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Abstract— Direct extraction is the most accurate
method for the determination of equivalent-circuits of
heterojunction bipolar transistors (HBTs). However,
previous work lacks an exact expression for the extrinsic
base-collector capacitance, which models the distributed
nature of the base. This paper gives the derivation of
an exact expression for this capacitance. As a result,
each intrinsic equivalent-circuit parameter is determined
using a simple exact expression at each measured fro-
quency. The expression is valid for both the hybrid-
7 and the physics-based T-topology equivalent circuits.
Extraction results for InP- and GaAs-HBTs are given.
Note that a method for accurately extracting the sum
of the extrinsic and intrinsic base-collector capacitances
exists [8].

I. INTRODUCTION

In the analysis and design of microwave and millime-
terwave circuits using HBT's, it is necessary to have an
accurate linear equivalent circuit. The last decade has
seen an increasing shift from the traditional optimisa-
tion techniques to the more accurate and simpler direct
extraction techniques (see e.g. [1}, [7]- [10] for the T-
topology, and [11]-[16} for the hybrid-= equivalent cir-
cuits).

This approach greatly simplifies parameter extraction
since methods already exist for determining the bias-
independent extrinsic part of the HBT, which comprises
pad capacitances, access resistances and inductances
[3]- {5], (11]. These so-called parasitic elements can be
determined from an anslysis of measured S-parameters
of either special test structures {11], (6], or measure-
ments at specific bias points (cut-off mode, open collec-
tor, and/or forward bias} {3], [5]. The accuracy of these
methods is best tested with the exact formulation for
the intrinsic device proposed in this paper.

The direct extraction method is in analogy to the
method developed for FETs by Dambrine [2]. How-
ever, it has proved difficult in HBT modeling to resolve
the seven (7) intrinsic elements {namely Ry, Coer, Roe,
Cbe, Ric, Cuci, and o for the T-topology, or Ry, Chez,
R, Cx, R, Coei, and Gy, for the hybrid-n equivalent
circuits (see Fig,1 and 2 )) in terms of the four (4} mea-
sured complex S-parameters, the main difficulty being
with the base-collector capacitance Cp.,, which models
the distributed nature of the base. Conventional anal-
ysis of the intrinsic circuit leads to a complicated inter-
relationship of the elements, especially due to Cy..(see
Fig.1) which bridges the intrinsic network. Often, as
a result, some simplifying assumptions or special extra

measurements had to be made (see e.g. [8], [11]- [16]),
or optimisation steps had to be used [3], [4].

Employing the de-embedding technique, which is nor-
mally used on known parasitics, on Cpe, this pa-
per gives the derivation of an exact expression re-
lating this base-collector capacitance to the measured
S-parameters (de-embedded of parasitic elements and
converted to Y-parameters). Censequently, all the in-
trinsic parameters are resolved uniquely in terms of Z-
or Y-parameters at each measured frequency using sim-
ple exact equations.

The ratio between the extrinsic and intrinsic capaci-
tances is given as (emitter mesa area)/(base mesa area -
emitter mesa area). A convenient and practical method
used to determine the individual base-collector capac-
itances, therefore, has been to first extract the total
base-collector capacitance [6].

A complete analysis for the T-topology is presented.
The T-topology, being directly related to device physics,
allows checking of the physical relevance of the ex-
tracted parameters, and hence is not only useful for
circuit design, but also for device optimisation and tech-
nology development.

The hybrid-m model is included for completeness.
Even though it does not represent device physics di-
rectly, i.e. the elements R, C,, Gno, and 7 exhibit
frequency dependence especially in the millimeterwave
range, this model is the small-signal equivalent of the
popular Gummel-Poon HBT large-signal model [12].

II. ANALYSIS

The HBT T-topology equivalent circuit is shown in
Fig.1, with the intrinsic bias-dependent part shown
within the dashed box. The internal T-network com-
prising Rp;, Rpe,Che, R, Chei and @ can be expressed
in Z-parameters as follows
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@ is the common-base high frequency current gain.
@y is the dec current gain, 7; models the transist time,
whereas Ty corresponds to wq, the cutoff frequency.

From (1)-(4) it follows that
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!Now consider the Y-parameters of the complete in-
trinsic circuit, [Y]. De-embedding C., gives
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where [Yjes) corresponds to Cpcs.
The inverse of [Y;n] gives the Z-parameters of the
internal T-network as
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where
Ayvinz = AY — Jow ZY with AY = YnYzz -
Y12Ya; and EY =Y +Ye+Tizt+¥n
Since (1) and (12) are equal, the intrinsic base resis-
tance Ry; (see (5)) can be expressed as
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and, therefore, we can write
!Note that o may also be computed using
= Yo1 — Y12 a1

T Ya+Ya

where Y;; are the Y-parameters of the complete intrinsic equiv-
alent, circuit. Simple algebraic manipulations show that this equa-
tion and eqn.10 for « are, infact, completely identical.
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from which Cper is easily determined as
O = L R0 Im(AY) = In(¥, ) Re(AY)
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where ¥, = Y12 +Ya2.

