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On the Accuracy of Direct Extraction of the
Heterojunction-Bipolar-Transistor
Equivalent-Circuit Model
Parameters C, Cpc, and Rg

Martin W. Dvorak, Member, |EEE, and Colombo R. Bolognesi, Senior Member, |EEE

Abstract—Several basic small-signal equivalent-circuit models
for bipolar transistors lead to simple analytical expressions for
the model parameters in terms of measured values. This paper
investigates the accuracy of these expressions for real transistors
by applying the direct extraction equations to more compli-
cated small-signal models. The extraction of the base/collector
capacitance, base/emitter capacitance, and emitter resistance
are considered. Analytically derived trends are illustrated using
measurements on small-area high-speed InP/GaAsSb/InP double
heterojunction bipolar transistors.

Index Terms—Circuit modeling, heterojunction
transistor (HBT), parameter extraction, small signal.

bipolar

I. INTRODUCTION

N THE high-frequency characterization of microwave tran-
sistors, small-signal models are often used to parametrize
complicated behaviors with relatively simple equations. A
small-signal model is preferably designed so that the model
parameters represent something physical in the transistor.
There are fundamenta limitations in using lumped-element
circuit models to describe physical structures such as a bipolar
transistor, but such small-signal models can be remarkably
effective at describing transistor behavior across a wide range
of frequencies. As well, many model parameters may directly
and unambiguously be correlated with physical quantities. This
allows meaningful feedback between characterization/analysis
and the design/fabrication of transistors. Indeed, there is much
information one can obtain from small-signal parameters
without obtaining the complete small-signal model for a
transistor. The magnitude of a capacitance, for instance, tellsus
about device area and doping levels.
This paper examines methods used for the direct extraction of
certain small-signal parameters: the base/collector capacitance,
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base/emitter capacitance, and emitter resistance. These param-
eters can be extracted directly by manipulation of the basic
small-signal model equations; a parameter can be expressed
as asimple function of the Y- or Z-parameters. However, real
transistors need to be described by more complicated models.
By applying the simple direct extraction equations to more
complicated small-signal models, the validity of these equations
for real transistors can beinvestigated analytically. Wereinforce
these findings with experimental results on InP/GaAsSh/InP
double heterojunction bipolar transistors (DHBTS) fabricated
and characterized at Simon Fraser University, Burnaby, BC,
Canada [1].

Previous papers on bipolar transistor modeling discussed the
frequency ranges of validity of various equations used in direct
parameter extraction, and some have examined the sensitivity
of extracted parameters to model inaccuracies. Pehlke and
Pavlidis only considered the effects of external inductances on
extracted base/collector capacitances [2]. The work by Spiegel
et al. looked at extracted base/collector capacitances with the
base/collector divided into an intrinsic and extrinsic region
[3]. Li and Prasad performed direct parameter extraction by
dividing up the frequency axis into a set of ranges, determined
by characteristic delay times of the transistors [4]. They did
not, however, look at the base/emitter capacitance, and the
present work extends on theirs in examining the validity of
approximations made for the determination of the emitter
resistance and base/collector capacitance. Horng et al. studied
and exploited the effects of emitter inductances on directly
extracted parameters [5]. Ouslimani et al. follow the work
of [4] and describe more sophisticated methods for direct
parameter extraction, which prescribes frequency ranges of
validity for the many required model equations [6]. In this
paper, various aternatives for the direct extraction of the
base/collector capacitance and external emitter resistance are
compared and contrasted: manipulation of the basic model
equations indicates that direct extraction from both Y- and
Z-parameters is possible, and (in the simplest models) both
give the same resullts.

In Section Il, two well-known basic bipolar transistor
models—the T-equivalent and hybrid-n models—are pre-
sented in a tutorial manner, and the effects of additional
parameters on the model equations are examined. The direct
extraction of the base/collector capacitance Cyc, base/femitter
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Intrinsic circuit

VE" Emitter

Fig. 1. Simplified T equivaent circuit for bipolar transistor. Intrinsic circuit
isindicated inside the dashed box. External impedances are represented by Z ¢,
Z g, and Z . Finite output impedance isrepresented by Rr . Pad capacitances
are not shown.

capacitance C,, and emitter resistance Rg + r. using various
techniques are then analyzed. A summary of findings concludes
this paper.

II. BASIC MODEL EQUATIONS

In this section, two well-known basic bipolar transistor
equivalent-circuit models are reviewed: the T-equivalent and
hybrid-= circuit models. Circuit eguations for these basic
models are given, and some complications to the simple models
are presented.

