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SPICE Compact BJT, MOSFET, and JFET Models
for ICs Simulation in the Wide Temperature Range

(From −200 ◦C to +300 ◦C)
Konstantin O. Petrosyants , Lev M. Sambursky , Maxim V. Kozhukhov , Mamed R. Ismail-Zade ,

Igor A. Kharitonov , and Bo Li , Member, IEEE

Abstract—The temperature range of SPICE models of bipolar
and field-effect transistors is extended from the standard com-
mercial level (−60 ◦C · · · + 150 ◦C) to harsh conditions level
(−200 ◦C · · · + 300 ◦C) for low/high-temperature ICs design.
This is done by including additional equations for temperature-
dependent parameters, and by connecting additional elements to
the device equivalent circuit to take into account the thermal
effects. The universal automated methodology of model parame-
ters extraction from the experimental data measured at low and
high temperatures is proposed. The good agreement between sim-
ulated and measured device characteristics is achieved. The RMS
error is not more than 10%–20%.

Index Terms—BJTs/HBTs, compact transistor models, device
characteristics measurement, experimental I–V characteris-
tics, junction field-effect transistors (JFETs), low- and high-
temperature electronics, model parameter extraction, MOSFETs,
SPICE-like circuit simulators.

I. INTRODUCTION

LOW-AND high-temperature electronic components are
used in aerospace, vehicular, robotic platform equipment;

satellite communication systems; high-speed/sensitivity mea-
suring instrumentation; high-energy control systems; oil/gas
deep-hole drilling control and monitoring systems; engine and
electric motor control systems; refrigeration supply equipment;
cryogenic engineering; and other applications with the extreme
environment. Temperature-hardened devices must keep the
high serviceability and reliability during the operation life
in harsh conditions. In this connection, the BiMOS/BiCMOS
VLSIs and systems on chip (SoC) have demonstrated suffi-
ciently stable performance and reliability in wide temperature
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Fig. 1. Current gain at different low temperatures for n-p-n Si BJTs as a
component of analog matrix array chip AC-1.3 [7].

range [1]–[6]. The key components of mixed analog/digital
BiMOS/BiCMOS circuits are Si BJTs/SiGe HBTs, bulk
Si/SOI MOSFETs, and junction field-effect transistors (JFETs)
working in the extended temperature range from −200 ◦C
to +300 ◦C. For comparison, the standard temperature range
for commercial technology options of IC components is
−60 ◦C · · · + 150 ◦C.

Bipolar and FET very large-scale integration (VLSI) com-
ponents have the following electrical parameter limitations
caused by thermal effects in low- and high-temperature ranges.

1) For commercial technology options of Si BJTs, degrada-
tion in current gain and speed at low temperatures was
observed. It was shown in [7] and [8] that the conven-
tional Si BJTs could not operate at temperatures down
to −150 ◦C · · ·−180 ◦C because of the strong decrease
of current gain β (see Fig. 1). At high temperature up
to +300 ◦C, the degradation of Si BJT parameters β,
cut-off/maximum frequencies fT/fMAX, and Early volt-
age VA was observed. The Si BJT device-level reliability
falls down. The upper Si BJT temperature limit is not
more than +200 ◦C.

2) The commercial technology options of SiGe HBTs
are more temperature hardened than Si BJTs. Cooling
improves the SiGe HBT parameters β, fT/fMAX, gm,
VA, and NFmin, but at low currents, the admissible
degradation of β is observed. The upper temperature
limit is +300 ◦C. Therefore, the SiGe HBT device-level
reliability looks good at low and high temperatures.

3) It was shown for commercial technology options of bulk
Si and SOI MOSFETs that the main device parame-
ters are improved at low temperatures: carrier mobility
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μeff increases due to reduction of scattering; transcon-
ductance gm and subthreshold voltage slope S increase
driven by mobility. However, SOI MOSFETs are prefer-
able for use at low temperature (down to −200 ◦C)
because the substrate leakage current Isub in bulk
MOSFETs is growing with cooling due to more impact
ionization.
At high temperatures (up to +300 ◦C), the parame-
ters of bulk and SOI MOSFETs make worse: leakage
current Ileak and threshold voltage shift �Vth increase,
but carrier mobility μeff and subthreshold voltage slope
S decrease. The detailed analysis of published works
shows that the SOI MOSFETs are more temperature
hardened than their bulk counterparts: SOI MOSFETs
are used up to +300 ◦C and more [9]; bulk MOSFET
devices are not used at temperatures above +150 ◦C.

4) JFETs due to high input resistance and amplifica-
tion factor, low intrinsic noise, and compatibility with
BiMOS/BiCMOS technologies are widely used in input
cascades of low-noise operational amplifiers, compara-
tors, secondary power sources, and other analog circuits
of low-temperature electronics [1], [2]. With a decrease
in temperature to −120 ◦C · · · − 150 ◦C the positive
tendency is observed: the transconductance and drain
current increase due to the increase in carrier mobility
in the channel at low temperatures. However, for several
types of middle- and high-power devices with a further
decrease in temperature to −170 ◦C · · · − 230 ◦C, the
saturation voltage VDsat and series resistance RD increase
due to the freezing of carriers, which relates to a decrease
in transconductance and pinch-off current IP. This phe-
nomenon must be taken into account considering the
JFET performance in deep low-temperature range.

It is obvious that CAD systems used for temperature-
hardened VLSIs design must take into account the device
parameter variations in the extended temperature range
(−200 ◦C · · · + 300 ◦C). For this purpose, the special SPICE
device models are necessary. Unfortunately, the temperature
range of device models in commercial SPICE-like tools is
limited from −60 ◦C to +150 ◦C. This problem mani-
fests itself in practical IC modeling in two aspects. First,
the standard SPICE models are not applicable to low- and
high-temperature ICs design. Existent special low- and high-
temperature device models, as a rule, are not developed
completely and their possibilities are limited. For example,
the low- and high-temperature SPICE models of JFETs are
not yet developed.

Second, especially at the cryogenic temperatures, the oper-
ational failures in the IC simulation process using SPICE-like
tools were observed. They were caused by device model faults.

Moreover, with temperature below −253 ◦C, SPICE simula-
tion in HSPICE H-2013.03, ADS 2014.01, and Spice3f5 using
models of this family does not start up.

JFET static characteristics are most often described by the
well-known Shichman–Hodges model [10]. The temperature
dependence of the main parameters of this model is described
by built-in mathematical expressions that are valid for the tem-
perature range −60 ◦C · · ·+125 ◦C. However, in the cryogenic
temperature range, the expressions of this model give a sig-
nificant simulation error, which imposes a limitation of its
applicability in the original form (see [11]).