The time constants and ag are calculated as follows.
From (4) and (10}, taking the reciprocal of the modulus
of {4) and squaring both sides of the equation gives

1
Jox(eo)?

from which it is clear that plotting 1/la{w)|* vs. w
should give & linear graph. The 1/|afw){*-intercept
gives 1/af and the gradient gives (T2/ag)? and hence ag
and T2 can be determined. And finally, 1, is calculated
using

= L (1) (16)
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A. The Hybrid-m Model
A similar analysis ylelds the same equations for Cp.
and Ry, for the hydrid-m small-signal equivalent circuit.
The equations for extracting the other intrinsic equiv-

alent circuit parameters are identical to those given in
[11).

(17)

III. PARAMETER EXTRACTION

The preceeding section has given exact formuiae
for evaluating the intrinsic HBT. The modeling effort,
therefore, reduces to an accurate determination of the
device parasitics which are first determined and de-
embedded (e.g.[3],[4]). Next, Cpy is computed using
(15) and also de-embedded. All the other intrinsic pa-
rameters are then calculated using (5)-(10). The transit
times and ap are evaluated using (16) and (17). A key
advantage of calculating each individual element at each
measured frequency is that the quality of the extraction
can also be checked by looking at any frequency depen-
dence exhibited by the elements. The linear graph used
for determining ap and the transist times also assists in
further checks on the quality of the extraction.

IV. RESULTS

The new expression for Cpe, was first verified us-
ing synthetic data. The next verification step was
tests on actual device data. Here, the new formu-
lation was used to extract the equivalent-circuit pa-
rameters of GalnP/GaAs HBT's fabricated at the
Ferdinand-Braun-Institut fuer Hoechstfrequenztechnik
(FBH, Berlin, Germany) and which are designed for
the microwave and lower millimeterwave range, and the
parameters of InP/GalnAs HBT's (emitter area 1x10
pm?) fabricated in-house at the Technion and which
are designed for the millimeterwave range (f;/fmes =

734



150,/200 GHz). The parasitic elements were determined
using open-collector measurements. First extraction re-
sults show good agreement between measured and mod-
eled parameters for the two different technologies, and
give insight to any frequency variations of the intrinsic
elements. As an example, Fig.3 shows the frequency
(in}dependence of the outer base-collector capacitance
for the InP/GalnAs HBT over the entire measured fre-
quency range. The values of Cy, and Cp; agree well
with the expected geometric ratio of the emitter mesa
area to the (base mesa area - emitter mesa area) (see
Table 2). S-parameter fits for both the InP- and GaAs-
HBTs are shown in Figs.4 and 5, respectively. Table 1
shows the extracted equivalent circuit elements.

V. CONCLUSION

Exact equations for modeling of the intrinsic HBT
have been presented. Small-signal modeling of HBTs is
reduced to an accurate determination of the parasitic
element values. First extraction results show that the
new formulation can be used for reliable and physically
meaningful modeling of HBTs.

Acknowledgement 1: The authors wish to thank Dr.-
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GaAs HBT S-parameter data and for useful discussions
on HBT modeling.
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InP/GalnAs

GalnP/GaAs

Vor =12V, Io=7.8mA

Vg =3V, Ic=18mA

pre (fF) 31 30
Cpie (IF) | 2.8 1.0
Cpee (IF) | 32.5 314
T, (pH) | 314 38.14
L. (pH) | 348 31.32
L. (pH) | &9 1.0
Ry () 23 0.92
Re (€) 0.4 0.84
R. (Q) 9.5 3.32
Cier (IF) | 32,5 715
Ro: (0) | 20 4.0
Ry () | 36 4.2
Cye (fF) | 185 353
R, (k) | 31 28
Coei (iF) | 46 7.5
71 {pS) 0 2.24
T2 (pS) 0.79 3.25
aq 0.9414 0.9896
f, (GHz) | 123 41

TABLE I

EXTRACTED EQUIVALENT-CIRCUIT ELEMENTS FOR THE
INP/GAINAS- AND GAINP/GAAS-HBTs

Device Dimensions | Cpex | Cobei

emitter, base mesa | (fF) | (fF)

3x10, 7x16.5 um® | 33 115

4x10, 8x16.5 um? | 37.5 | 15.0
TABLE 11

DEVICE GEOMETRY, EXTRACTED EXTRINSIC AND INTRINSIC
BASE-COLLECTUR CAPACITANCES FOR INP/GAINAS IN THE

ACTIVE REGION

5
45
401 x x x
38} Ky Mon X xXHX x -
x x x % X
30 * x xx*% .
E x
g
920
15
10
5
o .
5 10 15 20 25 30 35 40

Freq (GHz)

Fig. 3. Extracted Cper as a function of frequency for the
InP/GalnAs HBT

Fig. 4. Comparison of measured {symbols) and calculated (solid
lines) S-parameters from 50MHz-40GHz (InP/GalnAs-HBT,
Verg=12V, Ic——-TSmA) S11 '+', 0.1882; ’0’, 2812 ", Sag
'x’

Fig. 5. Comparison of measured {symbols) and calculated (solid
lines) S-parameters from 50MHz-50GHz (GalnP/GaAs-HBT,
Veg=3V, Ic=18mA). 811 '+, 0.08487; '0’, 2512 "%, S22 'x.
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