A. T Equivalent-Circuit Model

Fig. 1 showsthe simplified I° equivalent circuit for a bipolar
transistor. The part inside the dashed box is the intrinsic
simplified 7" equivalent-circuit model, and the impedances
surrounding theintrinsic transistor (Zg, Z g, and Z) consist of
aresistor and an inductor in series. Theintrinsic Y’-parameters
are

(1 — Oé)l + jw (Cﬂ— + Cgc) —jwCpc
Y = e . @
o JwCnc JwChrc
For a compact Z-parameter representation, the current gener-
ator term is defined in terms of the total emitter current . en-
tering the resistance . giving

Z Z
Z/ _ BE BC 2
Zpe —apZpc Zpc+ (1 —ap) Zpc @
where the impedances are Zpc = 1/(1/r. + jwCy) and

Zpo = 1/ijBc.

There is a subtle difference between the two approaches, as
discussed in [8]. Thetransistor parameters oy and v are related
to the dc common base current gain «, and include termsto ac-
count for various delay terms. The parameter « includes modifi-
cations to the magnitude and phase as functions of frequency as
aconseguence of the base/collector depletion layer transit times

giving

o =ap [%} exp(—jwT) ©)
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Fig. 2. Simplified hybrid-= equivalent circuit for bipolar transistor. The
intrinsic circuit is indicated inside the dashed box. External impedances (a
resistor and inductor in series) are represented by Zz, Z g, and Z.. Finite
output impedance is represented by R, . Pad capacitances are not shown.

where 7 isthe collector transit timeand 7 isan empirical delay
time consisting of the collector transit time and a small portion
of the base transit time. However, the base/emitter delay is ab-
sorbed by the base/emitter RC circuit. In contrast, the parameter
ap, which is used in the Z-parameter version of the 7" equiv-
aent circuit, does include the base/emitter delay. It is given by
(8]

(%

Xp = jw (4)
1+ —

wp
where wpg represents an additional first-order magnitude and
phase shift caused by the base/femitter delay. This latter is used

in the Z-parameter version of the small-signal model.

B. Hybrid-» Equivalent-Circuit Model

Fig. 2 shows the simplified " equivalent circuit for a bipolar
transistor. The intrinsic Y’-parameters for this two port can be
shown to be

1 . .
Y/ _ 7_ + Jw (Cﬂ' + CBC) _jchC ) (5)

9m — JwCnc JwCre

Note that the hybrid-7 and 7" equivalent model equations are
identical if the following substitutions are made:
Te

= and g,, = . (6)
l—« Te

Tr

Otherwise, all parameters are equivalent, and notably the
base/emitter and base/collector capacitances are unchanged.
Extrinsic parameters are also unchanged.

C. Finite Output Impedance

The output impedance is added in one of two ways. It may
be added as a conductance between the base and collector, asis
usualy the case for 7" equivalent circuits (Fig. 1). In this case,
the effects of the output conductance are added by replacing
each instance of JwCpg with JwCpe + 1/Rgc.

Or it is added as a conductance between the emitter and
collector, as is usualy drawn for hybrid-7 equivalent circuits
(Fig. 2). In this second case, the output conductance is added
as an admittance to the intrinsic Y -parameters

Y= [Yfl Y2/2"‘L )
Rout
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Fig. 3. Wei and Hwang's full T" equivalent circuit for bipolar transistor [10].
External capacitances are not shown.

D. Extrinsic/Intrinsic Base/Collector Capacitance:
Y -Parameters

More accurate bipolar transistor models must take into ac-
count the extrinsic and intrinsic components of the base/col-
lector capacitance, which are separated by an internal base re-
sistance; this distributed nature of the base/collector junction
is very important in estimating the fyrax of a heterojunction
bipolar transistor (HBT) [9]. A T equivaent circuit with this
modification is shown in Fig. 3. The model eguations in terms
of the simplified intrinsic Y -parameters (not including external
impedances ) are

Y/
Vi =—l 4 jwCr
U T RpaYy, +1 IR
Y, i + jwC' (8)
= T .
12 RB2Y1,1 1 J EX

Resistances in parallel with Cgx are not included in the above
EXpressions.

