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Extraction of temperature dependences of small-signal
model parameters in SiGe HBT HICUM model*
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In this work, temperature dependences of small-signal model parameters in the SiGe HBT HICUM model are pre-
sented. Electrical elements in the small-signal equivalent circuit are first extracted at each temperature, then the temperature
dependences are determined by the series of extracted temperature coefficients, based on the established temperature for-
mulas for corresponding model parameters. The proposed method is validated by a 1 x 0.2 x 16 um? SiGe HBT over a
wide temperature range (from 218 K to 473 K), and good matching is obtained between the extracted and modeled re-
sults. Therefore, we believe that the proposed extraction flow of model parameter temperature dependence is reliable for
characterizing the transistor performance and guiding the circuit design over a wide temperature range.
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1. Introduction

Because of its excellent performance and compatibil-
ity with conventional Si CMOS processing, SiGe HBT tech-
nology has recently received a great deal of attention in
radio frequency (RF), microwave and extreme environment
applications.!!?! Since the existence of bandgap-engineering
in the base region, the narrowed-bandgap induced by the Ge
profile retards the classical problems associated with cooling
conventional transistors, such as base freezeout, carrier diffu-
sivity and mobility degradation.>>! As a consequence, nearly
all the transistor metrics improve with temperature decreasing,
which enables SiGe HBT to operate well in a low temperature
range. Obviously, on the other hand, SiGe HBTs also suffer
some degradations in AC and DC characteristics as tempera-

3671 However, it is lucky to find that the speed

ture increases.|
of such a degradation is not very fast. For example, even at
300 °C IBM the 2nd generation SiGe HBT also possesses a
current gain of above 100 and fr above 75 GHz.[®! It demon-
strates a potential of SiGe HBT operating over a wide range
of temperature. Therefore, it is vital to investigate the physics
of SiGe HBT model parameters over a wide temperature, and
also important to build the temperature dependences of model
parameters with good fidelity.

A completed transistor model generally includes two
parts: the small-signal model and the large-signal model."!
The small-signal model is a linear approximation of the large-
signal model in a given bias condition and can accurately de-
scribe the transistor characteristics. The extraction of small-
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signal model parameters is less complicated, and it is promis-
ing to obtain the large-signal model parameters. Therefore,
the temperature dependences of model parameters related to
the small-signal equivalent circuit are presented in this work.
The small-signal electrical elements in the SiGe HBT HICUM
model in off-state are first extracted at a given temperature, and
the corresponding temperature coefficients for each model pa-
rameter are then obtained based on the proposed temperature
formulas. This paper provides a theoretical guide for design-
ing the device and circuit of SiGe HBTs working in a wide
temperature range.

2. Experiment

After the bias-independent extrinsic parasitic elements
are removed through a standard ‘open’ and ‘short’ de-
embedding pattern, the small-signal equivalent circuit of the
SiGe HBT HICUM model under cut-off mode is obtained,
as shown in Fig. 1.['% The temperature dependences of re-
sistance and capacitance originate from the physical quanti-
ties such as the intrinsic carrier density, diffusivity or mobility.
The temperature coefficients related to the model parameters
in Fig. 1 are respectively the effective bandgap voltages VEefr,
Vecefr, and Vgseff, temperature exponents CRB for base resis-
tance, Cch for collector resistance, CRSU for substrate resis-
tance, and CRE for emitter resistance.

The devices under test are vertical NPN SiGe HBTs and
five temperature points 218 K, 248 K, 298 K, 373 K, and
473 K are adopted. DC characteristics including the forward-
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Gummel and R¢_flyback are measured with an Agilent B1500
Semiconductor Parameter Analyzer, and the S-parameter mea-
surements are carried out in a microwave probing system
using a vector network analyzer over a frequency range of
100 MHz-25 GHz.
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Fig. 1. Simplified small-signal equivalent circuit in SiGe HBT HICUM
model biased at off-state.