Concerning the standard models of bipolar transistors for
IC’s simulation in low-temperature range (Gummel–Poon,

Fig. 2. Comparison of measured and simulated current gain characteristics
of SiGe HBT SGB 25 V using standard Mextram 504 model. A large error
is observed at the temperatures below −100 ◦C.

VBIC, and Mextram), in OrCAD and HSPICE computational
errors were observed at temperatures below −148 ◦C for all
the three models. In LTSpice, no computational problems were
observed for the standard Gummel–Poon and VBIC models
at temperatures down to −195 ◦C (Mextram is not included
in LTSpice, so it was not tested there). However, for all
cases, I–V characteristics simulation results did not match
experimental data at the temperatures below −100 ◦C.

In this article, we try to solve completely the problem
of compact modeling of BiMOS/BiCMOS VLSI compo-
nents in the extended temperature range from −200 ◦C to
+300 ◦C. The state-of-the-art is analyzed and the ways to
device temperature models modification are pointed. A univer-
sal approach for extension of the standard SPICE BJT/HBT,
MOSFET, and JFET models down to −200 ◦C and up to
+300 ◦C is presented. It is based on including to the stan-
dard models the new parameter dependencies on temperature
and new circuit elements accounting for thermal effects. The
measurement techniques and data processing procedures for
model parameters extraction at low and high temperatures
are discussed. The adequacy of the developed models for all
types of the devices is confirmed by the good agreement of
simulated I–V characteristics with experimental data in the
extended temperature range from −200 ◦C to +300 ◦C.

II. RELATED PREVIOUS WORKS

We have analyzed the publications where SPICE models
of different types of bipolar and field-effect transistors were
described for deep low temperature (down to −200 ◦C) and
high temperature (up to + 300 ◦C) applications.

A. Si BJTs and SiGe HBTs

Our investigations show that standard GP, VBIC, and
Mextram BJT/HBT models built into commercial SPICE-like
tools are not valid at low temperatures below −100 ◦C. For
example, in Fig. 2, it is seen that the simulated I–V charac-
teristics of SiGe HBT SGB 25 V using standard Mextram
504 model are not adequate to experimental data at the
temperatures below −100 ◦C · · · − 120 ◦C.

In [8], the basic MEXTRAM 504 model was improved by
including new elements in the device equivalent circuit, and
new parameters and equations in model description to take
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Fig. 3. Comparison of measured (points) and simulated MOSFET fea-
tures using standard BSIM models (lines) in deep low-T and high-T regimes:
(a) transfer I − V-characteristics and (b) threshold voltage. A large error is
observed in deep low-T and high-T regimes.

into account low-temperature effects. However, our experience
shows that it is difficult for practical engineers to use this
model: standard version of MEXTRAM 504 in commercial
SPICE must be essentially modified; additional procedures are
necessary for the extraction of a new set of model parameters.

In [12], the new temperature-scaling equations were
proposed in the VBIC model to work over a wide range of
−230 ◦C · · · + 127 ◦C.

All the standard BJT/HBT compact SPICE models were
tested in high-temperature range up to +300 ◦C. Out exper-
iments show that all the models are valid, no changes are
necessary.

B. Bulk and SOI MOSFETs

A number of works are devoted to the development and
investigation of MOSFET compact models separately in the
temperature range from cryogenic to room temperature and
up to extended high temperature, for example, [13]–[15].

Different versions of the BSIM/BSIMSOI models have
an important drawback in the area of interest: the built-in
temperature dependences of their parameters are valid for
a temperature of from −100 ◦C to +100–150 ◦C, which is
suitable for conventional commercial and military ranges, but
results in the emergence of a significant error in the MOSFET
characteristics description in the extended temperature range.

The limitation of the standard BSIM3v3 model is illustrated
in Fig. 3 for n-MOSFET with W/L = 10/2 μm fabricated by
0.35-μm bulk Si MOS technology [6].

To improve the results presented in Fig. 3, the following
modifications of the standard BSIM3v3 model were proposed
in [6]: additional expressions for the temperature-dependent
parameters described in the SPICE language, as well as an
additional subcircuit containing an element with negative con-
ductivity, which takes into account the effect of charge carriers
freeze-out in the weakly doped drain region. However, this
model does not take into account the temperature shift of the
subthreshold slope, which is important for many analog and
mixed analog–digital applications.

In [15], a compact model of 0.35-μm SOI MOSFET with
account for ultralow temperature is presented. The model is
built on the basis of the standard model BSIM4 with additional
functions to take into account the effect of low-temperature
effects, such as charge carriers freeze-out, changes in mobility,

Fig. 4. Comparison of measured (symbols) and simulated (lines) output I-V
characteristics of JFET in the low temperature range using the standard SPICE
model Level 1. The simulation error increases rapidly with the temperature
lowering.

and shift of the threshold voltage. To account for the change
in the subthreshold slope and the kink effect, the model uses
a complex fifth-order empirical function whose parameters do
not have a clear physical meaning; the procedure for their
determination is not described.

The limitation of the standard MOSFET models in the
high-T range is illustrated in Fig. 4. It is seen that the lin-
ear approximation of the Vth–T characteristic of the standard
BSIMSOI model is valid only at the temperatures not more
than +150 ◦C.

To overcome this limitation in the high-temperature range
up to +300 ◦C, the model [13] for SOI MOSFETs was
developed. However, first, it does not take into account the
deep submicron transistors effects and, second, is practically
unknown to developers and, therefore, does not apply to the
design of modern electronic circuits.

The satisfactory decision of submicron SOI MOSFET
modeling in the high-T range was proposed in our works [16].

C. Junction Field-Effect Transistors

The JFET models built into the commercial versions of
SPICE-like tools guarantee the satisfactory accuracy only in
the standard temperature range from −60 ◦C to +150 ◦C.

In fact, there are no publications on the simulation of static
I–V characteristics in the deep low-temperature range. Few
attempts were made to use the conventional JFET models for
the qualitative analysis of analog circuits characteristics in the
low-signal mode [17], [18].

The limitations of the standard JFET models in the low-
temperature range are illustrated by the example of I–V
characteristics simulation for the 1.2-μm p-JFET as a part of
the analog matrix array [19]. It is seen in Fig. 4 that in the
deep low-temperature range, where the temperature falls down
from −110 ◦C to −200 ◦C, the simulation error increases
rapidly, and the modeling results become totally unsatisfac-
tory. In [20], the JFET SPICE model Level 1 was improved
by using the polynomial approximation for the transconduc-
tance coefficient BETA. The lower temperature level −200 ◦C
was achieved. But the possibilities of this model for different
types of JFETs are limited.

