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Stepping Toward Standard Methods of Small-Signal
Parameter Extraction for HBT’s
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Abstract—An improved HBT small-signal parameter extraction
procedure is presented in which all the equivalent circuit elements
are extracted analytically without reference to numerical optimiza-
tion. Approximations required for simplified formulae used in the
extraction routine are revised, and it is shown that the present
method has a wide range of applicability, which makes it appro-
priate for GaAs- and InP-based single and double HBT’s. Addi-
tionally, a new method is developed to extract the total delay time of
HBT’s at low frequencies, without the need to measure 21 at very
high frequencies and/or extrapolate it with 20 dB/dec roll-off.
The existing methods of finding the forward transit time are also
modified to improve the accuracy of this parameter and its com-
ponents. The present technique of parameter extraction and delay
time analysis is applied to an InGaP/GaAs DHBT and it is shown
that: 1) variations of all the extracted parameters are physically
justifiable; 2) the agreement between the measured and simulated

- and -parameters in the entire range of frequency is excellent;
and 3) an optimization step following the analytical extraction pro-
cedure is not necessary. Therefore, we believe that the present tech-
nique can be used as a standard extraction routine applicable to
various types of HBT’s.

Index Terms—Delay times, equivalent circuits, forward transit
time, heterojunction bipolar transistors, parameter extraction,
small-signal, III–V compound semiconductors.

I. INTRODUCTION

H ETEROJUNCTION bipolar transistors (HBT’s) based on
III–V material systems are very attractive candidates for

digital, analog, and power applications due to their excellent
switching speed combined with high current driving capability
[1], [2]. In that respect, there has long been a strong competition
between III–V HBT’s and their FET counterparts (MESFET
and HEMT).

As the range of HBT’s applicability constantly widens, the
need for accurate small- and large-signal models is a key factor
for successful employment of these devices in systems. The
most commonly used small-signal parameter extraction tech-
nique is numerical optimization of the model generated-pa-
rameters to fit the measured data. It is well known, however,
that optimization techniques may result in nonphysical and/or
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nonunique values of the components. Also the optimized pa-
rameters are largely dependent on the initial values of the opti-
mization process. Alternative extraction methods which ensure
unique determination of as many equivalent circuit elements as
possible are therefore of considerable importance. Several ap-
proaches for a more accurate and more physical parameter ex-
traction are suggested in the literature. Costaet al. [3] have
used several test structures to systematically de-embed the in-
trinsic HBT from its surrounding extrinsic and parasitic ele-
ments. However, this method requires three test structures for
each device size on the wafer, ignores the nonuniformity across
the wafer, and may involve an additional processing mask in
some self-aligned technologies. Pehlke and Pavlidis [4] devel-
oped an analytic approach to extract the-shaped equivalent
circuit elements of HBT’s. But this method, though attractive in
many aspects, had two major disadvantages. First, the method
was still relying on optimization to find the parameters of the
emitter branch and elements of the delay time, a problem which
was later resolved in [5]. Second, the distributed nature of the
base resistance and base-collector capacitance was not taken
into account. This last assumption, which was later addressed
by many other authors, may result in a negative collector series
resistance [6] or a nonphysical frequency behavior of the calcu-
lated emitter block [7].

Since 1992, other approaches were proposed, which took
the distributed nature of and into account. The
approach in [8] involves some unjustifiable assumptions (e.g.,

; see Fig. 1 for interpretation of the
parameters), and some of the parameters are left to be obtained
using numerical optimization and/or physical estimation. The
same is almost true for the approach used by Schaper and
Holzapfl [9], where it is assumed that and

