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An approach to determine small-signal model parameters for
InP HBT up to 110 GHz
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(School of Information Science Technology, East China Normal University, Shanghai 200241, China)

Abstract: An approach for determination of small-signal equivalent circuit model elements for InP HBT is presen-
ted in this paper. The skin effect of the feedlines is taken into account in the proposed model. This method com-
bines the analytical approach and empirical optimization procedure. The intrinsic elements determined by a conven-
tional analytical parameter transformation technique are described as function of extrinsic resistances. An excellent

fit between measured and simulated S-parameters in the frequency range of 2 ~110 GHz is obtained for InP HBT.
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Introduction

The heterojunction bipolar transistor ( HBT) is a
type of bipolar junction transistor which uses differing
semiconductor materials for the emitter and base regions,
creating a heterojunction. The advantages of HBT’ s in
high-speed applications result from two features; their
structure and their superior carrier transport properties.

In the high-frequency characterization of microwave
transistors, the non-linear models used in the design of
HBT integrated circuits are based on the m-type equiva-
lent circuit model and the small signal linear models are
based on the T-type structure''?'. Compared with the -
type equivalent circuit model, T-type equivalent circuit
model is appealing because all the model parameters can
be directly tied to the physics of the device, while HBT
m-type model is similar with conventional FET small sig-
nal equivalent circuit model to help researchers easier to
modeling and extracting the parameters. However, stud-
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ies show that mr-type model and T-type model can both be
made exactly equivalent if the frequency dependences of
model parameters are correctly modeled, which is why
the two models can coexist”®. For historical reasons
dating back to silicon based bipolar transistor develop-
ment, the Gummel Poon model is used by most bipolar
circuit designers and as a standard nonlinear model in in-
tegrated circuit simulators, and the Gummel Poon model
reduces to the hybrid ar-topology under small signal con-
ditions. This requires compact large-signal models to be
formulated in r-topology.

The objective of this paper is to establish an ar-to-
pology equivalent-circuit model for InP HBT over a wide
frequency range up to millimeter-wave frequencies. In
contrast with previous publications, this method has the
advantages as follows.

1) An improved model of the feedline incorporating
skin and proximity effects is adopted.

2) The parameter extraction method is based on the
combination of the analytical approach and empirical op-
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timization procedure. The intrinsic elements are de-
scribed as function of extrinsic resistances.

3) The model has been verified up to 110 GHz with
very good accuracy.

In the following sections, we introduce the used
small signal topologies, the modeling procedure. Final-
ly, we present the parameter extraction and the compari-
son of modeled and measured data.

1 Equivalent circuit model

In on-wafer measurements, a GSG pad structure for
probe touching is needed. Figure 1 shows a typical HBTs
test structure pattern which consists of one signal line and
two ground lines and it consists of the input signal, the
output signal and ground to equivalent circuit model with
three capacitances. Access to the devices is normally
made through coplanar waveguide probes. When micro-
wave frequency measurements are made, signals are
brought to the HBT by the transmission lines. The para-
sitic effects due to the test geometry will have significant
effects on the measured results.
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Fig.1 HBT device test structure
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The skin effect is a well-known physical phenome-
non, which results in a vertically and laterally nonuni-
form current flow in a rectangular conductor. But for sys-
tems operating at millimeter wave frequency, the skin
effect of the feedlines must be considered, it has been
extensively studied by many researchers, but it’s not
been taken into account in modeling of HBTs. Therefore,
the model of the extrinsic part should be improved.

Figure 2 shows the proposed equivalent circuit mod-
el of extrinsic part, where C , C  and C , represent the
base, collector and isolation between base and collector
pad capacitances. L,, L, and L, represent the induct-

b s
ances of the base, collector, and emitter device-connec-
tion, respectively. Compared with conventional model,
an RL ladder network comprising frequency-independent
R, and L, elements are used to model the skin effect of
base feedline. It must be noted that, based on our exper-
imental results, skin effects of the collector and emitter

feedlines can be neglected. Note the pad capacitance C,

and C, are placed inside of the feedline inductances.
Figure 3 shows the intrinsic network. It can be
found that HBT mr-type model is similar with conventional
FET small signal equivalent circuit model. The input im-
pedance is Z_=R_ +jwC_, which consists of the base-e-
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Fig.2 Proposed equivalent circuit model of extrinsic part
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Fig.3 m-type intrinsic model for HBT
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mitter resistance R_ and capacitance C_. Feedback net-
work consists of R, and C,. Y parameters can be ex-
pressed as;

1+ C_ +C
Y, = jor.( u ")

+ joC,,

(rrr +R1)i) +ijbir‘rr(C~n' + CIJ‘)
, (D)
jor C .
Y, = Tk C
2 (r’ﬂ' +Rbi) +ijbir‘rr(CTr + Cp,) +]w “
_ , (2)
g€ = jor_C .
Y, = " s C
N7 v R weR,r (4G TN
c , (3)
/r, +J +r R,;AY
Y22 — S Jor; ) Tl +j(1)Cex

(r. +R,) +joR,r (C_+ CH)
, (4)

where g, is the DC trans-conductance.

g?n = gm(] eXp( - j(‘)T’fT )

2 Parameter extraction

The extraction of the parasitic elements and the in-
trinsic model parameters can be carried out using the pro-
cedure as follows

1) The extrinsic capacitances are obtained directly
from the S-parameters of the open test structure.

