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Evaluation of the Factors Determining HBT High-
Frequency Performance by Direct Analysis of
S-Parameter Data

David R. Pehlke and Dimitris Pavlidis, Senior Member, IEEE

Abstract—A novel parameter extraction formalism for the
evaluation of Heterojunction Bipolar Transistor (HBT) device
physics is presented. The technique employs analytically de-
rived expressions for direct calculation of the HBT T-Model
equivalent circuit element values in terms of the measured S-
parameters. All elements are directly calculated with the ex-
ception of the emitter leg of the T-model. This approach avoids
errors due to uncertainty in fitting to large, overdetermined
equivalent circuits and does not require the use of test struc-
tures and extra measurement steps to evaluate parasitics. De~
tailed bias dependent results for the directly calculated circuit
elements are presented. An analysis is also reported of the short
circuit current gain that separates the transit times and RC
products and allows evaluation of their individual contribution
to the measured f; and significance in limiting the HBTs high
frequency performance.

I. INTRODUCTION

BTs have recently demonstrated significantly im-

proved RF performance into the mm-wave frequen-
cies with the advent of self-aligned technologies, inno-
vative isolation approaches to reduce parasitic effects, and
exploitation of ballistic transport in the base-collector de-
pletion region. As these technologies mature and parasitic
resistances and capacitances are minimized, it becomes
increasingly important to analyze the exact causes of de-
vice limitations in terms of the HBT device physics and
equivalent circuit representation. By studying the impact
of particular transit times, resistances and capacitances on
the device performance, we may then apply technologies
to best optimize those aspects that limit the device per-
formance. Fitting routines to numerically optimize rela-
tively large equivalent circuits to match measured data
may result in non-unique solutions for element values that
depend on starting conditions [1]. Many laboratories have
developed parameter extraction techniques for high-fre-
quency devices [2], [3]. However, even the best of those
approaches require some separate measurement of test
structures to characterize parasitics, whose effect is then
mathematically subtracted out before calculating the in-
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trinsic circuit, whereas the approach developed by the au-
thors [4] does not require this.

This paper presents further details of the direct calcu-
lation of the HBT equivalent circuit from S§-parameter
measurements and an insight into the factors determining
the f; characteristics of the HBT. The formalism of direct
calculation of the HBT equivalent circuit from S-param-
eter measurements is presented in Section II. Detailed
bias-dependent results of base resistance, collector resis-

‘tance, base-collector capacitance, frequency dependence

of a(w), and exact values of base and collector transit
times are discussed in Section III using the proposed new
technique. The expression for H,, in terms of the equiv-
alent circuit element values is evaluated in Section IV to
determine the components most responsible for its roll-off
to the f; intercept at |H,,| = 1. The technique allows sep-
aration of transit time and RC factors so that individual
contributions may be isolated and evaluated. This allows

- insight into exactly which elements are most important to

target in technological optimization for high speed per-

- formance.

II. FORMALISM FOR DIRECT EXTRACTION OF HBT
EQuivaLENT CIRCUIT PARAMETERS

The GaAs/AlGaAs HBTs characterized in this work
were fabricated at the University of Michigan using a self-
aligned technology allowing 0.1 pm separation between
base ohmic metal and active emitter [5]. The MOCVD-
grown device layer structure consists of a 1500 A GaAs
emitter cap doped nt (2 10" /em®), 1000 A
Al ;Gag ;As emitter layer doped 7 (2 - 10'7 /em?), 1000
A GaAs base layer doped p* (1 - 10" /cm®), 1.5 um
GaAs pre-collector layer doped n~ (1 - 10'° /em?), and
1.0 um GaAs collector doped n* (2 - 108 /em?) all grown
on semi-insulating substrate. The base-emitter and base-
collector active areas were 415 um? and 1335 um? re-
spectively. '

The HBT equivalent circuit used for this work is the
conventionally accepted T-model shown in Fig. 1 along
with a table of calculated element values using our
method. The approach presented in this paper allows the
evaluation of the impedances corresponding to the out-
lined circuit blocks in Fig. 1. No pad parasitic capaci-
tances on the input or output ports were included in the
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Fig. 1. HBT T-model equivalent circuit and parameters extracted using
the proposed technique.

