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A Self-Consistent Method for Complete
Small-Signal Parameter Extraction of InP-Based
Heterojunction Bipolar Transistors (HBT'S)

J. M. M. Rios, Leda M. Lunardivember, IEEE,S. Chandrasekhakember, IEEEand Y. Miyamoto

Abstract—A complete method for parameter extraction from important approximations to the equivalent circuit model,
small-signal measurements of InP-based heterojunction bipolar and the optimization step can even be avoided. But for the
transistors (HBT's) is presented. Employing analytically derived InP-based HBT technology, parameters like high intrinsic

equations, a numerical solution is sought for the best fit between b ist hiah b lector i fi ist d
the model and the measured data. Through parasitics extraction ase resistance, hig ase-collector junction resistance, an

and an optimization process, a realistic model for a self-aligned relatively small extrinsic base—collector junction capacitance

HBT technology is obtained. The results of the generateds- prohibit us to utilize some important approximations present

parameters from the model for a 2x 10 um?* emitter area device in [5]-[7]. In [8] the authors study an InP-based HBT also, but

are presented over a frequency range of 250 MHz-36 GHz with \ye cannot use their procedure of estimating from geometry
excellent agreement to the measured data. . S L

the ratio between intrinsic and extrinsic components of base-

collector junction capacitance because of the reduction of

|. INTRODUCTION the extrinsic component by chemical etching in our devices

HE HIGH-SPEED potential of heteroiunction bi Olar[9]. We want to be able to evaluate the effectiveness of this
T . , P ) P Jrocess as well, so we addressed the problem with different
transistors (HBT’s) in InP-based systems makes th r?eps
promising candidates for optoel_ectronic applica_ltiorjs [1], [Zi So. our approach is a translation of the physically based
The advantages (?f HB.TS in high-speed gppl|cat|pns res_ t-model equivalent circuit for the individual device into ana-
from two features: their structure and their superior carrier

i - ical equations that will fit our measureftparameter data.
transport properties. In order to optimize the performance @af. :
. L ; ith these equations transformedAeparameters, we analyze
our HBT-based photoreceiver optoelectronic integrated circui

(OEIC) [1], a complete and accurate equivalent circuit mode © expt_anmental data, extracting the maximum amount .Of
. . . . mfprmaﬂon, parameter values, and constraints in order to min-

for the transistor is needed. To evaluate these equivalent circuli S
device parameters, we can rely on optimization techniques"(g]rIZe the number of unknown parameters that inevitably must
’ be evaluated by a final numerical optimization process. This

try to measure them. Although numerical optimization is often . : . .
used to fit the model-generatédparameters to the measure ethod is shown to be an appropriate technique to provide
a realistic model for InP-based HBT technology without ap-

S-parameters, the resulting device element values depend on”. ™ . . Lo .
. . roximations or device geometry estimations that are specific

the starting values and are not unique. On the other hand, Ihe . .
. . ' 1o material system or transistor technology. To our knowledge,

measurement of too many parameters is time consuming or
e

. . . |§ is the first self-consistent method for transistors operating
sometimes, impossible. Many research groups have repor,

ggond 80 GHz. However, it relies on complementing small-
attempts to balance between how many parameters can .
sbznal S-parameters with dc measurements of collector and

extracted from multiple types of measurements and how many . . L
. o emitter resistances, minimizing, therefore, the number of total
must be obtained from optimization [3]-[8]. ) "
arameters for the final fitting.

One important issue in the different approaches is thE
system chosen to be studied, usually the AlGaAs/GaAs system

[3]-[7]. Due to its characteristics, this material system allows Il. MODEL ANALYSIS

The HBT small signal equivalent circuit used for this work

. . . i% the 7-model shown in Fig. 1. In this model,, [., and
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Fig. 1. HBT small-signall’-model equivalent circuit. At the bottom of the figure, the bias conditions and characteristic frequencies for the InP-Based HBT

are shown along with the equivalent circuit parameters obtained by measurement, parameter extraction, and/or optimization process.