3. Extraction of electrical elements

The junction capacitances are first extracted from the cold
S-parameters measurement.!!!! For the BE junction capaci-
tance (e and BC junction capacitance Gy, base voltage Vg
is swept from —1 V to 0.4 V under a fixed Vo =0 V. Sim-
ilarly, for the CS junction capacitance Cjs, Vc is swept from
—0.4 Vto 1.5 V with a constant Vg = Vg = 0 V. Then the junc-
tion capacitance can be directly determined from the following
non-linear rational function fitting over the whole frequency

range:[!1]

Im(Y); +Y12)
Coe® + N1 @ + Njp@° + Nj307

= P} l
14+M@0* + M o* +Mi30° + M08 )
Im(—le)

_ (Coci + Coex) 0 + N31 0° + N320° + N3z’ @)

1+ Mp @2+ Mpet + Mi3e° + Mise8
Im(Y1 +Y22)

_ stw+N51w3 + N5, @’ + N30’ 3)

1+Mp 0% +Mpp0% + Mi300+ M08

The coefficients N;; and M;; of other high-order terms
each are a function of the circuit elements in Fig. 1. Fig-
ure 2 shows the variations of Im(¥;; + Y1»), Im(—Y);), and
Im(Y2; + Y12) with angular frequency @ for 1 x 0.2 x 16 umz
SiGe HBT biased at Vg = V¢ = 0 V at room temperature. Ex-
cellent agreement is found over the whole frequency range,
and the junction capacitances are respectively obtained to be
55.64 fF (55.04 fF, 56.24 {F) for C., 62.78 fF (61.95 fF,
63.21 fF) for Cyex + Coci» and 26.10 fF (25.92 {F, 26.28 fF) for
Cis. Confidence intervals (included in the above brackets) are
narrow and hence the extracted junction capacitances are cred-
ibly accurate. For each operation point and measurement tem-
perature, an appropriate fitting frequency range is adopted to

obtain the global junction capacitance. As a consequence, the
bias-dependent junction capacitances at different temperatures
are determined, then the junction capacitance model parame-
ters, zero-biased depletion capacitances, grading coefficients,
and built-in voltage are obtained, which will be discussed in

the following section.
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Fig. 2. (color online) Comparison between the measured (symbols) and
fitting results (solid lines) of formulas (1)—(3) for 1 x 0.2 x 16 pm? SiGe
HBT biased at Vg = V¢ =0 V at room temperature.

The substrate resistance Rsy can be extracted by using the
reported cold S-parameter approach.[!?] The external collector
resistance Rcx can be determined through the convenient fly-
back method.!'3] As for the emitter resistance Rg, a novel ex-
traction method has been proposed based on forward-Gummel
measurements in our pervious study.!!* In the medium current
region we can obtain

dln(lg) g qRg JdIg

Vg kT kT OVgg’

“

where Vg represents the applied voltage across the BE junc-
tion, kT /g is the thermal voltage at given temperature 7, I,
and Ig are base current and emitter current in the forward
Gummel measurement, Rg can be determined from the least
squares linear fitting of Eq. (4) when plotting dIn(fg)/dVg
versus dIg/dVgg, as shown in Fig. 3, from which an almost
straight line is expected in the medium current region for a
1 0.2 x 16 um? SiGe HBT at room temperature. It is demon-
strated that expression (4) is reasonable and the extracted Rg
values are reliable. The deviation between the measured and
fitted data in the high current region is due to the high injec-
tion and quasi-saturation effects. For example, the heterojunc-
tion barrier effect (HBE) and self-heating effect will lead to
a slower increasing speed of Ic (or Ig) than that of Iy with
VBE increasing, thus a large deviation appears in the plot of
the high current region, as shown in Fig. 3. Therefore, the
proposed method avoids some losses of extraction precision
induced by the high current effect.
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Fig. 3. (color online) Typical fitting result of Eq. (4) fora 1 x 0.2 x 16 um?
SiGe HBT.

As in our pervious study, the remaining model parame-
ter Rg can be obtained based on the nonlinear rational func-
tion fitting.['> Taking a 4 x 1.2 x 20 um? SiGe HBT under
off-states for example, as shown in Fig. 4, Rg and Rcx both
decrease with the external BC junction Gy increasing. Rp is
confined within a narrow range from 9.88 Q to 10.59 Q when
Rcx drops to zero. Then with the aid of pre-determined Rcx of
4.18 Q (already extracted from Rc_flyback method), Rp is ob-
tained to be 10.17 Q. In other words, the base resistance here
is directly extracted from cold S-parameters without making

any numerical optimization.