There are a number of publications that describe the use
of the JFET SPICE model Level 1 in the high-temperature
range up to +150 ◦C–200 ◦C, for example, [21]–[23]. In
this model, for parameters RD, RS, and VTO, there are tem-
perature coefficients that determine the linear dependence of
the parameters on temperature, and for the transconductance
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Fig. 5. Comparison of measured [24] (symbols) and simulated using standard
JFET SPICE model Level 1 (solid lines) (a) threshold voltage and (b) output
I-V-characteristics in the high temperature range. A large error is observed at
the temperatures above +200 ◦C.

parameter BETA, the temperature dependence is described by
a hyperbolic function.

However, if it is necessary to simulate the circuit in a higher
temperature range (above +200 ◦C), the expressions of this
model give a significant modeling error. Therefore, this model
in its original form cannot be used in the design of high-
temperature circuits.

The limitations of the standard JFET SPICE model Level 1
in high-T range are illustrated by the example of I–V
characteristics simulation for the SIC-JFET with W/L =
100/100 μm in the temperature range from 25 ◦C to
450 ◦C [24]. It is seen in Fig. 5(a) that the linear approxima-
tion of the VTO-T characteristic of the standard JFET model
is valid only at the temperatures not more than +200 ◦C. This
leads to the fact that the simulation error I–V characteris-
tics increase rapidly, and the modeling results become totally
unsatisfactory [see Fig. 5(b)].

Based on the results of the literature analysis, we can
conclude that there are no adequate compact SPICE mod-
els of bulk Si/SOI MOSFETs, BJTs/HBTs, and JFETs in the
extended low- and high-temperature ranges, as well as the
universal and easy for use methods for extraction of model
parameters. Therefore, in this article, we suggest a univer-
sal approach for extension of the standard SPICE MOSFET,
BJT/HBT, and JFET models temperature range down to
−200 ◦C and up to +300 ◦C.

III. MODELING METHODOLOGY

The general approach to creating SPICE models for high-
/low-temperature ambient is as follows. For each type of
IC components, the standard set of static and dynamic
electrical characteristics are measured in low-temperature
(−200 ◦C · · · + 100 ◦C) and high-temperature (−60 ◦C · · · +
300 ◦C) ranges. Based on the requirements for the applica-
tion, the models are subdivided, respectively, into two groups:
1) low temperature and 2) high temperature.

A standard SPICE model is chosen by a designer as a core
model: GP, VBIC, HICUM, or MEXTRAM for bipolar tran-
sistors; BSIM/BSIMSOI, EKV/EKV-SOI, etc., for MOSFETs;
and Shichman–Hodges, Statz, etc., for JFETs. The core model
is then complemented with additional approximating expres-
sions for basic temperature-dependent parameters and/or with
external standard circuit components (for the cases where
internal model parameters do not allow to solve the problem
alone) [25].

Many of the SPICE model temperature-dependent param-
eters are approximated with polynomial functions. In the
following formulations, we recommend the largest polynomial
degree, according to our expertise. A model user is free to zero
one or two highest-order degree coefficients if the resulting
model accuracy is sufficient.

A. Bipolar Transistors

In the standard Gummel–Poon model, as an example, the
equation for ICE current component has the form

ICE = Qb0

Qb

(
if − ir

)
(1)

where

Qb

Qb0
= 1

2
·
[

1 +
√

1 + 4

(
if

IKF
+ ir

IKR

)]

/

[
1 − VBE

VAF
− VBC

VAR

]

(2)

if = IS

(
exp

VBE

NF · ϕT
− 1

)
, ir = IS

(
exp

VBC

NR · ϕT
− 1

)
.

(3)

For bipolar transistors, the temperature-dependent model
parameters are those responsible for active/passive base
effects, transit time, capacitances, Early effect, and base-push
out effect. For example, in the standard GP model, these are
NF, NE, ISE, VAF, IKF, TR, CJE, CJC, RC, and others (see
Table I). Analogous sets of temperature-dependent parameters
are established for VBIC and Mextram models.

All temperature-dependent parameters pi in low- and high-
temperature ranges are approximated with polynomial func-
tions

pi(T) = a0 + a1�T + a2(�T)2 + · · · (4)

In the above expressions, �T—temperature change with
reference to the normal value Tnom; and a0, a1, etc.—
fitting coefficients. The polynomial orders in (4) for each
temperature-dependent GP model parameter are presented in
Table II. For example, the curve for emission coefficient NE is
quite nonlinear (see Fig. 9), and the polynomial order n = 3 is
used. On the contrary, the nonideality factor NF varies with the
temperature slowly, and the order n = 2 is used. The built-in
temperature coefficients of the core model must be zeroed.

In high-temperature regime, the standard temperature
dependence of series resistances is approximated by

R(T) = RT(Tnom) · (T/Tnom)AR (5)

R(T) = RT(Tnom) · (T/Tnom)AR. (6)

For deep low-temperature equation (6) is replaced by

R(T) = RT(Tnom) · (T/Tnom)AR/IR(T) (7)

where AR—fitting parameter; and IR(T)—ionization rate, tak-
ing into account freeze-out effects [5], [7]. The polynomial
approximation for R(T) can also be used.

In Section V, the real approximations of temperature-
dependent parameters of the GP model for the 0.25-μm SiGe
HBT fabricated by the BiCMOS SGB25V IHP technology are
presented in Fig. 9 for low temperatures and in Fig. 10 for high
temperatures.
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Fig. 6. Unified algorithms for (a) measurement and (b) data processing.

TABLE I
SPICE PARAMETERS OF SGB 25 V (GP MODEL)

B. Bulk Si/SOI MOSFETs

In the BSIM4 standard model, the principal equation for the
drain current of the intrinsic MOSFET has the form

IDS,MOSFET = IDS0

1 + RDSIDS0/VDSeff
·
(

1 + VDS − VDSeff

VA

)

(8)

TABLE II
APPROXIMATION FUNCTIONS (4)–(7) COEFFICIENTS FOR THE LOW-T

HBT SPICE MODEL TEMPERATURE-DEPENDENT PARAMETERS

where

IDS0 =
μeffCox

Weff
Leff

· Vgst,eff

(
1 − Abulk

VDSeff
2(Vgst,eff+2ϕT)

)
VDSeff

1 + VDSeff
EsatLeff

μeff = f (U0,UA,UB), Vgst,eff = f (VGS − VTH). (9)

Equation (8) is a conjunction of separate expressions for lin-
ear and saturation regions, subthreshold, and inversion regions.
BSIMSOI equations contain many other quantities defined
with smoothing and limiting functions, e.g., drain and gate
voltages VDS and VGS, length L and width W of the device,
carrier mobility μeff, and Early voltage VA.