. Rioset al. [10] proposed an attractive method
in which maximum amount of information, parameter values,
and constraints are extracted in order to minimize the number
of unknown parameters to be evaluated by a final numerical
optimization process. Kameyamaet al. [11] used a similar ap-
proach to extract the equivalent circuit elements of a pnp HBT,
but they claimed that their method can be applied to npn HBT’s
with a little modification. Measurement of-parameters under
open-collector condition is used in [6] to assist in finding the
extrinsic series elements of the-equivalent circuit, although
nonlinear extrapolation has to be used in order to find the series
elements (see [6, Fig. 2]). Additionally, all of the extrinsic
series elements are assumed bias-independent. Finally, Samelis
and Pavlidis [7] applied a novel impedance block conditioned
optimization. This method seems rather involved in terms of
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Fig. 1. Schematic cross-section of a small-geometry HBT together with its lumped element small-signal equivalent circuit. The impedance blocks defined in
(A3)–(A7) are placed inside dashed boxes.

implementation and computation time, but otherwise has the
advantage of preserving the physical structure of the impedance
blocks.

From the brief review of the above works, it is clear that there
is still a lack of a standard direct technique for small-signal
parameter extraction of HBT’s, although several positive steps
have been taken. This is in contrast to FET parameter extrac-
tion that has for long benefited from a standard method [12],
[13]. Therefore, it is necessary to review the existing methods
and develop a straightforward and reliable small-signal param-
eter extraction technique with very reasonable assumptions that
make it applicable to various types of HBT’s.

Recently, Li and Prasad discussed the basic expressions and
approximations used in small-signal parameter extraction of
HBT’s [14]. Based on this, they developed a procedure which
was successfully applied to extract the parameters of an Al-
GaAs/GaAs HBT with emitter area of 30m [15]. We believe
that the Li and Prasad’s work with some modifications, to be
discussed in the present article, can be the basis for a standard
method applicable to a wide range of HBT’s. The modifications
to [14] and [15] include different plotting and/or interpretation
of the measured data, less restrictive assumptions, removing
the necessity of a final optimization process, more general
formulation of the common-base current gain, a different use
of “cold-HBT” data, and physical explanation of some of the
observed variations (which could not be explained in [15]).
These modifications are clearly addressed in the forthcoming
sections.

In addition, new methods are introduced to obtain the total
delay time and the forward transit time
from the measured-parameters at low frequencies, without the
requirement of extrapolating at higher frequency region.

The structure of this paper is as follows. Section II describes
the theoretical approximations of-parameters, assumptions

made, and the range of their applicability. Then in Section III, a
parameter extraction technique based on the results of Section II
will be developed. Section IV is devoted to the new methods of
finding total delay time and forward transit time from the mea-
sured -parameters at low frequencies. Discussion of the results
in Section V will be finally followed by main conclusions of this
work in Section VI.

II. -PARAMETERSFORMULATION AND APPROXIMATIONS

Fig. 1 shows the schematic diagram of an npn HBT together
with its associated small-signal lumped-element equivalent cir-
cuit. This is a T-shaped equivalent circuit with three added par-
allel capacitances due to the contact pads. Since the T-shaped
equivalent circuit is more closely related to the original deriva-
tion of the common-base -parameters of bipolar transistors
[16], [17] and involves less simplifying assumptions than the

-equivalent circuit, it is usually employed in the literature (and
in the present work) for the purpose of small-signal parameter
extraction of HBT’s. The distributed nature of the base resis-
tance and the base-collector capacitance is modeled in this dia-
gram by dividing them into only two sub-elements; namely in-
trinsic and extrinsic parts. Division of these elements into more
sub-regions is discussed in, e.g., [18], [19], but one has to mainly
rely on optimization techniques to evaluate the extra elements.

One feature in common among different methods of param-
eter extraction in the literature is that first the parasitic pad ca-
pacitances are determined. Measurement of an open test struc-
ture [3], and variation of the measured total capacitances at
low frequencies with reverse bias [18] or with junction area
[20] are proposed to distinguish between the junction and par-
asitic capacitances. Once the parasitic pad capacitances are de-
termined, the internal device will be de-embedded from these
using standard network parameter transformation. Usually, the
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subcollector of HBT’s is at least three to five times thicker than
their base region. Therefore, is a very small resistance, es-
pecially in npn III–V HBT’s where the much higher mobility
for electrons is also responsible for a negligible . Conse-
quently, one can merge the effects of and into a single
resistance connected in series with the collector inductance