equivalent circuit model for this work. The extrinsic ca-
pacitances to ground are small for the devices tested which
were laid out for on-wafer probing. Furthermore, they are
not suspected to significantly influence the results pre-
sented here based on the analysis presented, the excellent
correspondence of this model with the measured S-param-
eter data, and the relatively low frequency range of op-
eration for this device. Information on the individual ele-
ments contained in these blocks can be obtained by
examining the frequency dependences of the block imped-
ance. The HBT extrinsic H-parameter formulation for the
equivalent circuit of Fig. I is

(Zpe + z) (Zpc + 20)

H,; = + 1
T (Zpe + 25 + 2¢0) + Zpc(l — @) 0

Zoc — (Zpp +
Hy, = olpe — (Zpg + 2p) @

(ZBE + ZE "‘I" ZC) + ZBC(I - O()

. Zpr + 2
Hy = = 3
12 (ZBE + ZE -+ Zc) + ch(l — O{) ( )

1

H,, €Y

C @tz + 20 + Zpe(l — @)

And the solution of the impedance blocks of Fig. 1 may
then be calculated in terms of the extrinsic common
emitter A-parameters as

— HHH’ZZ B H12H21 - H12

5
iB Hy &)
1+ H,
Zpc tic = T = (6)
22
H,
Zpg + 75 = ;jg )]
22
H’) + H 2l
WZpe = 2. (8)
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For the purpose of our calculations, the measured S-pa-
rameters are corverted to H-parameters. The circuit ele-
ments contained in each of the above impedance blocks
are then extracted by studying the frequency dependent
characteristics of the particular block as explained below.

III. APPLICATION OF THE TECHNIQUE TO DIRECT
ExTrRACTION OF THE HBT EQUIVALENT
CircuiT ELEMENTS

The self-aligned GaAs/AlGaAs HBTs were measured
from 0.5 GHz to 26 GHz using a Cascade Microtech on-
wafer probe station and hp8510 Network Analyzer. Once
the S-parameters are measured, the individual circuit ele-
ment values are easily found by analyzing the above for-
mulas. Examples of the parameters extracted in this way
are discussed below.

A. Base Resistance (Rg) and Inductance (Lp)

From Fig. 1, we see that the form of zp is that of a
seties R-L circuit which may be represented by

Zp = Ry + jolLp. 9

By calculating zp from equation (5) using the measured
H,, parameters, we pull out the base resistance, Rjp, as its
real part. Fig. 2 shows the values of base resistance cal-
culated directly from these measurements have a slight
bias dependence on injection level, and decrease slightly
as the base current injection level is increased. These re-
sults ptovide good physical insight into the three compo-
nents that make up the total Ryp:

RB=rBQ+rBS+rB (10)

where rpq is the base ohmic metal contact resistance, rgg
is the series access component of the base resistance, and
rp is the active device spreading resistance. rpg and rgg
are bias independent, while rp should decrease as the col-
lector current in the HBT is increased, resulting in the
trend as seen in Fig. 2. The figure shows, however, that
even when the device is heavily biased at Iz = 2.5 mA,
the net decrease in Ry reflects the fact that most of the
base resistance is made up of bias independent compo-
nents. The series base inductance, Lg, is found in a sim-
ilar way from the imaginary part of (5) and is shown in
Fig. 3, as well as entered in the results of Fig. 1. The
results of Fig. 3 for L will be discussed later in Section
i-C.

B. Collector Resistance (R¢)

The parallel R-C circuit of Zy in series with the R-L
circuit of z- shown in Fig. 1 may be mathematically ex-
pressed as:

: s
Zoe + 2 =[R +—m_}
BC ¢ ¢ 1 + wzr%CC%C
2
wrpcChe

+j|lowly — —F—5——|.
! {w © 1+ w‘l‘éCCZ;C:I ab
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Fig. 2. Base resistance versus frequency showing the reduction of base
resistance as the injection level is increased
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Fig. 3. «L product versus frequency comparing the base and collector n-
ductances.