E. Extrinsic/Intrinsic Base/Collector Capacitance:
Z-Parameter Expressions

For some calculations it is more convenient to use Z-param-
eter expressions for the 7" equivalent-circuit model including
the effects of the distributed base/collector junction. Wei and
Hwang [10] used the equivalent-circuit model of Fig. 3, which
conveniently includes the parasitic series inductances 7 g, Zg,
and Z-. Notethat to allow for aresistance in parallel with Cy¢
and Cgx, these terms are written as generic admittances Yp¢
and Ygx. Wei and Hwang provide the following model equa-
tions:

[(1 — ap) Zpc + ZEX]RBQ

Zy = N S—— +Zpe+ Zp + R
1- ZpcR
—apZrgx + (1 —afp) Rpa| 4
7 = o ZE;; + (ZEX +ng3232] =+ o+ 2
©)

(Note that the current generator refers to the terminal emitter
current, hence, the use of o instead of «.)
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Fig. 4. Schematic showing placement of external parasitic capacitances:
C'spaa IS the base pad capacitance, C'cpaa is the collector pad capacitance,
and C'; o isthe input/output capacitance.

F. Adding External Capacitances and I mpedances

To add external impedances to any of the above circuits, the
impedances (shown in Fig. 1) are added to the Z-parametersin
series as follows:

7 Ziw+Zp+Ze Zis+ZE

Zhy +Zp Zyy+ Zc+ Zg
where Z; = R; + jwL; for each of the emitter, base, and col-
lector terminals. When deembedding of parasiticsis performed,
the pad inductances should be removed almost entirely, but
some external series resistances will remain because ohmic
contacts are generally considered to be part of the complete
transistor.

The pad capacitances, shown in the small-signal equivalent-
circuit model in Fig. 4, are added using Y -parameters[11]. The
Z-parameters of the intrinsic device with external impedances
are converted to Y -parameters, and then the following calcula-
tion is made:

(10)

Y :Y/ + Y}dad
— Y:lll + YBpad + YIO YYQ - Y}O (11)
Ygl - Yo YgQ + YCpad +Yro

whereY; = jwC; for each of the capacitive admittances.

In this study, the external pad impedances, inductances, and
capacitances have been removed by the inverse procedure, with
capacitances and impedances having been determined from
dummy OPEN and SHORT pads. However, some residual para
sitics from imperfect deembedding aways remain. Generally,
inductances for larger devices and capacitances for smaller
devicesaretheimportant parasitic elementsat high frequencies.

I1l. BASE/COLLECTOR CAPACITANCE EXTRACTION

A. From Basic Model Equations

A base/collector capacitance may be extracted using the 7’
equivalent-circuit Z-parameter relationsin (2) asfollows:

1

- wlm {Z22 - Z21} )
(Thisisidentically equivalent to the H -parameter expression for
base—collector capacitance used in [2].) Aswill be shown later,

abetter approach isto take the imaginary part of the admittance
instead [12] as follows:

Cpo(Z) =Im {

Cro(2) (12)

1
w {Z22 - Z21} } ’ (13)
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Based on the simplified equivalent-circuit models, the same
value for base/collector capacitance Cpc(Y) appears to be
extracted using Y -parameters using the relation in (1) as
follows:

_ Im{Yi2}

w

Cro(Y) (14)

However, inaccuracy can result from the use of Cp(Y) when
the effect of extrinsic/intrinsic base/collector capacitance isin-
cluded. By putting (1) into (8), we obtain for Y7

—jwCBc

1
Epo <(1 - a)r_ + jw (Cr + CBC)) +1

Yo = — jwCEx.

(15)

The base/emitter capacitance and base/collector capacitance
in the denominator are ignored (since wRp2(Cr + Cpe) K 1
at our measurement frequencies), thus,
Cre
Rpo

Te
For larger devices, r. issmall (order of 1 €2), and Rg» can be
substantial (tens of ohms). For a typical 3 (approximately 50)
giving (1 — «) ~ 0.02, the denominator in the first term may
not be that close to unity. This technique, therefore, fails under
not too uncommon circumstances.

When a transistor is in forward active operation (typica for
high-frequency characterization), the Y -parameter technique
may, therefore, lead to inaccuracies. Potentially, in a transistor
with sufficiently low dc gain and large ratios between the base
and emitter resistances, the different values obtained Crc(Y)
and Crc(Z) may be used to help separate the intrinsic and
extrinsic base/collector capacitance components.

On the other hand, when atransistor is“ cold’—very weakly
forward active biased (at or below the base/emitter turn-on
voltage) or in cutoff (both base/collector and base/emitter
junctions reverse biased)—then the current gain « may be very
small, hence, (1 — «) ~ 1, but r. will be very large. Thus, the
denominator in (16) will go to unity as follows:

Cpc(Y) = Cpc + Cgx- (17)

Thus, Cpc(Y) is accurate even for larger emitter transistors
when they are under “cold” bias or in cutoff.