. The resultant equivalent circuit, after de-embedding the pad
capacitances, can be explained by a set of-parameters. The
formulation of -parameters in the present work is similar to
that in [14], and is repeated for readers’ convenience in the Ap-
pendix. It is important to note that more physically complete
equations for and , as compared to those in [14], are
used here. Also reverse-biased junction resistances are
considered for both the intrinsic and extrinsic parts. We further
define:

(1)

(2)

(3)

If one assumes

(4)

(5)

(6)

then after some algebraic manipulation one can arrive at the
following simplified equations:

(7)

(8)

It is worth pointing out that assumptions (5) and (6) are
second-order approximations, as opposed to first-order ap-
proximations suggested in [14] for the intermediate frequency
range (e.g., and ). This makes the
range for applicability of (4)–(8) wider. If, for instance, “”
means “at least ten times smaller”, then with some rather con-
servative values of k , , , and

fF, the above approximations would be valid
for GHz GHz. Therefore, even in InP/InGaAs
HBT’s where is two to three times larger than GaAs-based
HBT’s, there would be a wide enough frequency range over
which (4)–(8) are valid and small-signal parameters can be
extracted using the technique discussed in this work. Another
result of the above discussion is that extremely low frequency
range (characterized by ) and extremely high
frequency range (characterized by ) as defined
in [14] require measurement frequencies as low as 50 MHz or
as high as 500 GHz, which can not be achieved using presently
available network analyzers.

Other useful relations that can be directly (without any as-
sumption) derived from (A1) and (A2) are

(9)

(10)

Therefore, if , and are known, can be
accurately determined. However as will be shown in the next
section, elements of can be determined at low frequencies
without accurate knowledge of the above impedance blocks.

Under forward active mode of operation, and especially at
high current regime, the assumption:

(11)

would be valid in a wide frequency range and (A5) can be ap-
proximated as

(12)

“Cold” condition for HBT’s is defined as the condition when
both junctions are zero-biased (or reverse-biased). Under such
condition, dc current is zero, hencewould be extremely small
and the device behaves like a passive component .
Expressions (4)–(8) would still be valid. Also (A9) simplifies
to . Additionally, is very large and (11)–(12)
are no longer valid. Instead, assuming and
(4)–(6), one can write

cold cold

(13)

As will be shown in the next section ,
and therefore, the last terms on the right-hand-side of (7) and
(13) are extremely small and can be ignored.

III. PARAMETER EXTRACTION TECHNIQUE

In this section, an improved version of the technique
explained in [15] will be applied to extract the small-signal pa-
rameters of an InGaP/GaAs double HBT with m

area (accounting for the estimated mesa undercut) and
m area. The intrinsic part of the layer structure

of this DHBT consists of 1000 Å cm InGaP
emitter, 1000 Å p cm GaAs base, 200 Å

cm GaAs spacer, and 4800 Å
cm InGaP collector, all grown on semi-insulating GaAs
substrate. Device fabrication is discussed elsewhere [21]. DC
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Fig. 2. Real parts of theZ-parameters as a function of frequency obtained
under cold-HBT condition.

characterization of the device is carried out using HP4145B
Semiconductor Parameter Analyzer. Then the- parameters
are measured on-wafer using HP8510 Network Analyzer and
Cascade Microtech RF probes in the frequency range 100 MHz
to 40 GHz.

Small-signal parameter extraction starts from de-embedding
the internal device from parasitic pad capacitances surrounding
it. Then, a series of -parameter measurements is carried out
under constant and variable collector current (including

, i.e., the cold-HBT). The cold-HBT measurement is to
assist in finding , which is assumed bias-independent, as
well as . Measured data under variablewill be used to
separate current-dependent elements from those insensitive to
current.