At higher frequencies, where

1

—_— 12
v VRchcC?sc (12
the real part of (11) decays to the value of the collector
resistance, R, and the bias dependence of this is shown
in Fig. 4. We see that the value of R¢ arrived at is inde-
pendent of injection levels as is expected for this series
access resistance.
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Fig. 4. Collector resistance versus frequency showing the bias indepen-
dent behavior of the collector series access resistance.

C. Base-Collector Capacitance (Cyc) and Collector
Inductance (L¢)

The imaginary part of Zg- + z¢ shown in (11) is dom-
inated by Cpc at low frequencies. This is due to the large
isolation resistance, rgc, causing the imaginary part of Zgc
+ zc to asymptotically approach —1/wCpe as the fre-
quency becomes small, leaving us with a means for cal-
culating Cgc: ‘

(13)

(14

In the case of devices tested here, this condition on the
frequency applies below approximately 5 GHz and Cpc
can be pulled out directly as seen in Fig. 5 as a function
of V¢p. The Cpe value is found to drop in a square root
dependence with applied reverse bias across the base-col-
lector junction as is theoretically expected. The results
vary less than 1% across this 1 GHz-5 GHz frequency
band. These values directly calculated from S-parameters
are compared in Table I with depletion approximation es-
timates based on the layer structure doping and base-col-
lector active area. At higher frequencies, both Cgc and L
contribute to the imaginary part of Zzc + Zzc, and once
Cpc is determined, Lc can be found according to

L1 {1 + Hﬂ} , ]
= — |m 3
¢ [ H22 ' thBC

15)

and is compared with Ly in Fig. 3 (also see results of Fig.

D).
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Fig. 5. Base-collector capacitance versus frequency at f; = 0.5 mA show-
ing the expected decrease in Cyc as Vi is increased.

TABLE I
DiRECT EXTRACTION RESULTS FOR Cpe AND 7 VERSUS DEPLETION
APPROXIMATION ESTIMATES

S-Parameter Depletion S-Parameter Depletion
Calculation  Approximation Calculation  Approximation
Vee (V) Cpc (pF) Czc (pF) 7¢ (pS) 7¢ (PS)
2.0 272 271 1.8 28
3.0 215 225 3.0 3.4
4.0 .186 197 4.0 3.9

D. Base-Collector Isolation Resistance (rgc)

The real part of Zy- + zc as described in (11) becomes
simplified at lower frequencies as the impedance of the
base-collector capacitance Cy starts to increase and it be-
comes a much less efficient feed-through element. We then
start to see the effect of the large isolation resistance rp
in parallel with it, and the real part of Zz: + z( increases
dramatically, with the real part of equation (11) becoming
much larger than the collector series resistance R.. This
simplification of expression (11) occurs for frequencies
below approximately 2-3 GHz in our devices, and the
condition on w may be described by

1
VRCrBCCIZ?C‘
Under this low frequency condition, and by accounting

for the fact that rz- >> R, (11) can be reduced to a form
that allows the calculation of rg. as

-1
1+ H

Tae = <w2C12;C Re [——“D :
H22

w << (16)

)
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In order to accurately extract rgc, it is critical to measure
device results at frequencies low enough to see the region
where rpc dominates this behavior (see results of Fig. 1
for the rp value of the tested device).

E. Base Transport Factor (o (w))

The base transport factor, « (w), can be calculated once
Cpc is known by realizing that the latter dominates the
imaginary part of Zpc in (8). Because the isolation resis-
tance, rpc, is so large we can write

1

LOCBC >> r—"
BC

(18)

Then by re-writing aZg. in terms of its circuit elements:

1

alpe = (o, + ja,)

— + ijBC
Fpc

: -7
r + i
(e e <wCBC>
whete o, and o; are the real and imaginary parts of the

base transport factor, respectively. From (8) and (19) one
can calculate « (w) at each frequency according to

U

(19)

Hy + Hu}

= o, + jo; = wC —Im
e B"( | Hy,

+ ] Re |:H21 + H12:|>

Hy (20)

The result for |a (w)| is shown in Fig. 6 and the result for
< a(w) is shown in Fig. 7. The symbol points are the
values directly calculated from the S-parameters using the
approach presented in this paper. The solid lines are cal-
culated curves obtained by fitting the following expres-
sion [6] to those points:

