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Abstract:

An improved large-signal equivalent-circuit model for SiGe HBTs based on the MEXTRAM model (level

504.5) is proposed. The proposed model takes into account the soft knee effect. The model keeps the main features
of the MEXTRAM model even though some simplifications have been made in the equivalent circuit topology. This
model is validated in DC and AC analyses for SiGe HBTs fabricated with 0.35-um BiCMOS technology, 1 x 8 m?
emitter area. Good agreement is achieved between the measured and modeled results for DC and S-parameters (from
50 MHz to 20 GHz), which shows that the proposed model is accurate and reliable. The model has been implemented

in Verilog-A using the ADS circuit simulator.
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1. Introduction

Nowadays, the rapid growth in wireless communication
at radio frequencies has created a huge demand in high-
performance RF components for power amplifiers in base sta-
tions and automotive applications. Due to a higher integration
level than III-V devices, SiGe HBTs quickly become popular
in wireless communication applications, in the form of wire-
less transceiver circuits. Optimal designs for RF power ampli-
fiers and IC-applications require accurate models, especially
physical-oriented models, for circuit simulation, which is valid
in DC and AC conditions over a wide range of frequency and
bias.

Conventional bipolar junction transistor models, such
as the more than 30-year-old SPICE Gummel-Poon model
(SGPM)[! are used for the design of analog high-frequency
circuits fabricated in advanced Si/SiGe bipolar and BiCMOS,
as well as in III-V HBT technologies. The formulation of
charges storage effects as well as the missing self-heating and
base-collector avalanche effect are the most important defi-
ciencies of the conventional models. Some advanced compact
models, such as VBIC[?!, HICUM!®! and MEXTRAM™! mod-
els, which were initially developed for silicon and SiGe de-
vices, have eliminated many of the above issues. The VBIC
model includes improved modeling of the early effect, quasi-
saturation, substrate and oxide parasitics, avalanche multipli-
cation, and temperature behavior. The HICUM (high-current
model) model was developed for high-current and high-speed
digital applications. This model is a physics-based model and
has a completely different transit time approach compared with
the SGP and MEXTRAM models. The MEXTRAM 504 model
has an improved cut-off frequency model as using a different
principle than HICUM for transit time modeling. However,
the VBIC, HICUM and MEXTRAM models are more com-
plicated than the SGP model with respect to model equations,
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equivalent-circuit and computational effort, and the conver-
gency behavior of the VBIC, HICUM and MEXTRAM models
are not as good as the SGP model. Other compact models, such
as the Agilent HBT!%] and FBH HBT!®! models, were created
specifically for III-V material devices.

The availability of a simplified model may have certain
advantages[”], thus a less complicated compact heterojunction
bipolar transistor model has been developed on the basis of
the MEXTRAM 504.5 model. Compared to the MEXTRAM
model, the soft knee effect has been taken into account, and
the parameter extraction effects, especially for single transis-
tor sizes, becomes convenient. The proposed model accurately
describes the electrical behavior of SiGe HBTs fabricated with
0.35-um BiCMOS technology from DC to 20 GHz over the
entire range of bias conditions.

2. Model description

Figure 1 shows the proposed large-signal equivalent circuit
model. This consists of a fundamental transistor part as well as
a sub-circuit to model self heating.

Compared to the MEXTRAM 504.5 model, the following
modifications have been made:

(1) The sidewall components /3, and Q%; have been elimi-
nated by properly merging the bulk and the sidewall component
across the BE junction, then the separation parameters X /5
and XCjg are not included in the proposed model. The ideal
forward base current can be written as follows:

Ist

Iz = (eUBZE]/VT —1). (1)

qxPfT

In the above equation, gx will be discussed later in more de-
tail. The total base—emitter depletion capacitance can be writ-
ten as follows:

O = CirVe. (2)
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Fig. 1. Proposed large-signal equivalent circuit model.

(2) The non-ideal reverse current /g3, which originates
from the recombination in the depleted base—collector region,
has also been eliminated in the proposed model.

(3) The substrate current is partitioned over the constant
base resistance when EXMOD = 114l and the high injection
substrate current /g, has been eliminated. The reverse behav-
ior of the parasitic PNP is not modeled. The current with sub-
strate bias in the forward direction is only included as a signal
to the designer as the current with substrate is always in reverse
bias[4], then the substrate current in the forward direction can
be written as follows:

I = Isr(e¥c/VT — 1), 3)

Note that in this expression Isr is used instead of Isgr,
which simplifies parameter extraction, then the parameters Isst
and Iyt have been eliminated in the proposed model.