As to the measurement of the parasitic pad capacitances, we
employed a combination of two methods. First method is mea-
surement of an open test structure. Second is the variation of
reverse bias across and junctions of a cold-HBT to
distinguish between the junction and parasitic capacitances [18].
Both methods resulted in similar values of and , but

obtained from the second method was significantly larger
than that from the first. We believe that this is due to the full
depletion of the emitter n-region under reverse bias condition
which results in a misinterpretation of the variation of the total
measured capacitance with bias. Therefore, we suggest to use

and measured from an open test structure, and only
from the second method. This way, one avoids the extra

measurements of the cold-HBT at variable reverse biases; only
one cold-HBT measurement is required to find , which has
to be carried out for the purpose of extracting anyway.

Once the pad capacitances are determined, the internal
device can be de-embedded from them. Next, one should
obtain maximum amount of information from measured
cold-HBT results. In this analysis, we will have the following
additional assumptions which all seem physically justifiable:
1) is assumed bias independent, 2) is constant at

Fig. 3. Plot of! � Im(Z ) versus! under cold-HBT condition.

low current levels, but it may change at higher currents, and 3)
area area only under low current injection

condition; it may change at higher levels of current. It is quite
clear that the above assumptions are much less restrictive
than those in [15]. In [15] it is assumed that all the extrinsic
series elements ( and ) and are
absolutely bias-independent, while this is not required in the
present work.

As seen from (7), (8), and (13), at high frequencies under
cold condition the real parts of , and

saturate at , and
, respectively (see Fig. 2). In case any of the

real parts is not completely saturating at high frequencies, one
can plot it versus then fit a straight line through the data
points and extrapolate to the-intercept. Since at low currents
is equal to the area ratio between the and junctions,
one has a system of three equations and four unknowns, namely

, and . Our approach to find these elements
is to assume a reasonable value for, which, for instance, can
be obtained from dc open collector measurement [22]. It is im-
portant to mention that the above value of only serves as an
initial guess and it will be corrected in one of the early stages of
parameter extraction for hot-HBT, after which only one or max-
imum two iterations will result in converging values of all the
series resistive elements. Once is known, the other three re-
sistances can be found, but only will be assumed constant
and fed into the parameter extraction procedure for hot-HBT.

Although the information obtained from imaginary parts of
the -parameters measured under cold condition is not required
for the parameter extraction of hot-HBT, it is constructive to
show the variation of to confirm the validity of (7), (8),
and (13). Fig. 3 shows a plot of

, and versus . Linear variation of these plots
confirms, once again, the validity of the approximations used
to derive (7), (8), and (13). The-intercept of the plots are

, and , respectively. A zero-intercept for the
plot of versus supports the earlier statement
that the last terms in (7) and (13) are indeed very small.
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Next the -parameters of the device under forward active
mode with variable and constant ( V in this case)
will be measured. The reason for having a constantrather
than a constant will be clarified later. Bearing in mind that
(7) and (8) are still valid under hot-HBT condition, one can
obtain the values of

, and by plotting real parts of
and versus , and and

versus . Since is known from cold
results, can be determined and consequently and
are evaluated. In [15], after is obtained, is determined
from and it is stated that
this parameter is very much sensitive to the value of. But
in the present method and are obtained independently
from -intercept and gradient of the plot of
versus , respectively.

If is plotted against , the gradient of the
fitted line will be equal to . Since is known,

can be determined. If is extremely large, then the term
would be negligibly small and almost compa-

rable to the terms already neglected in the derivation of (8).
Therefore, the plot of versus may result
in a nonlinear variation or even a negative slope. In such cir-
cumstances, one can use a large value forbearing in mind
that this element does not affect the small-signal parameters sig-
nificantly. As to the determination of and , one can
consider the inverse dependence of resistance on area:

area area
area

(14a)

(14b)