_ X0 seltnrs/1.2)+ (rc /2)]
jw

1+ &
W

a(w) = 21

where 7p is the base transit time and 7. is the collector
transit time assuming constant velocity throughout the
base-collector space-charge region. This assumption is
justified particularly for power HBT designs where a very
thick and low-doped pre-collector is used. A calculation
of the effective carrier velocity () from the extracted 7
values and using depletion layer thickness (Wgc) values
estimated on the basis of the depletion layer approxima-
tion, shows that v is not significantly higher than v, and
does not strongly depend on V... Also in (21), wg =
1.2 /7p is the 3 dB frequency of the « expression, and m
= 0.22 is the empirical factor employed to match the
phase of the 3 dB roll-off approximation for o (w) to its
more accurate hyperbolic secant representation. As can be
seen, the directly calculated values follow well the trends
presented by the theoretical model of (21). This is to the
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Fig. 6. Intrinsic base transport factor magnitude versus frequency showing
excellent agreement with the single pole approximation as well as the gain
improvement with bias.
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Fig. 7. Intrinsic base transport factor phase angle versus frequency show-
ing excellent agreement with the single pole approximation as well as the
gain improvement with bias.

best of our knowledge the first demonstration of direct
calculation from measured S-parameters of the frequency
dependence of the intrinsic base transport factor o (w).
Traditional techniques have relied on fitting and/or sepa-
rate measurement for parasitic de-embedding before in-
trinsic small-signal parameters of this kind are extracted.
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F. Base and Collector Transit Times (15, 7¢)

The only unknowns in the expression for the magnitude
la(w)| shown in Fig. 6, are the dc value of the transport
factor, oy, and the alpha 3 dB frequency, wg:

0 22)

| (@)] =
1+ 25
wg
By taking o to be the value approached by |a(w)| at low
frequency, we are left with only one unknown and can
calculate wg (and therefore the base transit time 75 =
1.2 /wg) directly at each frequency using

3 1.2V} — |a(w)|?

w|a (w)|

TB (23)
The phase angle of the base transport factor, < o (w), is
shown in Fig. 7 and depends only on 75 and the collector
transit time 7¢:

— qan-1 (&) |8 TC
za(w) = —tan <w3> w[1.2+2] 24)

With 73 known at each frequency from (23), we may then
use < o(w) to calculate 7. at each frequency using

_2 et (97 }_Z@
Tc—w[ 2o (w) —tan <1.2> 12

As is shown in Fig. 8 since 73 >> 7, the transit time in
these devices is dominated by base diffusion of minority
carriers and both base and collector transit times exhibit
bias dependencies. The collector transit time increases
with increased reverse bias on the base-collector junction
as is expected as that depletion region thickness swells,
and compares well with estimates of 70 = Wye/20,,
based on depletion approximation treatment of the base-
collector space charge layer as shown in Table 1. The
slight bias dependence of 75 with Vi is not completely
understood at this time, but is unlikely to show up as a
result of the variations in 7. This can be seen from (21)
where the base-collector transit time 7, contributes only
to the phase of « (w) and not to the magnitude | (w)| from
which we calculate 7.

25)

G. Base-Emitter Junction Impedance and Emitter
Parasitics

Once o (w) is found, we can apply the expression for
device input resistance r,, found in [6] as
—jwl(mrp/1.2) + (rc/2)])

(26)

where Rpy is the base-emitter junction resistance. The di-
rect calculation of Zgr + zg according to (7) yields the
real and imaginary values for a system of two equations
and four unknowns (Rzg, C,, Rg, and Lg) in the emitter
leg of the T-model. Unfortunately, we are unable to cal-
culate any single element exactly because of the number
of unknowns in this block of the circuit, but can signifi-

r, = RBE(l - g€
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Fig. 8. Base and collector transit times versus frequency showing the in-
crease in transit time with Vg,

cantly reduce the error for a fitting routine by fixing the
o (w) expression extracted above, and applying optimi-
zation to this reduced subcircuit with added confidence.