(after a few matrix manipulations) the expressions
ThiZth

11— L12 = Zphe + 1
11 12 b it et Zoe + 7 1)
(Tei + 2be)2m
Zon — Zog = 1'ee + 2
2 2 Thi T Tci + Zbe + 211 @
QZbeZsh

L9 — Lol = 3

12 2 Thi + Tci + Zbe + 2 ®)
Tei + 2pe(l —

Z12 = Ze + Thi ( be ) (4)

Thi + Tci + 2be + 2

where
- The j WT%ecb,con
“he — -
14 (WrheCh con)? 1+ (WrbeCh,con)?
Ze = Teo + joreche
Ze = Tee -
14+ (Wrecpe)? 14+ (Wreche)?
o The j Wi Chi
“be — -
1+ (wachCi)? 1+ (WTbcchi)2
and
1
2 = —J :
WChee

In a first approximation, we have assumed that the extrinsicEquations
collector, intrinsic collector, and intrinsic base impedanceés ,ccpei)?
can be well represented at the frequency range of interestualid simultaneously,

transit timesrg and 7, and the empirical factomn = 0.22.
The intrinsic transit time is defined as= ((m+1)75/1.2)+
(t¢/2), and the approximation below is valid because, for
InGaAs/InP HBT's,wr; < 1 [5], [10]

1 aoe—jw[(nrrs/1.2)-1—(7'(:/2)1

(1 + jwrecpe) (1+52)

wpa

o =
ol = jwr)
T (14 jwrecne)

Expanding (1)—(3) and studying their frequency behavior,
we arrive at the following expressions:

—IIH[ZQQ - Z21]

Chet = RS Chei T Chee (5)
W
Chci
rpe = Re[Z11 — Z12] ™ The + 1hi——— (6)
Chei T Chee
Tet = RG[ZQQ - Z21]
Chei 2 Cp 1
e <cbci + cbce) <TCi B Tbia * w27’bcc%ci> '

(7
(5)—(7) incorporate the approximations

> 1 and [w(ry + re)ena)® < 1. To be
these approximations imply that

pure resistances (., s, and ry,;, respectively) without any ry,;, 7 <€ e, Which is typically the case in InGaAs/InP

capacitive or inductive component.

We describe the current source by the dc-current gain

HBT's. In (6) it is also assumed th&wry,ecy,con)? < 1.
These approximations will determine a frequency range over

the 3-dB roll-off frequencw = 1.2/75, the base and collector which (5) and (6) will have constant values. For our devices,
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with appropriate technology parameter values, this frequency 45 e e
range spans from approximately 1 to 10 GHz.
. . 3 O Measured
In the case of (7), a constant value will be attained only O De-embedded
at high frequencies. At low frequencies, this expression will__ 40 .
approach the resistance value of the base—collector junctiont:
E
Re[Z22 — Za1)w—o0 & The. 8 T 31 o 1
N
We find also the following useful expressions: ,\:g
= 30 )
E
Z1o — 4 -
o ~R [Z12 21] @)
(Z22 — Zo1]
[Z12 — Zo1] 5L |
Ta =ZPHA OT MY | N |
(%22 = Z21] 0.1 T 10
RTi + TeChe + TeiChbei T Tce (Chei + Chee) (10) Frequency (GHz)
o — ~ o o . che
Tet =Re[Z12] R ¢ + Tee +hi(1 — ao) Chei + Chee Fig. 2. Frequency dependence of the total base-collector junction capaci-
_ . ! tance,c ... The dotted line indicates the mean extracted value.
=re + T'ee + 0. (11)

Equations (9) and (10) incorporate the approximations
(WTchbCe)Q > 1 and [W(Tbi + 7’ce)cbce]2 < 1, where we O Measured
aSSUMECLce R Che; ANA 7ee & 7. O De-embedded

35 7

lll. PARAMETER EXTRACTION METHODOLOGY a

The InP/InGaAs HBT’s characterized here were fabricateds
from metal organic vapor phase epitaxy (MOVPE)-grown'\-i
material, with 2x 10 zm? emitter area. The details of the pro- iJ
cessing and epitaxial structure have been published elsewhgfe 55
[9]. The small-signal measurements were performed from 250
MHz to 36 GHz with a network analyzer, with data acquisition

30

and analysis performed running commercial softwaiihe 20 .
footprints of the transistor and test structures were designed 7 L L

on the ground-signal-ground (GSG) configuration. Two test 7.1 1 10
structures, an “open” and a “short,” were included along Frequency (GHz)

with the transistors to estimate the parasitics (capacitances _
and inductances) [3], [11]. Examples of the equivalent cirCnge' isn‘diC';rtzguti?r’ngzﬁeggfggtié)fvg}ﬁemtal base resistapgeThe dotted

parameters are discussed below.

A. Total Base-Collector Capacitance extracted in the frequency region of 1-10 GHz. Although this
In Fig. 2 we plot (5) with the measured devicg- Value is usually very flat with a standard deviation around
parameters, before and after the de-embeddifig,..,, and 2%, there is a small decrease between 8-10 GHz, which we

Zye,,, respectively. From this plot, the difference betweewill address with an extrinsic base contact capacitangg.n

the two values is the parasitic capacitangg. value. This shown in Fig. 1, due to the nonalloyed base metal contacts
value is usually extremely flat with a standard deviation ¢8], [12].