1

Cpb = ;lm(yll + YIZ) ’ (5)
1

C, = —Im(Y, +7Y),) , (6)
w
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Fig.4 Extracted PAD capacitances
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Figure 4 shows the extracted parasitic PAD capaci-
tanc versus frequency. We can see that the input and
output port extrinsic capacitances are about 14 {F, while
the coupling capacitance between the ports is 2 fF.

2) The extrinsic inductances are obtained directly
from the S-parameters of the short test structure.

L, = llm(le) = llm(Zm) , (8)
w w
, (9)

1
L, = ;lm(zzz -Zy) . (10)

1
L, =—Im(Z, -Z,)
1)

Figure 5 shows the frequency dependence of the ex-
trinsic inductances, constant values are observed from 2
GHz to 110 GHz with the deviations from the mean val-
ues being less than 5% . That means the feedline induct-
ances are frequency independent, of course also bias in-
dependent. Figure 6 shows the extracted base feedline
resistance R, versus frequency, it is clear that R, increa-
ses with increase of frequency. As well known, skin
effect is a tendency for alternating current to flow mostly
near the outer surface of a solid electrical conductor,
such as metal wire, at frequencies above the audio
range. The effect becomes more and more apparent as
the frequency increases. An RL ladder network compri-
sing frequency-independent R, and L, elements are used
to model the skin effect of base feedline. From Fig. 6,
the based feedline model parameters can be determined

directly: R, =0.1 Q, L, =4 pH.
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Fig.5 Extracted extrinsic inductances
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Fig.6 Extracted feedline rersistance R,
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3) Set the initial value of the exirinsic resistances
R, and R,.

4) Calculation of the intrinsic elements, which can
be expressed as the functions of the extrinsic resistances
as well as frequency.

R

bx »

™ :fl(thiRc)Re) ’ (11)
qu :fZ(Rl»uRc’Re) ’ (12)
Cnx :fS(th’Rc’Rc) ’ (13)
Cl)c = f;t(th ’R(- ’Re) ’ (14)
g = fs(Ry,R,R,) , (15)
T :f‘ﬁ(th’R("Rc) ’ (16)
Ry =f (R R ,R.) - (17)

For convenience, the function f, can be expressed
as follows:

i = filo R (b =0,1-----7)  (18)
where R, represent the exirinsic resistances, w; is the
angular frequency.

Setup error criteria as follows

LN [ .

o2 = 5 & filenka) = T hileRa) |
(pyqg =1,2) , (19)

gz(Zm) = z z z Wpl]‘s;q(wi’Rexl) _S;Z,(wi) ‘2
(pyq =1,2) ,  (20)

where S (w,,Z

pq
ters, S
5) If error criteria are small enough, the iterative
process will be over.
The extracting process is illustrated as Fig. 6, it
can be found that a parameter-extraction approach for the
HBT, which combines the analytical approach and em-

pirical optimization procedure is adopted.

) represents the calculated S parame-

ext

(w,) represents the measured S parameters.

3 Results and discussion

The InP HBTs used in this work were grown by gas-
source molecular beam epitaxy on semi-insulating InP
substrates supplied by a commercial vendor. Be and Si
are used for p- and n-type dopants, respectively. The
detailed layer structure of the InP/InGaAsInP DHBT is
shown in Table 1%,

The S-parameter measurements for 5 pm X 5 pm
InP/InGaAs DHBTs and verification were made up to
110 GHz using HP8510XF network analyzer, with DC
bias was supplied by Agilent HP4156. All measurements
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Table 1 Epitaxial structure of InP/InGaAs/InP DHBT
%1 InP/InGaAs/InP DHBT Ry45MEZ544

Layers Thickness/nm Doping/cm ~*
InGaAs CAP 100 n* =2x10"
InP CAP 60 n* =2x10"
InP Emitter 90 n=3x10"
InGaAs Base 47 pt=2x10"
InGaAs Collector 40 n” =5x10"
InGaAs Collector 10 p=2x10"
InP Collector 10 n=1x10"
InP Collector 290 n” =5x10"
InP Subcollector 8 n* =5x10"
InGaAs Subcollector 450 nt =5x10"®

S. I. Substrate

were carried out on wafer using Cascade Microtech’ s
Air-Coplanar Probes ACP50-GSG-100. Details of the de-
vice structure and fabrication technique have been de-
scribed elsewhere' ™. The values of the model elements
are as following: R, =4 Q, R, =16 Q, R, =1.8 Q,
C,.=411F, R, =130 O, R, =220 Q, C_=0.28 pF.
g, =188 mS.

In Fig. 7, the modeled S parameters for short test
structure (as seen in Fig. 2) are compared with meas-
ured data for the InP HBT under the bias conditions (1,
=100 wA and V; =1.5 A). A good agreement can be
observed. The above computed data are also compared
with the conventional model. It shows that the proposed
model is more accurate than the conventional one.

Figure 8 shows the comparison of modeled and
measured S parameters for the HBTs in the frequency
range of 2 ~110 GHz, good agreement is obtained to ver-
ify the validity of the proposed method.

Fig. 8 Comparison of modeled and measured S
parameters for the short test structure
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4 Conclusion

An approach for determination of small-signal equiv-
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alent circuit model elements for InP HBT is presented in
this paper. The intrinsic elements determined by a con-
ventional analytical parameter transformation technique
are described as function of extrinsic resistances. An ex-
cellent fit between measured and simulated S-parameters
in the frequency range of 2 ~ 110 GHz is obtained for InP
HBT.
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