The drain current equation in the EKV model is somewhat
simpler than the previous (8)

ID = IS
(
if − ir

)

= IS

[
ln2

(
1 + exp

(
VP − VS

2ϕt

))

− ln2
(

1 + exp

(
VP − VD

2ϕt

))]
(10)

where if /r—normalized by IS forward and reverse currents,
accounting for independent symmetrical influence of drain
and source voltages, VP ≈ (VG − −Vt)/n—pinch-off voltage,
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IS = 2nμCox(W/L)ϕ2
T—normalization current, Vt—threshold

voltage, and ϕT—thermal voltage.
For a bulk Si/SOI MOSFET, the temperature-dependent

model parameters are threshold voltage-related (VTH0, K1,
K2, etc., for BSIM family models), carrier mobility-related
(U0, UA, UB, etc.), p-n-junction leakage currents (JDIFS,
NDIODES, etc.), saturation voltage (VSAT), series resistance
(RDSW), channel overlap length (XL), impact ionization cur-
rent (ALPHA0, BETA0, etc.), subthreshold slope (VOFF and
NFACTOR), and others. Several parameters of the initial
model use the built-in dependencies on temperature, while
new or refined dependencies were introduced for a number
of parameters.

A modified compact SPICE model [16] based on the stan-
dard BSIMSOI model for SOI MOSFETs was previously built
as an example for the extended high-temperature range (up to
+300 ◦C). In this work, the model is also applied to the cryo-
genic temperature range. In comparison with [6], the depen-
dence of the subthreshold slope of the transfer current–voltage
characteristic is additionally taken into account.

For all model parameters pi with the exception of mobility
and subthreshold slope, temperature changes produce shifts
according to the polynomial expression

pi(T) = p0 + p1

(
T

Tnom
− 1

)
+ p2

(
T

Tnom
− 1

)2

+ · · ·
(11)

Temperature dependence of low-field mobility U0 is
expressed with a hyperbolic function

U0(T) = U0(Tnom) ×
[

pu0

(
T

Tnom

)pu1
]

. (12)

The dependence of the subthreshold slope coefficient
NFACTOR is expressed by the function

NFACTOR(T) = NFACTOR(Tnom)

/

(

pnfactor0 + pnfactor1

(
T

Tnom
− 1

)
+ pnfactor2

(
T

Tnom
− 1

)2
)

.

(13)

In the above expressions, T—temperature in K; Tnom—
normal temperature in K.; and p0, p1, pu0, pu1, pnfactor0,
pnfactor1, etc.—fitting coefficients. The built-in temperature
coefficients of the core model must be zeroed.

In Section V, the real approximations of temperature-
dependent parameters of the BSIMSOI model for SOI
n-MOSFETs fabricated by 0.18-μm technologies [16], [26]
are presented in Fig. 11 and Table III for low temperatures
and in Fig. 12 for high temperatures.

C. Junction Field-Effect Transistors

The most advanced for practical IC simulation in the stan-
dard temperature range (−60 ◦C to +150 ◦C) is the JFET
model Level 3 (Statz model [27]) implemented in popular
SPICE-like simulators HSPICE, LTSpice, Eldo, and others.
It was employed as a core for the Low-T and High-T model
versions. It assumes the common smooth I–V equation that
describes JFET static I–V characteristics in three regions of
operation: 1) pinch-off; 2) saturation; and 3) linear

IDS = Beta · (VGS − VTO − Gamma · VDS)
VGEXP

TABLE III
APPROXIMATION FUNCTIONS (11)–(13) COEFFICIENTS FOR THE LOW-T

MOSFET SPICE MODEL TEMPERATURE-DEPENDENT PARAMETERS

× (1 + Lambda · VDS) ·
[

1 −
(

1 − Alpha · VDS

3

)3
]

(14)

where IDS is the drain to source current; VDS and VGS are
drain–source and gate–source voltage; Beta is the transcon-
ductance coefficient; Gamma is the VDS multiplication factor;
Lambda is the channel length modulation coefficient; Alpha is
the saturation factor; VTO is the threshold voltage; and VGEXP
is the gate voltage exponent.

It should be noted that the special compact SPICE
model of JFET for low and high temperatures was not
developed previously. This work is the first publication on the
subject.

Temperature dependent are the model parameters: thresh-
old voltage (VTO), transconductance (BETA), channel length
modulation coefficient (LAMBDA), saturation factor (ALPHA),
and drain resistance (RD).

When the temperature varies in the Low-T or High-T
ranges, the parameters VTO, BETA, and ALPHA change in
accordance with the polynomial functions

VTO(T) = VTO(Tnom)

+
(

pvto0 + pvto1 · �T + pvto2 · �T2
)

(15)

BETA(T) = BETA(Tnom)

×
(

pbeta0 + pbeta1 · �T + pbeta2 · �T2

+ pbeta3 · �T3
)

(16)

ALPHA(T) = ALPHA(Tnom)

×
(

palpha0 + palpha1 · �T + palpha2 · �T2

+ palpha3 · �T3
)

(17)

where pvto,i, pbeta,i, palpha,i (i = 0, 1, 2, 3) are the temperature
coefficients for VTO, BETA, and ALPHA, respectively, T—
temperature in K, and Tnom—normal temperature in K.

To take into account the behavior features of LAMBDA
and RD at low temperatures, the analytical dependencies were
introduced in this model, which gives a small error in the
low-temperature range

LAMBDA(T) = LAMBDA(Tnom)

plambda0 + plambda1�T + plambda2(�T)2

(18)
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TABLE IV
APPROXIMATION FUNCTIONS (15)–(19) COEFFICIENTS FOR LOW-T JFET

SPICE MODEL TEMPERATURE-DEPENDENT PARAMETERS

RD(T) = RD(Tnom)

×
[

prd0 + prd1

(
Tnom

T

)
+ prd2

(
Tnom

T

)2
]

(19)

where plambda,i and prd,i (i = 0, 1, 2) are the temperature
coefficients for LAMBDA and RD, respectively. The built-
in temperature coefficients of the base model should be set
to zero.

The equations analogous to (15)–(19) are used for
temperature-dependent parameters approximation in the high-
temperature range.

In Section V, the real approximations of temperature-
dependent parameters [see (15)–(19)] of n-JFET models are
presented in Fig. 14 and Table IV for low temperatures and
in Fig. 15 for high temperatures.