Thebase/collector capacitance Cr (%) extracted from 7 -pa-
rameters, in contrast, is well behaved in transistors under for-
ward active operation [3]. From Wei and Hwang's expression
for the model Z-parametersin (9) (neglecting external imped-
ances)

Cpe(Y) ~ (16)

(1-a)=2 +1

1 _ZBc+ Zex + Bp2

Z22 — Z21 - ZBCZEX
R
=Ypc + YEx + %
Yeo Yex
1
c.Cre(Z) =Im ————— » = () Crx. (18
Be(2) In{w{ZQQ—Z21}} Bc + Crx.  (18)

Therefore, the extracted base/collector capacitance eguals the
sum of theintrinsic and extrinsic capacitances. Comparisons of
the Y -parameter-extraction technique to the Z-parameter tech-
nique are shown in Fig. 5 for a narrow emitter stripe and Fig. 6
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Fig. 5. Comparison of extracted base/collector capacitance of 0.5 x 12 ym?
emitter metal device using three different extraction techniques. (dashed
line) from Z-parameters using (12); (solid line) from Z-parameters using
(13); (dotted line) from Y -parameters using (14). The vaues for the two
latter techniques are nearly identical for this device. The increased apparent
capacitance when using (12) results from the finite output impedance.

100 T ——— T

..... From Z parameters (1)

80 7]
From Z parameters (2)

....... From Y parameters
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Fig. 6. Comparison of extracted base/collector capacitance of 2.0 x 24 m?
emitter metal device using three different extraction techniques: (dashed line)
from Z-parameters using (12); (solid line) from Z-parameters using (13);
(dotted line) and from Y -parameters using (14). The reduced value of base
capacitance obtained from Y -parameters is because of the large R 5. related
to spreading resistance under the emitter. Also, the bias current is large so r.
is small. Compare with Fig. 5, which is for a device fabricated simultaneously,
but with a narrower emitter.

for a wider emitter stripe. When the base spreading resistance
is large and the emitter resistance is small, then the Rgo term
causes Cp(Y') to drop from the limiting value of Cpc + Cix.

B. Effects of Pad Capacitances

The input pad capacitance Cppaq does not affect Cpc(Z)
because Cpc(Z) is derived from the output Z-parameters Z,,
and Z,;. An input/output capacitance will add to Cpa(Z) in
the same way that the intrinsic/extrinsic parts of the base/col-
lector capacitance add. The effect of the output pad capaci-
tance is more interesting. For the circuit shown in Fig. 4, with
Cipad = 0and Cro = 0, theextrinsic Z»; and Z», in terms of
intrinsic Z-parameters 7’ become

Zoy =2 <1 % )
2 Zyy + Zyp
Z, 7

Z22 _ P22

—_pTas 19
i + 7, (19)
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where we define Z, = 1/jwCcpaa. The Z-parameters of the
intrinsic circuit are assumed to be

g — ZBE ZBE

= 20
Zpr — apZpc  Zpr — (1 — a)Zpc (20)

for simplicity. Cp iscaculated using (19) and (20) asfollows:

1 _ Zpp—(1—ap)Znc+ Z,

= 21
Loz + Zoy ZpZBC &

In transistors under forward active bias, Zgg may beignored
becauseit is much smaller than the other two impedances. After
substituting for the definitions of Zp¢ and Z,, and using (13)
to find Crc(Z), this becomes

1 . .
T —Zon ~ (1—ap) jwCepaa+jwCrc
1
. Cpe(2) =1 — S~ (1-— Ccopada+Che-
Bo(Z) In{w{ZQQ_ZQI}} (1=c0) Cepaa+Ce

(22)

Therefore, the extracted base/collector capacitance Crc (%)
will include a contribution from the collector pad capacitance.
Aslong asthe current gain ishigh, then this contribution should
not be important, except on very small devices. For 2000-A
collectors, the base/collector capacitance is approximately
0.5 fF/;:m?, whereas the error in pad deembedding should not
exceed more than afew femtofarads. To put in some numbersin
aredlistic “worst-case” example, let us assume a deembedding
error of 2 fF, again of ten, and a base—collector area of 2 ;;m?
(i.e., Cpc ~ 1fF). The deembedding error will then be 0.2 fF
or 20%.