15 10.59 Q
10,17 Q 0.88 O
1or i %D
5k O I
S
= o 4.18 Q —+— Ry
~ —O— Rex
ot
< .|
—10F
_15 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Cher/ fF

Fig. 4. (color online) Plots of Rg and Rcx versus Cpex for 4 x 1.2 x 20 pm?
SiGe HBT in cut-off state.

Through the given method as discussed above, the se-
ries resistances Rcx, Rsu, Rg, and Rp at each temperature
can be extracted and the plots will be given below. By far,
the problem of extracting each electrical element in the small-
signal equivalent-circuit as shown in Fig. 1 has been com-
pleted. Then based on these extracted results at each temper-
ature, the temperature dependence can be established, which

will be discussed in the following section.

4. Temperature dependence of model parame-
ters

In the HICUM model, the temperature dependence of
model parameters is described via the physical quantities such
as intrinsic carrier density, diffusivity or mobility. The temper-
ature dependence of internal base resistance Rp here depends
on the carrier mobility in the neutral region. Then zero-bias

resistance is described as:[!°]

Cry
Re(T) = Ra (7o) (;) , )

where Tj is the reference temperature and Rg(7p) is the deter-
mined base resistance at given temperature 7. The tempera-
ture coefficient (g, is a function of base doping concentration.
The external collector resistance Rcx, emitter resistance Rg,
and substrate resistance Rsy each follow a similar relationship
to that shown in Eq. (5). The temperature coefficients (..
CBy» and Cgy, each are a function of average doping concen-
tration in a corresponding region.

As in Ref. [11], all junction depletion capacitances are
modeled in terms of the capacitance at zero bias Cjo, a built-in
voltage Vp and a grading coefficient zj. In HICUM the grad-
ing coefficient z; is assumed to be a constant and temperature-
independent. To access the temperature dependence of built-
in voltage Vp, an auxiliary voltage Vp;(Tp) at given reference
temperature Ty is calculated as indicated in Ref. [16] and given
as follows:

V(T Vo (Tt
Vpj(To) = 2Vroln {exp ( ZD‘(/TS)> oo <_ ZD‘(/TE)H ©

where Vp(Tp) and Vo are the built-in voltage and thermal volt-
age at reference temperature Ty respectively. With the linear
temperature-dependent effective bandgap, the value Vp;(7') at
an arbitrary temperature is written as!'®!

T T
VDj(T) = VDj(To)?O —mgVT In <T()>

T
Ve (0) (TO _ 1) , ™)

where m, is a constant to characterize the temperature depen-
dence of the intrinsic carrier density and Verr(0) is the finite
bandgap at T = 0 K. Finally, the built-in voltage Vi (T') can be
calculated as!®/

W (T)

| =

It is noted that the built-in voltage Vp is associated with the

= VDj(T> +2VT In <

relevant junction region, for example, V. is related to the base
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and emitter region, therefore Vgefr here should be an average
effective bandgap, which is written as!'6]
Vgxeff + ngeff

Vgeff ~ Vg(x,y)eff = T )

with (x,y) = (B, E), (B, C), (C, S). Generally, the depletion
junction Cjp at zero bias is expressed as Cjo ~ V3%, therefore,
the temperature dependence of Cjy can be directly obtained
from the previously determined Vp, and expressed as

VD(TO))ZJ
Ww(T))

Gol) = Go(m) (10)
The grading coefficient z here does not depend on temperature.
As reported in Ref. [11], the well-known junction depletion
capacitances can be modeled, respectively, as

Cheo

Coo=——"""—— 11

be (1 o VBE/VdE)ZdC ) ( )
Cheio
= bel0 12

CbC (1 —VBC/VdC)ZdC +CbCX3 ( )
C

Cs= %0 (13)

(1 —Vsc/Vgs )7’

where CGpeo, Cocio, Cjso are the zero-biased depletion capac-
itances; Zge, Zdc, Zqs are the grading coefficients; Vgg, Vyc,
and Vg are the built-in voltages of BE junction, BC junction,
and CS junction, respectively; and Vg, Vac, and V¢ are the
applied forward bias voltage across the junctions. Here the
external BC junction Gy is assumed to be bias-independent.