IV. DEVICE CHARACTERISTICS MEASUREMENT AND
MODEL PARAMETER EXTRACTION PROCEDURE

To obtain SPICE model parameters for circuit simulation
with account for various external factors, several methods
were developed by the authors for BJT, HBT, bulk Si/SOI
MOSFET, and Si JFET models separately (see [7], [16], [28],
etc.). They are based on the results of measurements or TCAD
simulation of a standard set of electrical characteristics of
transistors (static Gummel IB, IC − VBE, collector Ic–Vc char-
acteristics, and cut-off frequency f T characteristics for bipolar
transistors; transfer ID − VG, output ID − VD characteristics
for MOSFETs and JFETs) at several discrete temperature val-
ues. Due to a large number of common features in the way
of accounting for the influence in the models, in the test
facilities and test planning, measured characteristics sets and
measured data processing, the previously published procedures
can be unified and generalized with due account for each
technology peculiarities. The unified flowchart is illustrated in
Fig. 6, its structure combines the measurement and data pro-
cessing parts. The developed automated hardware–software
system allows for the measurement of electrical characteris-
tics of discrete or integrated components, taking into account
the impact of high/low external temperatures, extraction of
SPICE model parameters and forming a dedicated SPICE
model library in the format of a target simulation program
for the selected technological process taking into account the
effects of temperature.

Fig. 7. The test set-up for measurement of electronic components char-
acteristics with account for extreme temperature: (a) common control and
instrumentation part, (b) specific set-up for discrete components with cryo-
genic temperature (Cryo-T), and (c) specific set-up for on-wafer components
with high temperature (High-T).

A. Measurement of Device Characteristics

The measurement procedure involves the heating/freezing
facilities that may consist of a temperature chamber for dis-
crete components or a thermal chuck for components on
a wafer.

The common part of the measurement setup is shown in
Fig. 7(a). It consists of computer-driven instrumentation for
measurement and data processing.

In the essence of the measurement part lies the “mea-
surement core” [see Fig. 6(a)] that is a combination of
control and measurement instruments, test structures, measure-
ment procedures, and primitive data processing—independent
of the temperature value. The measurement core is looped
for all values of temperature. This methodical approach is
beneficial as it simplifies the procedure, reduces measurement
time, and the chance of errors. Running of measurements
with changeable temperature is automated with a software–
hardware system. Electrical measurements are done with
Keithley source-measurement units operating under the con-
trol of LabVIEW software. Measurement in a high/low-
temperature chamber is done by applying long cables to
connect to the device under test (DUT) and the 4-wire (Kelvin)
sensing that allows to avoids errors caused by wire resistance.
In addition, an ability is implemented to measure the qua-
sistatic I–V characteristics in the pulsed mode (pulsed I–V
characteristics) with the pulse generator and oscilloscope [29].

Measurements of the bipolar transistor and JFET electrical
characteristics are usually done separately for each transistor
with specific geometry and dimensions. Measurements of inte-
grated MOSFET electrical characteristics are usually done in
a batch for a number of transistors with varying dimensions
for a specific geometry (see Fig. 8).
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Fig. 8. Gate size diagram of the MOSFET test structures.

Different types of equipment were used for Low-T and
High-T measurements.

The principal part of the cryogenic setup [7] is a chamber
with a DUT [Fig. 7(b)]. The sample is mounted on a tall steel
bar immersed into a Dewar with liquid nitrogen with the tem-
perature around 77 K. The bar inside the barrel is moved up
and down to adjust the temperature. The transistor’s tempera-
ture is monitored using a copper-copel (type M) thermocouple.
At every set-point temperature value, its variation during
electrical measurements is no larger than 1–2 K.

The electrical connections to the sample are made with long
cables that are attached to a window on the top. The dipstick
consists of a steel pipe with a breakout box for cables placed
at the top end and a chip holder at the lower end of the pipe.
Since cables are long, a 4-wire connection is used in order to
exclude the voltage drop influence in wires between the signal
generator and the DUT.

Measuring high-temperature characteristics on-wafer addi-
tionally requires an analytical probe station, a thermal station
with thermal chuck and control device (similar to P200L
Micromanipulator probe station with C1000 thermal chuck),
a pulse generator, and an oscilloscope [see Fig. 7(b)]. The
probe station serves as a tool for direct electrical connec-
tion to the test transistors on the investigated wafer. The
thermal chuck is used to heat the investigated test sam-
ples in the temperature range from room temperature up to
+300 ◦C. Connection to the pads of the investigated sam-
ple is done by motorized probe needles, with the contacting
controlled using the video camera.

Finally, the measurement procedure is as follows [35] [see
Fig. 6(a)].

1) Temperature facility is selected according to the
required temperature range and accuracy of temperature
control.

2) DUTs are selected for variation analysis.
a) If measurements are done on the wafer, several

chips are selected on the investigated wafer: one
in the center, at least four other on the periphery
rather far from each other.

b) If discrete components are measured, a batch of
items is selected randomly.

3) Exposure test plan is laid out, including the tempera-
ture values list {Ti|i = 1 . . . N} and timing schedule for
changing of temperature in the selected thermal facil-
ity. The choice of the specific list of temperature values

depends heavily on the intended operating conditions.
Within the range between the room temperature and
the required extreme value intermediate values (usu-
ally 5–10) are selected with increased sampling density
near the most extreme temperature values, where SPICE
model parameters dependencies on temperature become
highly nonlinear.
Minimum five points are necessary to provide the
temperature-dependent model parameters approximation
by polynomials and/or others functions. If the number
of temperature points is more than 10, it increases the
total volume of measurements and data processing.

4) Measurements of electrical characteristics (I–V and
C–V) for the selected set of test devices are done at room
temperature (T = Tnom = T1). Measurement results are
collected and stored in the first layer of the measurement
results database.

5) Iterations of the temperature loop are done in the
following sequence.

a) The required temperature value Ti is set for the
DUT as instructed by the temperature control unit:
i) the thermal chuck or the high-temperature

chamber is heated up to the required temper-
ature (for the case of high temperature),

ii) or the DUT is vertically repositioned in
the Dewar with the help of the dipstick to
change its temperature (for the case of low
temperature).

Temperature stabilization takes about 5–10 min for
the High-T case, and about 10–20 min for the Low-
T case.

b) After that, electrical measurements are done in
the same vein as in item 4). Measurement results
are collected and stored in the ith layer of the
measurement results database.

B. SPICE Model Parameter Extraction Methodology

All processing of the measurement data is done inside the
industrial SPICE models extraction package IC-CAP using
its scripting capabilities, which simplifies the exchange and
processing of data, reduces the probability of the user error.
The control program operates all data transfer, formatting and
eventually aims at SPICE model parameter identification. The
procedure comprises: 1) filtering and smoothing of electrical
characteristics to eliminate the random measurement errors;
2) statistical processing; 3) determination of the main transis-
tor parameters shifts with temperature; and 4) SPICE model
parameters extraction.