The assumption made in (22) (that Zgg is small) no longer
holds for devices under “cold” bias. Under such conditions, the
dynamic emitter resistance r. is very large and the extracted
base/collector capacitance will instead be

1 1-— 1
1 (-ap) 1
1 _Ype Yo Y,
Za2 — Zn1 1

YpYre

_Y,Vpe
YsE

& . .
= < CI?C> ]L‘JCC})ad + (1 - aF)]UJCCPad

+ jwCrc
OBc(Z) =Im {

+(1—ap)Y,+Ypc

1
w{Za2 — Zo1 } }
C
2 < CI?C> CC})ad + (1 - CYF) CC})ad + CBC'
(23)

Thus, the contribution from the collector pad capacitance will
be multiplied by the ratio of the base/collector and base/emitter
capacitances. In our devices, the ratio between these junction
capacitancestypically ranges from about unity for 2-;m emitter
devicesto as high as ten for submicrometer emitter devices (C;
issmall in“cold” bias). Sincethe collector pad capacitanceison
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the order of tens of femtofarads, an error of afew femtofaradsis
to be expected from deembedding. Small-emitter devices under
“cold” bias may, therefore, have very large percentage errorsin
Crc(Z) associated with inaccurate deembedding of Cepad.

Theextracted base/collector capacitance Cr(Y") issensitive
only to the base/collector pad capacitance Cr since it is ob-
tained from Y- [see (11)].

C. Effects of Finite Output Impedance

There are severa effects on the extracted base/collector ca-
pacitance Cz(Z) when there is finite output impedance. First,
the effect of an output conductancein parallel with the base/col-
lector capacitance (Fig. 1) is considered. If Cy¢ is extracted
using the formulafor Crc(7) in (12) then, at low frequencies,
Cre Will include a contribution from the finite real output con-
ductance becauseit isacting in parallel to the base/collector ca
pacitance jwCsc = jwCpc + Gae. The characterigtic fre-
quency below which this effect appearsis 1/27 f ~ RpcCre,
whichistypically below 1 GHz. If, however, the formulaof (13)
is used, i.e., the capacitance is assumed to be parallel to a con-
ductanceand, thus, it formstheimaginary part of an admittance,
then this effect disappears entirely. Fig. 5 shows the improved
behavior at low frequencies when using (13) instead of (12).

However, an output conductance parallel with the intrinsic
base/collector capacitance may act to increase the extracted ca-
pacitance [12], [13]

Cpo(Z) =Im { m}

=Cg¢ + Crx (1 + Rp2Gre) - (2%
For our DHBTS, the RgsGge is much smaller than unity and
this effect can be ignored.

Thefinite output impedanceinteracting with the collector pad
capacitance may cause asimilar problem. By taking (22) and re-
placing the collector pad admittance with the output admittance
1/ Rou, (compareFigs. 2 and 4), the extracted Cr«(Z) becomes

1 1—ar .
= + jwChc
Zaa — L1 Bous
1—ag(l—j
=~ o Jw1a) + jwChe

Rout
. Cpe(2) = + Cic + imaginary term.

QoTd
Rout

(25)

For simplicity, the first-order behavior of ar is modeled
using a single time constant 7,. The extracted base/collector
capacitance is increased because of the additional first term.
Fortunately, R, isvery large (kiloohms) and 7, is very small
(< picosecond) and, thus, the additional term is negligible in
our devices.

D. Effects of Parasitic Impedances on Cpc(Z)

From the Z-parameters expressions (9) and the definition for
Cpe(Z) in (12), only the collector impedance should affect the
extracted Cpc as follows:

Cro

Cocl?) = T AL oCne

(26)
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At higher frequencies, the extracted base/collector capacitance,
therefore, increases. If the expression (13) for Cpc(Z) is used
instead, then

(1 —UJQLchc)

Cpc(Z2) = Cpe % .
(1—w2LcOBC)2+(WRCOBC)2

(27)

Theterms w2 Lo Cpe and (wReCpc)? are both small for typ-
ical high-speed devices, thus, the external impedances should
not affect the apparent Cpc(Z).

1V. BASE/EMITTER CAPACITANCE EXTRACTION
A. Introduction

While there have been published attempts to obtain the
base/emitter capacitance C,. by complicated manipulations (Li
and Prasad [4] and Wei and Hwang [10]), others such as Spiegel
et al. [3] and Pehlke and Pavlidis [2] state that this capacitance
cannot be directly extracted from measured S-parameters.
On the other hand, Chang et al. state that the base/femitter
capacitance is directly determined from the input admittance
when the base/collector and input pad capacitances are known
[14]. These discrepancies may arise because the « term and
the capacitance C, cannot be obtained independently. To
complicate matters, the capacitance C,. necessarily consists of
a depletion capacitance depending on the base/emitter voltage,
and adiffusion capacitance proportional to the collector current.