At this stage, all of the terms on the RHS of (9) and (10) are
known, and therefore, and can be evaluated. Variation
of with frequency will be discussed in the next section. As
to the determination of , magnitude of will be-
come large at high frequencies. Consequently, any small error
in the determination of , or may result
in a significant deviation of at higher frequencies. But the
effect of the above impedance blocks on is just minimal
at lower range of frequency where . Therefore,

can be evaluated from the real part of RHS of (10)
at low frequencies. Fig. 4 shows the variation of with
frequency for different values of dc collector current. All of the
plots in Fig. 4 saturate at low frequencies at , and
at higher frequencies asymptotically approach, as expected
from the formulation of in (A5) [7]. Determined values of

can be plotted against to differentiate be-
tween and (Fig. 5). The -intercept of this plot gives a
corrected , which has to be used in order to obtain a cor-
rected value of through the cold-HBT measured resis-
tances. can also be found from the gradient
of the plot in Fig. 5, which gives an ideality factor,, of 1.03.
The sudden increase of at the highest current point
is due to device self-heating which is known to increase both

and [23].

Fig. 4. Plots ofReal(Z ) versus frequency under variableI . All the curves
saturate at low frequencies to the value of(R + R ).

Fig. 5. Variation of(R +R ); (� +R �C ), and� as determined
from Figs. 4, 7, and 8, respectively, with(1=I ). Extrapolatedy-intercepts of
the fitting lines giveR ; � , and� + (R +R )C , respectively.

Although any change in will be directly reflected to a
change in , and with more or less similar mag-
nitude, the resultant variation of the latter parameters only has a
minor effect on and , which are determined in the low
frequency region where . Therefore, the above pro-
cedure will be a very fast converging iteration with only one
or two steps required. It is worth mentioning that in [15]

, and are determined by numerical optimization and/or
using assumptions related to extremely high frequencies, while
fully analytical methods in measurable range of frequency are
employed in the present work.

Once the iteration procedure is converged, one can plot the
imaginary part of versus to find and thus

. Imaginary part of , obtained from the RHS of (10), is
very much sensitive to the value of. Therefore, an accurate
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TABLE I
DIRECTLY EXTRACTED AND OPTIMIZED PARAMETERS UNDERVARIABLE COLLECTOR CURRENT AND CONSTANT V OF 0.80 V. THE

RELATIVE ERRORS OFCALCULATION , AS DEFINED IN [15], ARE ALSO GIVEN

Fig. 6. Im(Z ) versus! under various collector current levels. The gradient
of the fitting line is equal to(L � R C ).

value of considering the undercutting of and junc-
tions is crucial in determining , otherwise one would observe
a nonphysical saturating behavior for .
is an increasing function of (see Fig. 6), but once corrected
for the variation of , shows an almost constant value of

versus collector current. Values of all the extracted param-

eters for the device under study with variableand constant
V are summarized in Table I.

IV. DELAY TIME ANALYSIS

In the previous section, direct extraction of the parameter
was explained using (9). The frequency dependence of this

parameter includes sufficient information to extract , and
. This is to be discussed in this section. Using (A8) given in

the Appendix one can write

Then, expanding the Taylor series of and ignoring the
terms (and higher powers of), the following equation can

be derived:

(15)

Therefore, and the term inside the square bracket in (15)
can be extracted from the-intercept and gradient of
versus . This plot is shown in Fig. 7 for the device under
study at various collector current levels. A linear behavior can
be observed in this plot for the low to medium frequency range.

If one further assumes

(16a)

(16b)
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Fig. 7. Variation of1=j�j with ! , andIm(�)=Re(�)with ! under various
I levels.

then

(17a)

(17b)

Therefore, can be obtained from a plot
of versus (Fig. 7).
The values of at various current levels are
plotted against in Fig. 5. Since is already known as
a function of can be determined from the gradient
of the above plot. This method assumes that does not vary
significantly with slight changes of in the current range con-
sidered. Linearity of this plot confirms that the latter assumption
is a reasonable one. The obtained value of is fF. The
forward transit time, , can also be accurately evaluated from
the -intercept of the above plot. This method of characterizing
the forward transit time is only relying on an accurate value of

, which is to be used in (9) to find ; collector series in-
ductance can be shown to have a negligible effect on. There-
fore, the present method is expected to be much more reliable
than the conventional method of plotting total delay time,,
versus , which additionally requires a prior knowledge of

and (see (19) and Fig. 5). Also it is shown by Lee [24]
that this method of determining is much less sensitive to er-
rors in de-embedding pad capacitances. However, the method
suggested by Lee [24], [25] is slightly different from the one
used in the present work. Lee has suggested to use

(18)

while the last approximate equality in (18) clearly ignores the
term in (17). Therefore, the present method
is expected to give more accurate results.