(4) The overlap capacitances Cggp and Cgco are not in-
cluded in this model. There is only X Cjc, which may be de-
termined from geometrical scaling rules, and the other scaling
parameters are eliminated in the proposed model.

(5) The substrate elements which may have an influence on
the transistor output characteristics have been included in the
proposed model.

(6) The soft knee effect has been taken into account.

The Gummel-Poon model relies on the principle of reci-
procity that electrons injected from the emitter into the base
will behave essentially the same as those injected from the col-
lector. However, it may not be the case in HBTs in which the
emitter and possibly the collector may have a different bandgap
than the base. A spike at a wide-bandgap collector can block
carriers exiting the base, thus causing the soft knee effect, in
which the transistor enters saturation at a higher collector volt-
age[g]. In the Agilent HBT model, ¢3mo0q, Which is an empirical
function, is used to model the drop in current gain at high cur-
rents and low collector voltages which results in a softening of
the knee behavior of the common—emitter /—V plot. In the pro-
posed model, gy is used to represent the soft knee effect, and
qx1- qx2, 4i3, Gxa» qxs and Xy are the new model parameters.
Xg1 is the temperature exponent for gi;. The expression for

k

Soft Knee ¢
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Fig. 2. Value of gy as a function of the collector—emitter voltage and
base current.

the soft knee effect is shown here:

Tglobalambient + DTA + (AT)dynamicheating

tN = , 4
Tglobalambient + DTA ( )
grir = g (N )X, ®)
q3 = eqk3Vcc, (6)
gs = erAIB’ 7
crit = q—3 (8)
q4
Gyt = gxit tanh[(gx> X crit) + gis]. ©)
if (qx<0.4)
begin gx = 0.4;
end
else
begin gx = g
end.

Vee 1s the collector—emitter voltage and I is the base cur-
rent. If the value of g is too small, the value of the base current
shown in Egs. (1) and (15) will become larger than the truth
value. Thus if the case is used to limit the minimum value of
qx, the value of gy as a function of the collector—emitter voltage
and base current is shown in Fig. 2, and gy keeps a value of 1
when its effect is not present. Then the main current is written

as follows:
. Iqu - Ir

In — (10)
dB
where the ideal forward current is:
I = IsTeUBZEl/VT' (11)
The ideal reverse current is:
I, = Ige"me/ VT, (12)
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Table 1. Parameters for the soft knee effect. Table 2. Other parameters.
Parameter gy qx2 % qxa qxs Xgk1 Parameter Value Parameter Value
Val}le 1 1.72 0161 55}? -0.78 0 I 3.48 % 10—17 A C] 3.65 X 10—17 F
Unit - - v A - - I 0.07 A Vi 0.67V
Vet 120V G 498 x 10714 F
Ver 2,10V Ve 0.69V
qh + /(gh)” +0.01 i 235 v 7.01 x 10715
1 _ : f E .
98 = ) (1+0.5n0 +0.515),  (13) Ins 270x 10715 A 13 420x 10713 5
where My 2.20 Tepi 2.05x 10712
Bi 10.50 R 519 % 10710
Ve Ve R 2.50 @ Veb 0.67V
qo =1+ vty (14) Rpe 2470 Q Vec 1.08 V
. el Pefl _ Rey 46 Q Vg 107V
The ideal forward base current has been shown in Eq. (1). Rce 29.80 Q G 750 x 10~ 14 F
The non-ideal forward base current, which originates from the Rey 90 Q Vas 0.18V
recombination in the depleted base—emitter region and from
many surface effects, can be written as:
0.01

Is, = [IBfF (eszEl/mLfVT _ 1) 4 GmianzEl] /qx.  (15)

The proposed model keeps the main features of the MEX-
TRAM 504 model, such as weak avalanche effects in the col-
lector—base junction, charge storage effects, and velocity satu-
ration effects on the resistance of the epilayer.

3. Parameter extraction and model verification

In order to validate and access the proposed model, we
present the extracted model elements for a 0.35-um SiGe-
BiCMOS HBT witha 1 x 8 um? emitter area. The S-parameter
measurements for model extraction and verification were made
up from 50 MHz to 20.0 GHz by using an Agilent E8363B net-
work analyzer.