That is not to say that it is impossible to estimate the
base/emitter capacitance from S-parameters. The base/emitter
capacitance C(Y") appears in the basic equations in (1) and,
thus,

1 1 1
Cr(Y)= ;Im {Y11 + Y12} = ;Im{T— —i—ijw} . (28

This appearsto give the final answer. Unfortunately, ».. iscom-
plex. It is defined by », = r./(1 — «). Since « is complex,
the imaginary part of Y11 + Y;2 must include a contribution
from .. Rewriting the above (assuming small w, hence, taking
first-order approximations throughout)

Co(Y) =1Im { 1=«
W

+jw07r}

1 1-— 1—9
%—Iln{M+ijﬂ}

W Te
QT agTlc
= +Cr =~

Te nckT

1O, (29)

A typical delay time = at normal biases will consist of the col-
lector transit time and a small fraction of the base transit time,
for atotal of around 0.1 or 0.2 psin the present devices (judging
from minimum delay time measurements [1]). For a typical
1 x 12 m? emitter area DHBT, at a bias of 24 mA, and, thus,
r. ~ 1 Q. The first term, therefore, will be on the order of
~ 100 fF, whichis comparableto thetypical C, of 150 fF mea
sured on a DHBT.
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Fig. 7. Imaginary part of measured admittances Y1, Yi2, and Yz, of device

describe in Fig. 8. The admittances appear to have a zero intercept around
150 MHz. Thisis probably an artifact of imperfect calibration.

B. Distributed Base/Collector Effects

The above derivation used a simplified small-signal model.
More accurate representations of the base/emitter capacitance
C,(Y") are obtained by beginning with (8), i.e., with the dis-
tributed base/collector taken into account, and putting in thein-
trinsic Y -parameters from (1)

1
- +jwc7r
Yii+Ye= 1 U (30)
Rpo <7— —i—jw (Cﬂ— =+ C]gc)> +1

Thisis expressed in terms of the previous result (28)

™

C(Y) = %Im{ <i +jwc7,>

<RB2 <7i +jw (Ow+OBC)>> }
1— al .

1+Rpo <Ti+jw (Cﬂ—‘f‘CBC))
(31)

What is the significance of the correction term? When Rp, is
small, thenthe correction term goesto unity (thetrivial case). As
Rp» increases, both the frequency-dependent and frequency-
independent parts of the correction term will tend to reduce the
apparent C.(Y"). The correction term may be substantial. For
example, for arelatively large device, at 30 GHz, with Rgs ~
10 Q and C; ~ 500 fF, wRpgC. ~ 1. At low frequencies, the
expression reduces to

(32)

For typical high-speed devices, with « ~ 0.98, r. ~ 1 2, and
Rps ~ 5, the apparent C(Y") will be reduced by the cor-
rection term by approximately 10%. Fig. 7 showsthat, for wide
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Fig. 8. Comparison of extracted base/emitter capacitance at similar current
densities with identical base contact resistances, but different emitter finger
widths (dimensions are nominal). Large emitter widths (i.e., large base
spreading resistance devices) have poorly behaved extracted base/emitter
capacitances. For the 2-um emitter device, the capacitance divided by two is
plotted.

emitter fingers, the extracted capacitance is a strong function
of frequency, while for narrow emitters, it remains essentially
constant across the measured frequency range. This is because
devices with wide emitter fingers will have larger internal base
resistances R g» than ones with narrow emitters.

C. Output Conductance and Pad Capacitance Effects

What happens with even more complicated models? An
output conductance parallel to the base/collector capacitance
(i.e, echinstance of jwCphc isreplaced by jwChe + 1/ Rpe)
will not affect the extracted C(Y") when using the simplest
model and, in the more complicated model of (31), the resis-
tance Rpc is so much larger than r, that it can be ignored.
A conductance across the collector/emitter terminals will
have no effect since it only modifies Yz.. If the external pad
capacitances are not removed, then C.(Y) will include the
base pad capacitance; thus, pad deembedding is a source of
error in extraction of C.(Y).