After finding from the plot in Fig. 5, the plots in Fig. 7
give us two equations for the two unknowns and . The
method of extracting and in this work can be considered
as a modified version of our previous work [5]. Finally, can
be evaluated using (A9). At this stage it must be pointed out that
Li and Prasad [14], [15] used the invalid assumption of
(which ignores ) and a plot of , obtained
from Fig. 6, versus to find . Therefore, they obtained
a nonlinear plot (Fig. 13 in [15]) and an inaccurate value of
which necessitated numerical optimization. But even optimiza-
tion is relatively insensitive to , and hence, could not
be determined accurately in their work. This problem does not
exist in the present work. Additionally, the formula for in
[15] is incorrectly stated as and the term

is ignored in their expression. Based on
these formulae, Liet al.observed values of which were un-
expectedly varying with both and (Tables II and III in
[15]). In contrast, ’s obtained in the present work are almost
constant with bias ( ps), since a physically correct
formula for [(A9)] is used here.

The total delay time in HBT’s can be written as [26]:

(19)

The conventional method of finding the total delay time is to
plot versus frequency and extrapolate the graph with the
slope 20 dB/dec (single-pole approximation for ) to locate
the frequency, , where reaches 0 dB gain. However,
usually deviates from the20 dB/dec roll-off due to the impor-
tance of higher order poles and zeros, the transit time effect [27],
or frequency dispersion related to extrinsic base surface recom-
bination [28]. This makes the task of finding a precise value
for very difficult, especially in the case of state-of-the-art
HBT’s with cutoff frequencies in excess of 200 GHz. There-
fore, a method of characterizing the total delay time based on
low frequency measured data would be extremely valuable. In
the following, it will be shown that

at low frequencies. (20)

Since is one of those elements which can be evaluated quite
precisely at low frequency, the above equation serves as a low
frequency rule to find an accurate value of total delay time. In
order to prove (20), one needs to consider some “first-order”
approximations:

(21)

(22)

Equations (21) and (22) are more restrictive than (4)–(6), but
one expects them to be still valid for almost an order of magni-
tude of frequency (typically GHz GHz). Using
assumptions (21) and (11), can be written as the ex-
pression shown at the bottom of the next page, whereis the
imaginary part of . Now if one uses the low frequency assump-
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Fig. 8. Variation ofRe(Z ) with frequency under variousI levels. The
saturated values of the plots at low frequencies are equal to� =C . The
sudden increase inRe(Z ) at I = 40 mA is due to the device self-heating
(see the text).

tions of (i.e., (16)) and additionally assumes , then
and (20) follows.

Fig. 8 shows the variation of with frequency for var-
ious ’s. The plot at all different current levels saturate at low
frequencies. The constant range of the plots gets narrower for
lower current levels, primarily due to the narrower range of va-
lidity for assumption (11). The values of thus calculated
are compared in Table I with those obtained from extrapolation
of at higher frequencies. The slight difference between the
two sets of ’s is mainly due to the fact that in all of
the cases rolls off with gradient less than 20 dB/dec (18.5–19.5
dB/dec in these cases). Therefore, using is expected to
give more accurate delay times. Finally, it should be pointed out
that both the above sets of calculated ’s are for the device
de-embedded from pad capacitances, which do not belong to the
actual device anyway.