1% or less. The discrimination between the intringig.;) The distribution between the intrinsig,;) and extrinsic
and extrinsio(cp,c.) parts of the total capacitaneg., will be  (r1,.e) parts of the base resistangg and the evaluation of the
possible only later in the optimization step, where the fittegPntact capacitance will be possible only later in the optimiza-
S-parameters and the measurSeparameters are matchedtion step. This valueyy,, will be the second constraint value

S0, ¢, Will be a constraint value during the optimization. during the optimization. The two constraints, namaly, and
7, Will together determine the distributed base impedance in

the 1-8-GHz region, and the base contact capacitangs:

B. Total Base Resistance : = . .
will correct this impedance at higher frequencies.

Fig. 3 shows the plot of (6), the total base resistange
with the measured device-parameters, before and after
the de-embedding. This parameter mean value must also®eCollector Resistance

IMMICAD for Windows Software, Optotek Ltd., Kanata, Ont., Canada, . For our InG?-AS/InP teChnOIOQY (7)' fore, presents a
1993. different behavior than that seen in [5] (a GaAs-based HBT
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Fig. 4. Frequency dependence of the current gain magnitudéhe dotted S 201 .” i
line indicates the low-frequency mean extracted value, presented in Fig. 1. ~— 0’
Lm .’
15 i o _
with large dimensions). First, it is extremely sensitive to the o 130
parasitic collector—emitter capacitaneg,., that must be de- " ee0 = !'
. . 1 N 1 N
embedded in smaller devices, such as ours. Also, the second 100_0 01 0.2 0'3
term in (7) is dominated at high frequencies by the high intrin- 1/l (mA™) '
. . . . (]

sic base resistance,,;, causing the total collector resistance
value to become negative, with high standard deviation, and (b)
therefore, meaningless. Fig. 5. (a) Frequency dependence of the total emitter resistanceThe

. . tted line indicates the mean extracted value. (b) Mean extracted values
We choose to obtain the collector resistances from @ ret as a function ofICfl, at fixed Vog. The dotted line indicates the

measurements so they could be kept constant during #x@apolation to zero value..o. The open square point shows a generic bias
optimization process. The normal measurement method [18]int to be simulated.
the stepped collector current method, is used to obtain the

sum of the resistances,; + r... The distinction between the o ] )
intrinsic and extrinsic partsy;; and r.., was done utilizing an extrinsic base—collector capacitance, as in the case of InP-

the open collector method, with the emitter and collectd}@S€d HBT's, this can imply the necessity of measurements
exchanged, and assuming that this lower collector resistafi@Vn 0 10 MHz or less. So, we chose to retain a third term
result is mainly the extrinsic part due to contact resistand, € approximationg, as a correction. This correction can
Fig. 1 shows the values we found, with a standard deviati®§ important for HBT’s with high intrinsic base resistance and
of 1 Q. low dc current gain. Fig. 5(a) shows the plot of (1&). It
From (8), at low frequencies this parameter will approadﬁ.clear.that the de-embedding does not affect this \{all_Je in
the base—collector junction resistance value. This would imgh)iS "€gion. The mean value presents a standard deviation of
that the measurements have to be performed down to IS than 0.5%, in spite of the fact that we have only five
frequencies (a few megahertz in our InP technology) for @éasurement points below 1 GHz. _
precise value. Since we limit our measurements down to 250 IS known thatre, varies inversely with the emitter current

MHz, r; will be useful only to obtain an order-of-magnitudelUe 0 the dynamic emitter resistanee, As I ~ I for
estimate of the base-collector junction resistangg, large - values;. vanishes, leaving only.. [4]. We therefore
fixed the collector—emitter voltagé/-g, and acquired data

. for different collector current values. In Fig. 5(b), we plot the
D. DC Current Gain extracted valuesy., as function ofI;'. The extrapolated

Fig. 4 shows the plot of (9), the dc current gai, showing Vvalue for Igl = 0 will be the extrinsic emitter resistance,
that de-embedding affects it marginally. This parameter ise, plus a correction termd. We call this sumr.e, and
treated as a constant during the optimization step. use it as the first order approximation value for the extrinsic
emitter resistance during the optimization step. As soon as we
obtain the first values for the intrinsic base resistangg,
and the extrinsic base—collector capacitangg,, we are able

The first two terms of (11) form the well-known low-to evaluateé and correctr.. for its new value. Usually the
frequency limit for the real part of; - [4], from which the total process converges with only two or three iterations to a stable
emitter resistance is usually obtained. But with the addition whlue. In Figs. 5(b) and 1 we can see the first approximation,

E. Total Emitter Resistance
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Fig. 6. (a) Frequency dependence of the time delgy, The dotted line f}

indicates the mean extracted value. (b) Mean extracted valueg afs a
function of I(j‘, at fixed Vio,. The dotted line indicates the extrapolation
to zero value,p. The open square point shows a generic bias point to be
simulated.