D. Other Effects

Atvery low frequencies (< 1 GHz), the extracted base/emitter
capacitance has been observed to decrease dramatically (seethe
curve for the 0.5-zm emitter device in Fig. 7). This effect is
not accounted for in the above discussion. A likely cause is
the inaccuracies in the test set and/or calibration. The plots of
Im{Yi:}, Im{Y¥i-}, and Im{Y>; } in Fig. 8 show that they are
straight lines with frequency axis intercepts at frequencies of
approximately 150 MHz. This behavior cannot be described by
a simple lumped-element equivalent-circuit model. Our test set
(HP8516A) measures from 45 MHz to 40 GHz, and it is not un-
reasonable to assume that, at edges of the measurement range,
the measurements may be less accurate. Therefore, other ex-
tracted parameters may aso be inaccurate at very low frequen-
cies (< 1 GHz).
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V. EMITTER RESISTANCE EXTRACTION

The emitter resistance is an important parameter of the HBT
becauseit can beresponsiblefor asignificant portion of the total
emitter/collector delay time

1 p—
2rfr

re (Cjrr + Crc) + (R + Rc) Cre + 75 + 7¢.
(33)

Here, the dynamic emitter resistance is given by r. =
nkT/qlc, and R isthe external series resistance (mostly the
contact resistance) of the emitter. At peak cutoff frequencies
for highly scaled HBTSs, the dynamic resistance r. can easily
be responsible for a third of the delay time through emitter and
collector charging times, while R ismuch larger than R¢ and
isresponsible for most of the Cg charging time.

A. From Z-Parameters

The emitter resistance r. + Rg can be found by taking the
real part of Z;». The first-order approximation for avg is

)

ap = ", %ao(l—jw’r/)
1+j—
wB

(34)

where 7’ is an effective first-order time constant and, thus, the
real part of 75 gives

Re{Z12} IRe{ (I —ar) Zeclip

Zpc + Zex + B2

Te

+ ZBg + ZE}

(39)

where

Thetwo right-hand termswill reducetor. + Rg at normal mea
surement frequencies because the time . C. constant will nor-
mally be on the order of tensto afew hundreds of femtoseconds.
At very low frequencies, when the jw Rpc(Crx + Cpe) term
issmall compared to unity, the correction term A becomes

1-— 1 — jwm) ) jwCrxRpa R
A~ Re ( Oéo(. JWT))JW EX{ip21BC (36)
1+ jwRpc (CEX + OBC)

which reduces to zero to first order. At moderate frequencies,
when the jwRpe(Crx + Cpe) termislarge compared to unity,
the term becomes

A~ (1— ) CrxRa2
Cex +Cpc

(37)
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Fig. 9. Emitter resistances obtained either from the Z-parameter method
(squares) or the Y -parameter method (circles). Lines are least-square fit lines
to datafrom 2 to 16 mA. Both sets of data indicate an intercept of 3.2 2. This
device has a 1-¢m emitter width.

For atypical gain of 3 = 50, theterm (1 — «) isaround 0.02.
Crx isusualy comparablein size or larger than Cgc and, thus,
the capacitance ratio term will be between 0.5-1. For small de-
vices, R will typically be similar to the emitter resistance and,
thus, the error on r, + Rg will be a few percent. The error is
addedtor. + Rg = 7.+ Rg + ARp2, whichisthen typically
plotted versus the inverse emitter current in order to determine
Rpg (Fig. 9). That intercept is obtained by extrapolation to infi-
nite emitter currents, and will also be shifted by the value of the
correction term.

B. Effects of External Parasitics on Z-Parameter Method

Thesmall-signal model used for the above derivationsaready
includes the distributed base/collector effects, the output con-
ductance effects, and the emitter contact resistance effect. The
emitter inductance does not affect the real part of Z;-, and the
base and collector external impedances are not part of Z;5. Ex-
ternal pad capacitance effects should be small because the real
part of Z1, should not affected by a small external capacitance
(i.e., the (ro + Rg)Cpaa time constant is small). However, the
dummy sHORT deembedding procedure is important. If the se-
ries resistances from the SHORT are deembedded in addition to
series inductances, then the pad resistance will be directly re-
moved from the extracted emitter resistance. Thus, inaccuracies
in the sSHORT add directly to the extracted emitter resistance.

C. From Y -Parameters

Another technique for the extraction of the emitter resistance
is based on Y -parameters. When an impedance Zg is added
in series to the intrinsic hybrid-7 model, shown in Fig. 2, then
1/Y>; becomes

ZeYBE
1 —_

1+ Zpgn (1 — —ZEIBE
1 29 < 1+ ZgYee

Yor Zg (YeE + YBC)
(1 ZEUBEEIRC))
g < 14+ ZpYnr Be

(38)
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whereYpg = 1/7, + jwCyr and Ypc = jwCpc (neglecting the
finite output impedance). At low frequencies, this reduces to

1+RE
1 e e+ R
_%#_’_RE:W—E_ (39)
Yél 9m &

Since the hybrid-7 model is identically equivalent to the T°
equivalent model, the above can be expressed in terms of the T’
equivalent parameters by using the relationsin (6) as follows:

1 re + Rg
Yo © U (40)
Thus, when this quantity is plotted against the inverse emitter
current (sincer., = nkT/1.), theintercept with infinite emitter
current will givethe externa emitter resistancetimes «g. Above
dc, it may seem that the frequency dependences of o ~ (1 —
jw7) and jwC,. need be taken into account. However, the mag-
nitude of (1/Y>1) will not changeto first order sinceal thetime
constants in the above expression are typically much smaller
than the measurement frequencies.