V. DISCUSSION

Sections II and III presented a completely analytical HBT pa-
rameter extraction technique, which was successfully applied to
a m InGaP/GaAs DHBT. All the extracted param-
eters under variable collector current and constantof 0.8 V

Fig. 9. Comparison between the measured (symbols) and calculated (solid
lines)S-parameters atI = 25 mA andV = 0:80 V. Both measured and
calculatedS are scaled down by a factor of 40.

are summarized in Table I. Fig. 9 compares the measured-pa-
rameters with those calculated using extracted elements at col-
lector current of 25 mA. Excellent agreement between the mea-
sured and calculated data can be observed in the entire range

(22)
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of frequency. It is known that polar plots of-parameters do
not perfectly reflect the quality of agreement between measured
and calculated data. Also the high frequency portion (
GHz) of the -parameters in a polar plot is compressed in a
small area of the plot. Therefore, we have shown the real and
imaginary parts of the measured and calculated-parameters
for mA in Fig. 10(a) and (b), respectively. The calculated

-parameters also show a very good fit to the measured ones.
Excellent agreement between the measured and calculated pa-
rameters eliminates the necessity for a final optimization step.
Indeed, to prove the latter we have carried out an optimization
process using HP-ADS optimization facility with the extracted
parameters as initial guess. The values of the elements after op-
timization for mA are also shown in Table I, together
with the average relative errors, as defined in [15], for both cal-
culated and optimized parameters. It is clear that optimization
does not improve the error significantly.

Fig. 11 shows the variation of the extracted total junc-
tion capacitances in Table I versus collector current. Also shown
are the measured capacitances under constantof 0.5 and 1.2
V, and constant of 2.1 V. It can be observed that reduces
with increasing under constant condition, similar to the
trends observed in [29] and [30]. The reduction of with cur-
rent is attributed to current-induced broadening of the de-
pletion layer, and the variation of space charge with due
to electron velocity modulation [30]. However, all these current
dependent phenomena happen inside the intrinsic part of the de-
vice where injection of electrons occurs. Therefore, one expects

to remain constant, and all the change in should be
reflected to a similar change in . Consequently, we have
chosen to keep constant in our recommended parameter ex-
traction procedure. will be calculated using low current
(or cold) measured and area area under
the same value as in the high current data; any change in

with current will be directly reflected into a similar change
in and . However, one should notice that the variation of

at high current does not change anything in the determination
of from cold-HBT data.

Under a constant of 2.1 V, shows an initial increase
with . This is due to fact that higher requires higher , and
hence, a lower under constant condition. Therefore, both

and will increase initially, and it would be difficult to
differentiate between them. Variation of with current under
constant was also observed in [15], but the authors did not
explain this behavior.

Other interesting features of the data in Table I include a re-
duction of (and to a smaller extent) at higher currents
due to the emitter current crowding. The values of inductances

, and seem to be more or less constant with bias; at
highest bias point they all show some increase due to the device
self-heating. shows a continuous increase with collector cur-
rent and saturates at higher currents before starting to fall-off at
the highest bias point. This reflects to a similar trend for the vari-
ation of common-emitter dc current gain,, with current. The
sudden change of many of the parameters at mA is most
probably due to the device self-heating rather than Kirk effect.
Kirk effect (or base push-out) is expected to happen at collector
currents around 100 mA for the dimension and collector doping

(a)

(b)

Fig. 10. Comparison between the calculated (solid lines) and measured
(symbols): (a) real and (b) imaginary parts of theZ-parameters as a function of
frequency underI = 9 mA andV = 0:80 V condition. A differentI level,
as compared to Fig. 9, is used to demonstrate the applicability of the present
approach for a wide range of bias.

level of the device under study. (See also the following discus-
sion on delay times.) Since device temperature rise is expected
to increase both and [23], we have evenly divided the
sudden increase of at mA between the two
elements.
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Fig. 11. Extracted values of the totalB=C capacitance versus collector current
for constant values ofV (0.50, 0.80, and 1.20 V) andV (2.10 V). Solid lines
are used just to guide the eyes.