The initial data are the sets of I–V and C–V curves of stan-
dard semiconductor devices of different dimensions, obtained
as a result of measurements or process and device simulation
for different values of temperature and transmitted to IC-CAP
using an in-house software interface. Measurements are done
in agreement with the SPICE model user manual. The result of
the extraction procedure—a SPICE model card—allows a sim-
ulator to obtain model parameters for intermediate temperature
values automatically, without any intervention of an operator.
It is done according to approximation functions described in
Section III without any interpolation.

The procedure includes the following steps.
1) The complete set of the standard core model parameters

is determined on the basis of measurement data obtained
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Fig. 9. Measured (symbols) and simulated (lines): (a) current gain and (b) cutt-off frequency of SiGe HBT at low temperatures. Approximation of model
parameters: (c) NF, IKF and NE.

at room temperature (T = Tnom = T1). This step is
executed inside the IC-CAP software on the basis of its
built-in functionality.

a) Initial values of the core model parameters are cal-
culated by rather simple algorithms either built in
or developed in-house.

b) The complete set of model parameters is divided
into several subsets of related parameters respon-
sible for the definite effects of the DUT behavior.

c) The core model parameters are adjusted and fit-
ting coefficients values are obtained using standard
local optimization algorithms. For each parame-
ter subset, a dedicated optimization is performed
involving a subset of measurement data, where the
effect of these parameters is mostly pronounced.

The optimization objective is to minimize the error
function between the measured and simulated data.

2) A list of main temperature-dependent parameters is
selected from the complete set of parameters.

3) For each temperature value Ti from the list {Ti|i =
2 . . . N}, the corresponding values of the selected param-
eters (for threshold voltage, transconductance, etc.) are
determined based on the measurement results in the
same vein as in item 1). For example, in Table I, the
full set of GP model parameters of SiGe HBT SGB 25
V for different values of low temperature is presented.
The rows with selected temperature-dependent parame-
ters are marked bold. Appropriate approximations for
the model parameters NF, IKF, and NE on the low
temperature are shown in Fig. 9.

4) The temperature dependencies of the model parameters
obtained in step 3) are approximated by analytical func-
tions of the form (4)–(7) for BJTs/HBTs, (11)–(13) for
MOSFETs, and (15)–(19) for JFETs in low-T and high-
T ranges. The coefficients of such functions together
with activated temperature coefficients of the standard
core model constitute a set of temperature parameters of
the entire model. For example, the full sets of temper-
ature coefficients for HBT, MOSFET, and JFET low-T
models are presented in Tables II–IV (see Section V).
It is seen that the parameter sets of the standard core
SPICE models must be generally completed by 25,
18, and 17 additional parameters, respectively, to take
into account the low-temperature effects. A very similar
consideration applies to the high-temperature case.

5) The resulting analytical expressions together with the
coefficients are built into the description of the bipolar,
MOSFET, or JFET SPICE model.

6) Accuracy of the obtained model for a specific device is
verified against the full set of measured transistor char-
acteristics, the corresponding error function between the
measured and simulated data is calculated by IC-CAP.

7) If the error function needs improvement, precise adjust-
ment of the values of the temperature parameters is made
using global optimization. This step is also executed
inside the IC-CAP software with the help of the built-
in algorithms, but this time involving all the available
experimental characteristics altogether.

8) The obtained model is further included in the library of
models.

V. MODELS VERIFICATION

The device models verification is the compulsory step that
guarantees the adequate results of analog and digital circuit
simulation in the practical VLSI design flow.

The validity of the developed compact SPICE models of
BJTs/HBTs, bulk/SOI MOSFETs, and Si JFETs fabricated by
different technology options was confirmed for a lot of devices
under test (DUTs) in low temperature (down to −200 ◦C) and
high temperature (up to +300 ◦C) ranges of operation. The
typical examples are presented as follows.

A. Si BJTs and SiGe HBTs

In Fig. 9, the comparison of simulated and measured results
for the current gain and the cut-off frequency of the SiGe HBT
SGB25V at low temperatures down to −195 ◦C is shown.
A subset of approximation functions of SPICE model param-
eters for this DUT was presented in Fig. 9. The simulation
error is not more than 10%–15% in the temperature range
down to −200 ◦C.

The approximation coefficients for the most significant
temperature-dependent GP model parameters are summarized
in Table II.

The high-temperature model for bipolar transistors was
identified for a 0.20-μm commercial SiGe HBT BiCMOS
technology with current gain β = 400, breakdown voltage
BVceo = 1.8 V, and cut-off frequency fT = 120 GHz [30].
The Gummel characteristics and the current gain of the DUT
at 25 ◦C, 150 ◦C, and 300 ◦C are shown in Fig. 10. I–V
curves simulation error is within 20%. A subset of approxi-
mation functions of GP model parameters for this DUT are
presented in Fig. 10.
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Fig. 10. Measured [30] (symbols) and simulated (lines): (a) Gummel characteristics and the (b) current gain of SiGe HBT at high temperatures. Approximation
of model parameters: (c) ISE and BF and (d) RB, RC, and RE.

Fig. 11. Measured [26] (symbols) and simulated (lines) (a) transfer (in log scale) and (b) output I − V-curves of SOI n-MOSFET with W/L = 20/20 μm
in the temperature range T = 27, . . . , −253 ◦C. Approximation of model parameters: (c) threshold voltage and mobility and (d) subthreshold slope.

Fig. 12. Measured [32] (symbols) and simulated (lines) output characteristics
of an (a) and (b) n-channel and (c) and (d) p-channel SOS MOSFET with
W/L = 10/0.4 μm from the PSC 500-nm SOS CMOS process at 27 ◦C [(a)
and (c)] and −269 ◦C [(b) and (d)].

B. Bulk and SOI MOSFETs

As an example for MOSFET modeling in the cryogenic
range, the BSIMSOI-based model parameters were identified
for an n-MOSFET with W/L = 20/20 μm fabricated by
0.18-μm SOI CMOS technology [26]. Fig. 11 shows a com-
parison of the measurement results and the simulation based
on the developed model of transfer and output characteristics
down to −200 ◦C. The modeling error of the current–voltage
characteristics is 8%–12%. The approximation of the most

Fig. 13. (a) Measured (symbols) and simulated (lines) transfer character-
istics of an SOI MOSFET for the (a) and (b) 0.18 μm digital technology
option and (c) and (d) 0.5 μm analog technology option at 27◦C [(a) and (c)]
and 300 ◦C [(b) and (d)]. Approximation of model parameters: (e) threshold
voltage VTH0, (b) low-field mobility U0, and (c) mobility coefficient UA.

significant model parameters for SOI MOSFET in the tem-
perature range down to −200 ◦C is shown in Fig. 11.
The approximation coefficients for these dependencies are
summarized in Table III.