D. Effects of External Parasitics on the Y -Parameter Method

Of theexternal capacitances, only theinput/output pad capac-
itance will affect the extracted resistance, but this capacitanceis
small compared with our device capacitances and can be ne-
glected.

The emitter inductance will increase the apparent emitter re-
sistanceat high frequenciesbecause of the decreased admittance
Y51 . The effect of external impedances at the base and collector
is somewhat more complicated. However, if the base/collector
capacitance and output conductance are neglected, then it is
readily shown that the collector impedance will not affect Ys;.
The base impedance, on the other hand, will make 1/Y>; at low
frequencies go to

1 .« + R 1-—
_%“F_EJFRB( “0>,
Y5, « o7y}

(41)

Thus, the value of the intercept of 1/Y%; (i.e., the apparent ex-
ternal emitter resistance Rg) will increasewith the external base
resistance. In Fig. 9, emitter resistances extracted using both the
Y- and Z-parameter methods are compared for 1-m emitter
width DHBTSs. The absolute values of the apparent r. + Rg are
clearly higher for the Y -parameter method data, and the inter-
cepts (where r. approaches zero) are 3.18 and 3.15 2 for the
Y- and Z-parameter methods, respectively. The small differ-
ence appears consistent with a current gain of 80 (note that both
Z-parameter methods include contributions from the base re-
sistance). If accurate values of emitter resistance are required,
then (41) can be used to calculate first-order correction terms.
Additionally, the approximate external base resistance may be
deembedded from measured S-parameters prior to emitter re-
sistance calculation.
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E. Current Gain Effects; Y- and Z-Parameter Methods

Since the current gain is not constant across the wide range
of biases, another inaccuracy stems from the dependence of the
extracted resistance on «. For our devices, the common emitter
current gain may easily vary by afactor of four across the bias
range used. Therefore, g can easily vary by several percent.
Theterm 1 — aq will vary by approximately the same factor as
the current gain. Hence, in plots such as Fig. 9, the extracted
emitter resistance does not form a straight line because of the
lower gain at low currents. In order to compensate for such ef-
fects, multistep parameter-extraction procedures are required,
first to determine the base resistance of a device, then to de-
termine the current gain at each bias, and finally to calculate
the total emitter resistance by either the Y- or Z-parameter
methods.

V1. SUMMARY

Base/collector capacitance extraction for forward active bi-
ased HBTs using the Z-parameter method reliably gives the
total intrinsic and extrinsic capacitance. Parasitic input/output
capacitances directly add to the extracted base/collector capac-
itance, and parasitic output capacitances add a small term that
is proportional to the common-base current gain. Finite output
impedance is important only at low frequencies. Parasitic in-
ductances at the collector increase the extracted capacitance.
Base/collector capacitance extraction for “cold” HBTs should
be performed using the Y -parameter method.

For base/emitter capacitance extraction, there is some diffi-
culty in obtaining meaningful values of this capacitance because
its first-order behavior can be accounted for by the transit time
term 7 in . The extracted base/emitter capacitance includes a
contribution from the transit time 7. Distributed base/collector
effects do matter, more so for larger devices; very small de-
vices can have base/emitter capacitances extracted morereliably
across a wide range of frequencies. Finite output impedance
does not affect the extracted base/emitter capacitance. Of the
pad capacitances, only the input base pad capacitance is added
to the extracted base/emitter capacitance.

In emitter resistance extraction using the Z-parameter
method, the base resistance adds a correction term to the
extracted emitter resistance. The error should be fairly small
for high-speed HBTs. The estimated external emitter resistance
Ry will be larger than the actual value by a few percent. In
emitter resistance extraction using the Y -parameter method, the
extracted total emitter resistance istoo high by afactor of 1/c.
Base resistances further add to the apparent external emitter
resistance. For most accurate emitter resistance extraction
using either method, the base resistance and current gain must
also be determined.
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