The base transit time remained almost constant
ps as the collector current was varied in the range (2–40) mA.
This further supports the idea that Kirk effect is not happened at

mA. The base transit time can be written as [31]

(23)

where is the neutral base width, is the diffusion con-
stant in the base, and is an average velocity of electrons
at the base end of the depletion region. is higher
than the static saturation velocity of electrons due to the velocity
overshoot effect. We adopt cm/s for the latter param-
eter as in [23]. For the base doping density in the present device,
minority electron mobility of cm /V s is expected [32]
which results in cm /s. Therefore, using
Å one obtains ps from (23). The larger measured
value of is due to the carrier trapping behind the triangular
potential barrier at the heterojunction, as discussed in [5].
Also, since minority electron mobility inside the base varies
with temperature as [33], will be almost temperature
independent. Consequently, does not change significantly as
self-heating occurs, though it may change slightly through the
reduction of .

The collector depletion layer delay time can also be expressed
as , where is the depletion
layer width (Fig. 1). can be estimated using
fF as m. Therefore, average value of at low cur-
rent levels ( ps) results in
cm/s inside InGaP collector, which is supposed to be somewhat
smaller than the average velocity of electrons inside GaAs [5].
When self-heating occurs, this velocity is expected to be signifi-
cantly reduced [23], hence causing a sharp increase ofunder
high current condition. The increase of , and with
temperature are other contributors to the enlargement ofat

the highest current level in Fig. 5. The-intercept of the linear
fit to the low current variation of with is 5.65 ps

. Using average values of ,
and in Table I, the term can be calculated
as 3.35 ps, which results in ps. This is close, but
not exactly equal, to the-intercept of versus

, which is 2.41 ps. As discussed in Section IV, the latter
method is expected to give more accurate values of.

VI. CONCLUSION

In this work, an improved HBT small-signal parameter ex-
traction technique is developed and applied to extract the pa-
rameters of an InGaP/GaAs DHBT. The method relies on mea-
surement of -parameters under constant but variable , in-
cluding cold-HBT measurement. The approximations
used to derive the simplified-parameter formulations were re-
vised, and it was shown that the present method benefits from a
wide range of applicability, which makes it appropriate for var-
ious types of HBT’s including InP-based and GaAs-based single
and double HBT’s. Furthermore, all equivalent circuit elements
are extracted directly without reference to numerical optimiza-
tion, and it was shown that an optimization step following the
analytical extraction does not improve the error significantly.
Therefore, we believe that this method can be used as a stan-
dard technique to extract the equivalent circuit elements of var-
ious types of HBT’s. We have also applied the above parameter
extraction technique to InP-based HBT’s, results of which will
be presented in a forthcoming publication.

In addition, it was shown in Section IV that for the
device de-embedded from parasitic pad capacitances

at low frequencies. Therefore, total
delay time of an HBT can be extracted at low frequencies,
without the need to measure at very high frequencies and/or
extrapolate with dB/dec roll-off. Furthermore, the
methods presented in [5] and [25] for extracting the forward
transit time was modified to evaluate and its components
( and ) more accurately.

Analysis of the extracted elements in Section V demonstrated
that all of them behave according to physical expectations.
Among the physical phenomena observed and explained were
the reduction of junction capacitance at high collector
currents, the effect of self-heating on small-signal elements
and delay times, and reduction of and due to emitter
current crowding.

APPENDIX

-PARAMETER RELATIONS

Consider the HBT small-signal equivalent circuit shown in
Fig. 1. After de-embedding the parasitic pad capacitances and
merging and into a single element , as discussed
in Section II, one can arrive at the following-parameter rela-
tions:

(A1a)

(A1b)
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(A1c)

(A1d)

Therefore

(A2a)

(A2b)

(A2c)

The impedance blocks in equations (A1) and (A2) are defined
(see also Fig. 1) as

(A3)

(A4)

(A5)

(A6)

(A7)

The common-base current gain and the input capacitance
can also be written as [16], [17]:

(A8)

(A9)

where
common-base dc current gain;
base transit time;
collector depletion region delay time;
empirical factor that fits the single-pole expression of
base transport factor to its more accurate secant hyper-
bolic representation [16].

A value of is used in the majority of the previous pub-
lications. includes the terms related to both depletion
capacitance and the so-called base diffusion (or storage) capac-
itance.
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