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Abstract—A novel analytical procedure has been proposed for
direct extraction of the intrinsic elements in a hybrid- equiv-
alent circuit of heterojunction bipolar transistors. This method
differs from previous ones by formulating impedance-parameter
based expressions that are exclusive of the extrinsic inductances
associated with the base, emitter, and collector. It is therefore
not susceptible to variation of the extrinsic reactances from dc to
high frequencies and can lead to very accurate extraction of the
intrinsic elements under different bias conditions. The distributed
phenomena in the base region can be also characterized rigor-
ously by exploiting the bias-independent features of the extrinsic
elements that are extracted subsequently from knowledge of the
intrinsic elements.

Index Terms—Heterojunction bipolar transistors, parameter ex-
traction, semiconductor device modeling.

I. INTRODUCTION

I N CONSIDERATION of efficiency and uniqueness, direct
extraction approaches have been intensively used for

modeling heterojunction bipolar transistors (HBTs) [1]–[6].
All approaches without exception follow that the extrinsic
elements are first determined and then de-embedded to allow
for extraction of the intrinsic elements. The reported extraction
methods for extrinsic inductances rely on either test structure
measurements [1] or forward-biased measurements under high
base currents [2]–[6]. However, there are still some empirical
difficulties in both techniques. The former technique requires
separate measurement of-parameters in a shorted test struc-
ture with an identical interconnection pattern in a real device.
To evaluate the parasitic inductances effectively, the intercon-
nection pattern is usually designed simply but not practically
enough for modeling multiple HBTs in an array form for power
amplifier applications. The latter technique takes the-param-
eter measurement when HBTs’ base–collector and base–emitter
junctions are maintained forward-biased. The injected base
current densities have to be sufficiently high so as to make the
junction impedances negligible when compared to the extrinsic
impedances. Under this scheme, the extrinsic inductances are
better extracted with larger reactances at higher frequencies.
However, the range of base–current density and frequency for
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Fig. 1. Gummel–Poon small-signal model for an npn AlGaAs–GaAs HBT.

a robust extraction of extrinsic inductances cannot normally be
forecast unless intensive tests have been carried out for a while.
To save strength in extracting extrinsic inductances but still
have reliable extracted quantities for intrinsic elements, our
formalism is quite unique to be able to express each intrinsic
element in a mathematical form independent of all extrinsic
inductances [7]. In [6], an extrinsic-inductance insensitive
expression for extracting the base resistance has been proposed
as a starting point for extracting the intrinsic elements. The
entire formulation is still extrinsic-inductance-dependent and
at least needs some rough figures for all extrinsic inductances
before extracting the intrinsic elements.

Fig. 1 shows the Gummel–Poon small-signal model of an npn
AlGaAs–GaAs HBT in consideration of negligible substrate ef-
fects. The coefficient with quantity between 0–1 represents
the splitting in the base–collector junction capacitance to ac-
count for the distributed effects at high frequencies in the base
region. Such distributed base effects complicate the formulation
to make the direct parameter extraction more cumbersome. The
approaches in [2], [4], and [5] employ full knowledge of the
extracted extrinsic elements to de-embed the intrinsic network
parameters whose frequency dependence can determine the co-
efficient effectively. However, the calculated coefficients have
been found to be quite sensitive to the extrinsic inductances that
were extracted beforehand. The formulation in [6] is less sen-
sitive to variation of the inductance quantities but requires ex-
traction of the base resistance in advance from the-parame-
ters measured at sufficiently high frequencies, which often go to
millimeter-wave range for smaller HBT devices. In this paper,
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the extrinsic emitter inductance has been found to have a tight
dependence on the coefficient and their mathematical relation
has been derived skillfully. We can further exploit bias indepen-
dence of the emitter inductance to quantify precisely this coef-
ficient.