The next example demonstrates the potentialities inher-
ent in the MOSFET model with temperature-approximated
parameters (see Section III-B) not only at low-T liquid nitro-
gen (77 K/−196 ◦C) but also at deep low-T liquid helium
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Fig. 14. Measured [31] (symbols) and simulated (lines) output I-V characteristics of Si n-JFET with W/L = 10/10 μm in the temperature range
27 ◦C,. . . ,233 ◦C [(a) 27,. . . ,-173 ◦C and (b) −173, . . . , 233 ◦C] using the Low-T model. Approximation of the model parameters: (c) threshold voltage
VTO; transconductance Beta and drain resistance RD. RMS error is not more than 10%.

Fig. 15. Measured [24] (symbols) and simulated (lines) (a) transfer and (b) output I-V-curves of 6H-SiC n-JFET with W/L = 100/100 μm in the temperature
range T = +25, . . . ,+450 ◦C. Approximation of the model parameters: (c) threshold voltage VTO; transconductance Beta, drain resistance RD, and Lambda.

(4 K/−269 ◦C) temperatures. In Fig. 12, the measured and
simulated output characteristics at 27 ◦C and −269 ◦C of
n- and p-channel SOS MOSFETs with W/L = 10/0.4 μm
fabricated by the PSC 500-nm Silicon-on-Sapphire CMOS
process [32] are shown. The maximum modeling error is not
more than 10%.

The high-temperature model for MOSFETs was identi-
fied for two branches of the SOI CMOS technology for
extended temperature range from room temperature up to
+300 ◦C: 1) 0.18-μm SOI CMOS with 1.8-V supply for
high-performance low-power digital circuitry and 2) 0.5-
μm SOI CMOS with hardened MOS structure and 5.0-V
supply for analog and mixed analog–digital circuitry [16].
In Fig. 13, measured and simulated SOI MOSFET I–
V curves are presented for both technology branches
at 300 ◦C.

The following MOSFET dimensions were used for test-
ing in the High-T regime (see the size diagram of Fig. 8):
the gate length was in the range of 0.18–10 μm for the
digital technology branch and 0.5–10 μm for the analog
branch; and the gate width was 0.7–10 μm for both cases.
The choice of the specific list of transistor size values
depends heavily on the expected MOSFET composition in
the circuitry. The minimum set consists of the large tran-
sistor (W/L = max/max), short (W/L = max/min), and
narrow (W/L = min/max). An extended set, recommended
by the SPICE model user’s manual, includes width-/length-
varying devices (usually 5–10) with increased density of
samples near the minimum width/length values, where SPICE
model parameters dependencies on dimensions become highly
nonlinear.

As a result, a single SPICE model is obtained that is scalable
over the range of test devices dimensions.

Fig. 13 presents examples of calculated versus simulated
SPICE model parameters changes with temperature. SOI
MOSFET I–V curves simulation error is within 20% for the
whole set of transistor dimensions and values of temperature.

C. Junction Field-Effect Transistors

The capability of the JFET Low-T model in the temperature
range from +30 ◦C to −230 ◦C is illustrated by the following
example.

For the middle-power symmetric Si n-JFET with irregu-
lar output I–V characteristics, manufactured according to the
planar-epitaxial technology with a W/L = 10/10 μm and
a supply voltage of 25 V [31], the comparison of experi-
mental and simulated with Low-T model results is presented
in Fig. 14(a) and (b). The RMS error is not more than
10%. The temperature dependencies of the model parameters
VTO, BETA, LAMBDA, and RD in the low-temperature range
are presented in Fig. 14(c). The approximation coefficients
for these dependencies are summarized in Table IV. For
comparison, see Fig. 4 that presents the unsatisfactory
simulation results achieved using the standard SPICE-model
level = 1.

As an example, for JFET modeling in the high-temperature
range, the Level 3-based model parameters were identi-
fied for an n-channel 6H-SiC depletion-mode JFET with
W/L = 100/100 μm and a supply voltage of 20 V [24].
Fig. 15(a) and (b) shows a comparison of the measurement
results and the simulation based on the developed model
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Fig. 16. (a) NOR2 ECL gate equivalent electrical circuit. (b) Switching
transient characteristics in the temperature range T = −200, . . . , 27 ◦C
(simulation).

Fig. 17. (a) LNA equivalent electrical circuit. Electrical characteristics in
the temperature range T = −200, . . . , 27 ◦C: (b) noise spectral density and
(c) gain (simulation).

of transfer and output characteristics up to +450 ◦C. The
modeling error of the current–voltage characteristics is 8%–
10%. Fig. 15(c) shows the temperature dependence of thresh-
old voltage VTO and transconductance BETA, which are
calculated from the measured data [24].

Fig. 18. (a) CMOS feedback comparator equivalent circuit. (b) Measured
[34] (symbols) and simulated (lines) transfer function in the temperature range
T = −200, . . . , 27 ◦C.

Fig. 19. (a) Electrical circuit of the DA fabricated by the PSC 500-
nm Silicon-on-Sapphire CMOS process. (b) Measured [32] (symbols) and
simulated (lines) transfer characteristics at 27 ◦C and −269 ◦C

Fig. 20. Simulated electrical characteristics of an SOI CMOS full adder
circuit (28 MOSFETs) in the wide temperature range [(a) +27, . . . , −196 ◦C
and (b) 27, . . . , 300 ◦C].

VI. EXAMPLES OF BICMOS IC FRAGMENTS SIMULATION
IN THE WIDE TEMPERATURE RANGE

(−200 ◦C· · · + 300 ◦C)

A. Si BJTs and SiGe HBTs

To validate the operation of the developed bipolar transis-
tor model in the low-temperature range, simulation is given
of two electronic circuits representative of digital and ana-
log domains in communications equipment. In both cases,
the simulation was performed with the previously extracted
SPICE model for SGB 25 V SiGe HBT in the temperature
range T = −200 ◦C · · · 27 ◦C. In the first example, switching
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Fig. 21. (a) Electrical circuit of the SiC inverter. (b) Measured [33] (symbols) and simulated (lines) transfer characteristics. (c) Simulated transient
characteristics: input and output waveforms.

transfer characteristics of a NOR2 circuit are simulated (see
Fig. 16). Temperature-induced changes in the circuit logical
parameters that follow from Fig. 16 are: logical levels change
by −0.3 V (high level) and −0.2 V (low level); rise delay falls
by a factor of 4, rise edge falls manifold, while fall delay and
fall edge both remain insignificantly small—all the changes
are profitable with regard to circuit behavior.