It is noted that the built-in voltage Vp is temperature
dependent and the grading coefficient Zg is temperature-
independent in the HICUM model, therefore, Vp cannot be
set as a constant similar to the case at room temperature. A
novel parameter extraction flow for the depletion capacitances
is recommend. First, the C-V characteristics at given refer-
ence temperature 7Ty is fitted directly, then the built-in voltage
Vb, zero-biased capacitance Cjp and grading coefficient Zy will

65 m  extracted
| model
60 -
- n
& 55t
g L ]
Q
50~ ™
45
qgolb—
200 250 300 350 400 450 500
T/K

be obtained simultaneously if high accuracy exists. Otherwise,
set Vp as the default value, and extract the Cjp and Z4 from the
C-V curve fitting. Finally, the values of Vp and Cjy at differ-
ent temperatures can be determined from the corresponding
C-V curve fitting under the assumption of Z4(T) = Z4(Tp).
Thus, the temperature dependences of Vp(T') and Cjo(T) are
obtained.

In HICUM the temperature dependence of model param-
eters is assumed to be irrelevant to device size, therefore, the
extraction of temperature dependence for a single transistor
geometry can also be applied to other-sized devices. The re-
sults for a 1 x 0.2 x 16 um? SiGe HBT are presented in this
work. According to Egs. (6)—(13), the obtained relative tem-
perature coefficients are shown in Table 1. The variations of
built-in voltage Vp and zero-biased depletion capacitances Cjo
for BE junction, BC junction, and CS junction, with tempera-
ture are shown in Figs. 5-7, respectively. Excellent agreement
is obtained between the extracted and fitted model parameters
at most temperature points.

The temperature dependences of series resistances (Rp,
Rcx, Rg, and Rsy) are shown in Fig. 8, from which good
agreement is obtained over the whole measurement temper-
ature range from 218 K to 473 K. Besides, it is found that
the variation tendency of Rg is different from those of the
other three resistances as temperature increases. Rp, Rcx, and
Rsy gradually increase while Rg decreases with temperature
increasing, which may be due to the different scattering mech-
anisms contributing to carrier mobility.["!

Table 1. Extracted temperature coefficients for 1 x 0.2 x 16 um? SiGe HBT.

Zgei VeEett/V Zyci Vecett/V Zgsi Vesett/V
0.184 0.949 0.2715 0.9174 0.06075 0.8136
mg Cry Cre CRex Crey
3 0.6283 —0.3456 0.7533 0.6049
0.851 ]
I m  extracted
0.80F = fitting
0.751
0.70F
s L
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>" L
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Fig. 5. (color online) Temperature dependences of zero-bias capacitance and built-in voltage for BE junction.
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Fig. 6. (color online) Temperature dependences of zero-bias capacitance and built-in voltage for BC junction.
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Fig. 7. (color online) Temperature dependences of zero-bias capacitance and built-in voltage for CS junction.
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Fig. 8. (color online) Temperature dependences of series resistances of (a) Rcx, (b) Rg, (¢) Rsy, and (d) Rp.
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Because of the low doping concentration, the carrier mo-
bilities in base, collector and substrate region are mainly dom-
inated by the lattice vibration scattering, which shows a tem-
perature dependence of 73/2 and increases with temperature
increasing. Therefore, the carrier mobility in these regions de-
creases and the corresponding series resistances increase as
temperature increases. While in the emitter region, it is the
ionized impurity scattering that dominates the carrier mobility
due to the higher doping concentration (generally at a level of
1020 cm™—3). The ionized impurity scattering shows a tempera-
ture dependence of 73/% and hence decreases with temperature
increasing; as a result, the carrier mobility in the emitter region
increases and then the emitter resistance Rg decreases.

5. Conclusions

In this paper, the temperature dependences of small-
signal model parameters for SiGe HBT HICUM under cut-off
mode are presented from 218 K to 473 K. The depletion ca-
pacitances are extracted from the cold S-parameter measure-
ments. Emitter resistance Rg is obtained from the forward-
Gummel measurement. Base resistance Rp is gained from cold
S-parameters based on the rational function fitting. Then the
temperature dependences of model parameters are determined
based on the established temperature formulas. The proposed
method is verified with a 1 x 0.2 x 16 um? SiGe HBT and
good agreement is obtained over the whole temperature range.
These results provide a theoretical guide for designing devices
and circuits of SiGe HBTs in a wide temperature range.
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