (a) Frequency dependence of the total emitter resistance,ret. The
dotted line indicates the mean extracted value. (b) Mean extracted values
of ret as a function ofI�1

C
, at fixed VCE. The dotted line indicates the

extrapolation to zero value,ree0. The open square point shows a generic bias
point to be simulated.

an extrinsic base–collector capacitance, as in the case of InP-
based HBT’s, this can imply the necessity of measurements
down to 10 MHz or less. So, we chose to retain a third term
in the approximation, , as a correction. This correction can
be important for HBT’s with high intrinsic base resistance and
low dc current gain. Fig. 5(a) shows the plot of (11),. It
is clear that the de-embedding does not affect this value in
this region. The mean value presents a standard deviation of
less than 0.5%, in spite of the fact that we have only five
measurement points below 1 GHz.

It is known that varies inversely with the emitter current
due to the dynamic emitter resistance,. As for
large values, vanishes, leaving only [4]. We therefore
fixed the collector–emitter voltage, , and acquired data
for different collector current values. In Fig. 5(b), we plot the
extracted values, , as function of . The extrapolated
value for will be the extrinsic emitter resistance,

, plus a correction term . We call this sum , and
use it as the first order approximation value for the extrinsic
emitter resistance during the optimization step. As soon as we
obtain the first values for the intrinsic base resistance,,
and the extrinsic base–collector capacitance,, we are able
to evaluate and correct for its new value. Usually the
process converges with only two or three iterations to a stable
value. In Figs. 5(b) and 1 we can see the first approximation,
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(a)

(b)

Fig. 6. (a) Frequency dependence of the time delay,�d. The dotted line
indicates the mean extracted value. (b) Mean extracted values of�d as a
function of I�1

C
, at fixedVCE. The dotted line indicates the extrapolation

to zero value,�0. The open square point shows a generic bias point to be
simulated.

, and the final value, . In this case, the resulting
correction is small, less than 3% of the value. In other
devices, grown by other epitaxy technique (viz. MOMBE) and
with lower dc current gain, , this correction can be as large
as 18% of .

Finally, the dynamic emitter resistance is given by

(12)

F. Time Delay

Fig. 6(a) shows the plot of expression (10),, the time
delay. The de-embedding affects this parameter considerably.
The standard deviation is around 2% if we restrict the ex-
traction to the region above 1 GHz, which corresponds to the
flatter section. As we can see from expression (10),has
the same dependence as on the emitter dynamic resistance,

. In Fig. 6(b) the extrapolated value of for ,
called , is obtained from the linear region just before the
degradation of . This value corresponds to the sum of the
intrinsic time delay, , and the collector charging components,

. At this point in the optimization, we still do
not know the partition between intrinsic and extrinsic base-
collector capacitances. Therefore, theparameter value will
be the third constraint in the optimization step.

Fig. 7. Comparison between the measured and modeledS-parameters for the
MOVPE grown HBT, with emitter area of 2� 10 �m2. The bias conditions
and extracted parameters are shown in Fig. 1.

Now we are able now to estimate the base–emitter capaci-
tance parameter from the expression:

(13)

G. Optimization Process

During the optimization step, the program will try to adjust
the equivalent circuit (shown in Fig. 1) modeled-parameters
to the measured ones. The object is to minimize an error
function, and a common problem encountered here is the
convergence to a wrong minimum. To avoid this problem,
we must use as few free parameters as possible, and include
some constraint values. At this point of the method, the
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parasitic elements and , and the device
parameters and have been fixed.
Furthermore, the following constraint parameters:
and have allowed us to reduce the free parameters to only
three, namely, and .

The base-collector junction resistance, , does not affect
the results significantly and it can be fixed to a high value
(order of megaohms), if compatible with the technology. After
the first iteration of the optimization, (7) can be modeled
for the value of , and adjusted to obtain the initial sharp
increase at low frequencies (in this case, 1 GHz).

Now we repeat the iterations to correct the initial extrinsic
emitter resistance, . This process must be done carefully as
this parameter affects the results much more significantly. But
in this case we have one of the most precise values from the
extraction method. The effect of the small correction,, can
be seen clearly in the low frequency behavior of , shown
in Fig. 7.

After a few iterations, the final constant values are obtained
and the optimization is free to quickly converge to the final
result for all device parameters. Fig. 7 shows the modeled and
measured -parameters of the HBT with the parameter value
results at the bottom of Fig. 1.

Due to the effect of parasitic capacitance fluctuations,
around 10% in our measurements, we estimate that the
accuracy of base–collector capacitances is within0.5 fF,
of the base resistances is1 and the intrinsic delay time
is within 0.03 ps. The parasitic inductances had a smaller
effect on the results, due to their small deviations. But some
caution must be taken with respect to the parasitic base
inductance value, . This parameter is an element in the
imaginary part of the total base impedance and influences
the distribution between intrinsic and extrinsic base-collector
junction capacitances.

IV. CONCLUSION

In summary, we have presented a self-consistent method
for direct calculation of the parameters of the-model equiv-
alent circuit from -parameters of an InGaAs/InP HBT. With
just two test structures on the same wafer, we are able to
derive resistances, capacitances, transit times, and their bias
dependence (if needed) and investigate which parameters most
affect the transistor performance. The analytical expressions
derived for the equivalent circuit model allow one to analyze
the technology aspects and further parasitic reduction.

The approach presented here can be incorporated in the
analysis of any HBT-based technology and provide insight
in the physics of the device.
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