3.1. Parameter extraction

The first step in the determination of parameters is to gen-
erate the initial parameter value. The epilayer parameters can
be calculated when knowing the emitter dimensions, the thick-
ness and the doping level of the epilayer. The scaling param-
eter XCjc can be extracted to describe the increase in collec-
tor current with collector voltage from the measured data for
forward early effect!®], thus it is possible to extract all the pro-
posed model parameters from one measured transistor.

The junction capacitance parameters can be extracted from
the measured data for depletion capacitance (CV). The DC
characteristics parameters can be extracted from the mea-
surements for terminal voltages versus currents (DC Gummel
plots). The additional parameters for the soft knee effect can
be determined by fitting the DC output characteristics of the
device. The transit time parameters can be determined by fit-
ting the cut-off frequency fr, which can be obtained from
S-parameter measurements in the common emitter configura-
tion[®]. In order to determine the parameters of the temperature
scaling rules, part of the measurements have to be repeated at
another temperature.

When all of the parameters have been determined, the
measured and simulated DC characterization and S -parameter
curves may not fit very well, thus it is necessary to use opti-
mization technology to reduce the error between the measured
and modeled data. The values of the parameters for the soft
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Fig. 3. Forward Gummel plot at Vgc =0 V.

knee effect are shown in Table 1. The values of the other pa-
rameters are shown in Table 2.

3.2. Model verification

The measured and simulated forward gummel plots are
shown in Fig. 3. DC characteristics of the device are compared
in Figs. 4 and 5.

Figure 4 shows the collector current and characteristics ver-
sus collector—emitter voltage at different forced base currents
at room temperature. Figure 5 shows the base—emitter voltage
versus collector—emitter voltage at different forced base cur-
rents at room temperature. Table 3 shows the average relative
errors between the simulated and measured DC characteristics
for the proposed and MEXTRAM models. It is obvious that
the fit between the measurement and simulation becomes more
accurate when the soft knee effect is included in the proposed
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Fig. 4. Collector current /¢ as a function of collector—emitter voltage
Vee with forced base current. (/g: 0-100 pA, Step: 10 pnA. Circle:
Measured data; Solid line: Proposed model; Dot: MEXTRAM 504
model.)
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Fig. 5. Base—emitter V4, as a function of collector—emitter voltage
Vee with forced base current. (/g: 10100 nA, Step: 10 pA. Circle:
Measured data; Solid line: Proposed model; Dot: MEXTRAM 504
model.)
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Fig. 6. Comparison of simulated and measured S parameters for the SiGe HBT. (I = 70 A, Ve = 2 V. Circle: Measured data; Solid line:

Simulated data.)

Table 3. Relative errors between the simulated and measured DC char-
acteristics.

Parameter Ic Ve

MEXTRAM model 9.8% 5.4%

Proposed model 3.5% 3.8%
model.

In order to verify the AC behavior, the proposed model
is validated by comparing the measured and simulated S pa-
rameters. Figures 6—8 compare the measured and simulated S-
parameters for the SiGe HBT in the frequency range of 50 MHz
to 20 GHz under different bias conditions. A good agreement
over the whole frequency range is obtained.

4. Conclusion

In this paper, an improved large-signal equivalent-circuit
model for SiGe HBTs based on the MEXTRAM model (level
504.5) is proposed. Most of scaling parameters are eliminated
in the proposed model, thus model parameter determination
from the signal geometry transistor becomes convenient com-
pared to the MEXTRAM 504 model. The excellent agreement
of the measured and modeled results for DC and S-parameters
(from 50 MHz to 20 GHz) shows that the proposed model is
accurate and reliable. The source-code of the proposed model,
which is developed using Verilog-A, has been compiled and
linked to the Agilent ADS2008 and implemented using the cir-
cuit simulator/hpeesofsim.
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Fig. 7. Comparison of simulated and measured S parameters for the SiGe HBT. (/g = 50 pA, Vee=2 V. Circle: Measured data; Solid line:
Simulated data.)
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Fig. 8. Comparison of simulated and measured S parameters for the SiGe HBT. (Ig = 40 uA, Ve = 1.5 V. Circle: Measured data; Solid line:
Simulated data.)
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