7ee0, and the final valuejye. In this case, the resulting
correction is small, less than 3% of the. value. In other
devices, grown by other epitaxy technique (viz. MOMBE) and
with lower dc current gaing, this correction can be as large
as 18% ofre..

Finally, the dynamic emitter resistaneg is given by Measured Model
OH—A —y
Te = Tet — Teel- (12) Fig. 7. Comparison between the measured and modélegrameters for the

MOVPE grown HBT, with emitter area of & 10 um?. The bias conditions
and extracted parameters are shown in Fig. 1.

F. Time Delay

Fig. 6(a) shows the plot of expression (16), the time  Now we are able now to estimate the base—emitter capaci-
delay. The de-embedding affects this parameter considerahrce parameter from the expression:
The standard deviation is around 2% if we restrict the ex-
traction to the region above 1 GHz, which corresponds to the Che = (ra — TO)_ (13)
flatter section. As we can see from expression (kQ)has Te
the same dependencesqs on the emitter dynamic resistance, o
re. In Fig. 6(b) the extrapolated value of; for Iz* = 0, G. Optimization Process
called 7o, is obtained from the linear region just before the During the optimization step, the program will try to adjust
degradation offy. This value corresponds to the sum of théhe equivalent circuit (shown in Fig. 1) modelSeparameters
intrinsic time delayy;, and the collector charging componentgo the measured ones. The object is to minimize an error
TeiChei 1 ToeChet- Al this point in the optimization, we still do function, and a common problem encountered here is the
not know the partition between intrinsic and extrinsic baseonvergence to a wrong minimum. To avoid this problem,
collector capacitances. Therefore, theparameter value will we must use as few free parameters as possible, and include
be the third constraint in the optimization step. some constraint values. At this point of the method, the
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parasitic elements, l., I, ¢phe, Cpbe, @Ndcpee, and the device
parameters .o, e, Che; Mbeo; Fees T'ei, @aNd g have been fixed.
Furthermore, the following constraint parameters;;, ¢,
and 7y have allowed us to reduce the free parameters to onlg]
three, namely; e, Chei, and ¢ con-

The base-collector junction resistaneg.o, does not affect g
the results significantly and it can be fixed to a high value
(order of megaohms), if compatible with the technology. After
the first iteration of the optimization, (7) can be modeleds;
for the value ofry,., and adjusted to obtain the initial sharp
increase at low frequencies (in this case, 1 GHz).

Now we repeat the iterations to correct the initial extrinsic(7]
emitter resistance,.o. This process must be done carefully as
this parameter affects the results much more significantly. By,
in this case we have one of the most precise values from the
extraction method. The effect of the small correctibngcan
be seen clearly in the low frequency behaviorSaf, shown
in Fig. 7.

After a few iterations, the final constant values are obtained
and the optimization is free to quickly converge to the finghg)
result for all device parameters. Fig. 7 shows the modeled and
measureds-parameters of the HBT with the parameter Val”ﬁl]
results at the bottom of Fig. 1.

Due to the effect of parasitic capacitance fluctuations,
around 10% in our measurements, we estimate that
accuracy of base—collector capacitances is withid.5 fF,
of the base resistances 4s1 © and the intrinsic delay time [13]
is within £0.03 ps. The parasitic inductances had a smaller
effect on the results, due to their small deviations. But some
caution must be taken with respect to the parasitic base
inductance valuej,. This parameter is an element in the
imaginary part of the total base impedance and influences
the distribution between intrinsic and extrinsic base-collector
junction capacitances.

(3]

(9]

IV. CONCLUSION

In summary, we have presented a self-consistent method
for direct calculation of the parameters of thlemodel equiv-
alent circuit fromS-parameters of an InGaAs/InP HBT. With
just two test structures on the same wafer, we are able
derive resistances, capacitances, transit times, and their
dependence (if needed) and investigate which parameters
affect the transistor performance. The analytical expressi
derived for the equivalent circuit model allow one to analy
the technology aspects and further parasitic reduction.

The approach presented here can be incorporated in
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