II. EXTRACTION OF INTRINSIC ELEMENTS

By referring to [6], the two-port impedance parameters for
the HBT’s hybrid- equivalent circuit as shown in Fig. 1 are
derived as

(1)

(2)

(3)

(4)

where , ,
, and . We rearrange the formulation

to find the extrinsic-inductance independent expressions given
as

(5)

(6)

(7)

(8)

where

(9)

In (9), and can be further approximated by the
first three terms in the Taylor expansion series

(10)

Fig. 2. Illustration of a curve-fit procedure for estimating the parameters! ,
k, and� .

Substituting (9) and (10) into (5), we inspect the resultant for-
mulation and omit some negligible terms based on the following
assumptions:

(11)

(12)

where represents the amount of and . Note that the
above assumptions are mostly good for an HBT operating in
the forward active region. Finally, the equation in (5) is approx-
imated as

(13)

The most crucial step in this extraction algorithm is to derive
the phase of the difference between two mutual impedance pa-
rameters as

(14)

where

(15)

(16)

In the extraction, the measured-parameters are converted into
the impedance parameters in which the cotangent of the phase
angle for the difference between two mutual terms is calculated
as a function of radial frequency, as shown in Fig. 2 for an npn
AlGaAs–GaAs HBT with 2.4 6 m emitter area and biased
at V and mA ( kA/cm ). The pa-
rameters and in (15) and (16) can be estimated from such
a cotangent function by its root and the inverse of its slope at
low radial frequencies, respectively. The delay time () can be
pinpointed by a match of the curvature at high radial frequen-
cies. It is noted that these-parameters were measured via an
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Fig. 3. The estimated quantities of the parameters! , k, and� for the 2.4�
6 �m emitter-area HBT biased at different collector current densities.

HP8510C network analyzer and Cascade Microtech probes with
a frequency sweep from 0.5 to 26.5 GHz. The pad capacitances
were calibrated in advance using the open pads. One caution is
that the calibration errors in pad capacitances will lead eventu-
ally to the errors in extracting and , and subsequently the
intrinsic elements. This issue deserves special attention in mod-
eling small-size HBTs when their junction capacitances are re-
garded as comparable to the pad capacitances. Once both
and have been found, solving fordirectly from (14) yields a
formula with much better accuracy in determining the quantity.
That is,

(17)

As a result, the estimated quantities of, , and against the
HBT’s collector current density are plotted in Fig. 3 and will be
used to extract the intrinsic elements in the next step.

From (15) and (16), one can solve for and
in terms of , , and and then substitute them into (6), (8),
(9), and (13) to find the following intrinsic elements:

(18)

(19)

(20)

(21)

(22)

where

(23)

and in (9) can be rewritten as

(24)

Fig. 4. The extracted quantities of the total base–collector capacitance for the
2.4� 6 �m emitter-area HBT biased at different collector current densities.

Fig. 5. The extracted quantities of the base–collector resistance for the 2.4�

6 �m emitter-area HBT biased at different collector current densities.

In (18)–(22), the intrinsic elements are all expressed in terms of
and the impedance parameters. There are

still three unknowns to be determined before ex-
tracting the intrinsic elements. Generally speaking, these three
parameters have a common feature of weak bias dependence.
The current gain can be measured statically from the Gummel
plots. In fact, the static value of is slightly different from the
RF value, however, the influence due to the difference on the
intrinsic elements except the base–emitter resistance () is
quite small. The coefficient describing the nature of the
distributed base can be estimated roughly from the HBT geom-
etry. It was also examined in all intrinsic elements that only the
base resistance ( ) shows a closer dependence on this coeffi-
cient. Therefore, it is not necessary to know both quantities of

and to great precision for extracting the intrinsic ele-
ments, including and . The emitter resistance
( ) was found simply using the static flyback measurement
[8]. For the HBT mentioned above, the quantities of
and were estimated as 59, 0.75, and 10.1 respectively. The
intrinsic elements and can be then calculated
from (18)–(22) against the measurement frequency from 0.5 to
26.5 GHz under different collector current densities, as shown
in Figs. 4–7. It is obvious to find that each intrinsic element
exhibits a weak dependence on frequency in a variety of bias
conditions, which implies a strong degree of accuracy and ro-
bustness for this extraction technique.
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Fig. 6. The extracted quantities of the transconductance for the 2.4� 6 �m
emitter-area HBT biased at different collector current densities.