1V. IsoLATING THE IMPACT OF ELEMENT VALUES ON
HiGH-FREQUENCY PERFORMANCE—IMPORTANCE OF
TRANSIT TiME VERSUS CHARGING TIME EFFECTS

Using the developed technique one can evaluate the im-
portance of each parameter in the overall determination of
the HBT high-frequency response. In particular, the for-
malism may be used as a tool to evaluate the f; intercept
where |H,;| = 1 and the reasons that it occurs where it
does in frequency. The transit times and RC product time
constants all contribute in a complicated way to produce
the frequency response of the HBT. By investigating the

- expression for H,; given for the T-Model in (2), we may
isolate those key elements that contribute to the |H,,| roll-
off, and which are the most important in determining the
Sfrvalue. By evaluating the magnitude of H,,, we see from
equation (2):

X X/Y
'H21':}Y~X‘:‘1—(/X/Y) @D
where X = aZyc — Zpgp — zpand Y = Zg, + zo. At the
frequency where |H,,| = 1, one obtains the constraint that
] -
Y Y

And equating real and imaginary parts of this expression
allows reduction of the constraint which holds true at f =

Ir: )

Rela] — % = Re[

ZBE + ZE + aZC:I (29)

ZBC + ZC
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Fig. 9. Impact of transit times versus RC charging times in determining
JSr. Current gain (Hy), transit time term (Re[a] — 1/2), and RC charging
time term (Re[(Zpz + zz + aze)/(Zge + z¢)]) versus frequency. Re[a]

= 1/2 indicates the fr due ONLY to transit time limitations.

This evaluation has separated out the transit time contri-
bution to fr expressed as Re[a] — 3 from the rest of the
RC product time constants making up the rest of (29). The
RC term includes « (w) also, but it is coupled through the
extrinsic series parasitics and constitutes more the impact
of series R-L degradation of f;, so that when z- = 0, the
coupling with «(w) is eliminated. We see in Fig. 9 that
the frequency where Re [«] — 3 equals the real part of the
RC charging term corresponds to the f; intercept. We may
also see that in the absence of RC charging terms, the
frequency at which Re[a] — 7 = O constitutes the maxi-
mum f; due only to the frequency dependence of o (w) and
therefore represents the ultimate device performance due
only to transit time limitations. By noting that the total

1
delay time for the HBT (7zc = = is the sum of the total

2 7TfT

transit delay (7)) and charging time (7xc), we are able to

express this transit time limited frequency f(7) in terms of

the total carrier delay time 75 alone with 75 = 0 as
I 1

2x7e 2w(rg + 70/2)

f(n) = (30)
The inclusion of Zggp, Zyc, z¢, and zz serves to add delay,
and the real part of the RC charging term increases with
frequency serving to reduce the frequency at which the
two terms intersect, and lowering the overall measured f5.
For the device presented here in Fig. 9 we see that the
measured fr of 11.3 GHz corresponds to the point at which
the condition of (29) holds, and therefore, where the two
curves representing Re[a] — 0.5 and Re[(Zgz + zp +
oze) /(Zpe + zo)] intersect. The transit time limited fre-
quency is represented by the frequency at which Re[a] —
0.5 = 0 and occurs at 11.8 GHz, which is only slightly
higher than the measured f;. This figure demonstrates that
while the RC factor serves to decrease the measured fr, it
is the transit times that have the more significant impact
in lowering the overall frequency response.
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V. CONCLUSIONS

i

In summary, we have demonstrated a formalism for di-
rect calculation of the HBT equivalent circuit from mea-
sured S-parameters without test structure characterization
and a minimum of numerical fitting. Resistances, capac-
itances, the base transport factor, base and collector transit
times are all analytically derived and their bias depen-
dence investigated for clues to the impact they have on
the overall device performance. A new approach to cal-
culating the individual components of the HBT equivalent
circuit, and how they determine the frequency depend-
ence of [H,;|, and therefore fr, is also investigated along
with an analysis separating the transit times and RC
charging times to determine the impact of RC delays, and
the ultimate performance of the HBT based on the limi-
tations imposed by the transit times alone. This approach
can serve as a useful tool toward optimization of process
technologies and HBT high-speed performance, revealing
the factors that limit device performance and allowing di-
rect insight into the HBT device physics.
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