Fig. 7. The extracted quantities of the base–emitter capacitance for the 2.4�

6 �m emitter-area HBT biased at different collector current densities.

III. EXTRACTION OF EXTRINSIC ELEMENTS

Although accurate extraction of the intrinsic elements
including and can be done without a precise
quantity for and , the remaining intrinsic elements

as well as the extrinsic elements have relatively close
dependence on both parameters. In this section, the quantities
of and are modified to better precision by exploiting
their relations with the extrinsic elements. By re-examining
(1)–(4), the extrinsic collector impedance can be derived as

(25)

where has been expressed in (24) as a function of. Fig. 8
shows the calculated imaginary part ofagainst frequency for
the HBT biased at kA/cm . In principle, such a reac-
tance should have an almost linear relation with frequency and
its slope can be regarded as times the collector inductance.
However, we have found that the reactance deviates from the
linear relation at low frequencies with the presumed quantity of

equal to 59. We can seek the best linearity for the reactance
by adjusting to 63, which can be considered as a more ac-
ceptable quantity. Under this scheme, the collector resistances
( ) and inductances ( ) of the HBT biased at different col-
lector current densities are extracted from (25) with the modified
quantities of , and their results are demonstrated in Figs. 9 and
10, respectively. One can see that the extracted results can coin-
cide with their extrinsic passive nature of weak bias dependence
quite well.

Fig. 8. Illustration of seeking the optimal quantity for the parameter�.

Fig. 9. The extracted quantities of the collector inductance for the 2.4� 6�m
emitter-area HBT biased at different collector current densities.

Fig. 10. The extracted quantities of the collector resistance for the 2.4� 6�m
emitter-area HBT biased at different collector current densities.

Substituting (5) and (9) into (2), we can express the emitter
inductance in the form

(26)

Note that the above expression contains the base resistance ()
and transconductance (), which have also been expressed as
functions of in (20) and (21), respectively. In Fig. 11, the
mean values of with respect to frequency have been calcu-
lated against under different collector current densities.
It is observed that the emitter inductance has a close depen-
dence on . In general, for a fixed bias condition, the cal-
culated emitter inductance increases with by varying from
0 to 1, but appears positive only when exceeds a certain
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Fig. 11. Illustration of seeking the optimal quantities for the emitter inductance
and the coefficientX .

Fig. 12. The extracted quantities of the base resistance for the 2.4� 6 �m
emitter-area HBT biased at different collector current densities.

Fig. 13. The extracted quantities of the base inductance for the 2.4� 6 �m
emitter-area HBT biased at different collector current densities.

quantity. It can be also seen that all of the curves with different
collector current densities intersect around and

pH, which can be regarded as the optimal quantities
from the judgment of their bias-independent features. With the
modified quantity of , the base resistance has been re-cal-
culated from (20) with results demonstrated in Fig. 12. It is ob-
served that the base resistance tends to reduce at higher current
densities. From (1), (2), (5), and (9), one can derive the base in-
ductance in the form

(27)

The extracted results for the base inductance are shown in
Fig. 13 and agree again with our expectation to have a weak bias
dependence. The modified quantity of can be also used to
recalculate the transconductance in (21) and subsequently the
base–emitter resistance for better accuracy.

IV. CONCLUSION

An extrinsic-inductance independent approach for direct ex-
traction of HBT intrinsic elements has been presented. This ap-
proach starts with a formulation of the difference between two
mutual impedance parameters that can exclude all the extrinsic
inductances. In addition, the phase of such an impedance dif-
ference has been characterized by several parameters, which es-
tablish the fundamentals of the whole extraction. This makes the
approach so unique to extract the intrinsic elements before ex-
trinsic elements. The advantages include higher efficiency and
stability in comparison with the other extraction techniques.
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