In the second example, noise and gain characteristics of
the low-noise amplifier (LNA) circuit were simulated (see
Fig. 17). Temperature-induced changes in the electrical param-
eters that follow from Fig. 17 are: noise spectral density at
low-frequency falls twofold change is unnoticeable; small-
signal gain fluctuations are insignificant—again, the circuit
parameter changes are beneficial.

B. Bulk and SOI MOSFETs

To verify the operation of the MOSFET model, calcu-
lations were made of the transfer characteristics of the
comparator [34] with feedback (see Fig. 18) at room tem-
perature down to −200 ◦C. The circuit is made by the
CMOS technology on bulk silicon with Lmin = 0.35 μm
and Vdd = 3.3 V, transistor dimensions 50/1.4 μm (n), and
50/0.7 μm (p). The simulation was performed using HSpice
H-2013.03. Comparison with the results of measurement [34]
shows the characteristics modeling error not exceeding 5% in
the entire temperature range.

In Fig. 19, the schematic and voltage transfer characteris-
tic of the differential-amplifier (DA) circuit fabricated by the
500-nm SOS CMOS technology are presented. This circuit
was developed for using in quantum computers for quantum
bit control and readout at the deep-low temperature of liquid
helium (4 K/−269 ◦C). The SPICE model parameters of n-
and p-MOSFETs were extracted previously from experimental
characteristics (see Fig. 12). After that, the dc voltage transfer
characteristics of the DA circuit were simulated at the normal
(27 ◦C) and liquid helium (−269 ◦C) temperatures. Our sim-
ulations are in good agreement with measured results (with a

maximum error of 10%) and confirm the minor changes to dc
responses observed from 27 ◦C to −269 ◦C [32].

As an example of digital ICs, Fig. 20 presents simulated
electrical characteristics of an SOI CMOS full-adder circuit
(28 MOSFETs) [16] in the High-T (+27 ◦C · · ·+300 ◦C) and
in the Low-T (+27 ◦C · · · − 196 ◦C) temperature ranges. The
simulation results indicate only mild timing parameters derat-
ing, but no functional failure. Our results agree with the known
fact that the delay and switching times of CMOS circuits
decrease at low temperature and increase at high temperature
(see [1]).

C. Junction Field-Effect Transistors

Fig. 21 shows the measured and simulated transfer and tran-
sient characteristics of JFET-based 6H-SiC inverter that have
been designed to achieve and maintain a sharp and stable dc
transfer characteristic with large noise margin for temperatures
as high as +550 ◦C [33].

Testing conditions for inverter were as follows: Vdd and Vss
are ±14, respectively; transistors size W/L = 100/10 μm;
input logic levels are 0 and −7 V. The logic gate was verified
to operate at temperatures from +25 ◦C to +500 ◦C. The sim-
ulation was performed using HSpice H-2013.03. Comparison
with the results of measurement shows the characteristics
modeling error not exceeding 12% in the entire tempera-
ture range.

Fig. 21(b) shows that when the temperature changes, the
logic low level changes only slightly (within 9%), while
logic gate threshold voltage changes at a constant rate of
−1.72 mV/◦C. The logic high level exhibits the greatest rate
of change equal to −4.5 mV/◦C.

Fig. 21(c) shows the simulation results of logic gate
dynamic characteristics in the temperature range +25 ◦C · · ·+
500 ◦C. Temperature-induced changes in the circuit logical
parameters that follow from Fig. 21(c) are: high-level output
voltage varies at an average rate of −5.2 mV/◦C and at 500 ◦C
decreases by 2 V; rise delay time is increased by a factor of
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Fig. 22. (a) Electrical circuit [19] and (b) simulated transfer function of a
special-purpose low-temperature differential stage based on p JFET.

1.7, while fall delay time is unchanged. All of these changes
are acceptable for using the logic gate in high-temperature
computation.

To verify the performance of the JFET model in the ambient
temperature range down to −200 ◦C, circuit simulation of the
low-temperature differential cascade on p-JFET [19] was done
using the obtained SPICE model (see Fig. 22). The circuit
contains transistors Q1–Q4, that are part of the base matrix
crystal ABMK-1.3 with Lmin = 1.2 μm; the supply voltage
Vcc and Vee are ± 10 V. The simulation was performed using
HSpice H-2013.03.

From the simulated transfer characteristic [see Fig. 22(b)],
it is seen that as the temperature decreases, the slope of the
characteristic begins to decrease, and at T = −100 ◦C it
changes by 26%. However, with further temperature reduction
the slope increases and reaches 17% at T = −200 ◦C.

VII. CONCLUSION

Summarizing the considerations presented above, we can
establish a fact that the adequate results of I–V characteristics
modeling for all types of bipolar and field-effect transistors in
the extended temperature range (−200 ◦C · · · + 300 ◦C) are
achieved using the developed accurate compact SPICE models
taking into account low- and high-temperature effects.

The library of compact SPICE models for BiMOS/BiCMOS
VLSIs simulation in the extended temperature range (from
−200 ◦C to +300 ◦C) is developed and built into the popu-
lar commercial circuit simulators HSpice, LTSpice, OrCAD,
Eldo, and Spectre, which allows to expand the possibilities
of the standard SPICE tools on the temperature-hardened cir-
cuit design for extremal electronics. The temperature range of
compact SPICE models of Si BJTs/SiGe HBTs, bulk Si/SOI
MOSFETs, and Si JFETs is extended from standard level
−60 ◦C · · · + 150 ◦C to wide level −200 ◦C · · · + 300 ◦C for
low- and high-temperature IC simulation. For this purpose, the
unified methodology for low- and high-temperature account-
ing is proposed: the additional equations for temperature-
dependent parameters and additional circuit elements con-
nected to the device equivalent circuit are included in the
traditional model description to take into account the thermal
effects.

It should be mentioned that the special compact SPICE
model of SOI MOSFETs for high temperatures up to +300 ◦C

and the model of JFETs for extended low- and high-
temperature ranges were developed for the first time and do
not have analogs. The developed low-T and high-T versions
of the model for BJTs/HBTs is more easy to use for practical
engineers than the existing analogs.

The universal methodology of model parameters extraction
from the experimental data measured at low and high temper-
atures based on automated measurement and data processing
procedures is proposed.

The validity of compact BJT/HBT, bulk/SOI MOSFET, and
JFET models was confirmed by good agreement with I–V
characteristics measured at low (down to −200 ◦C) and high
(up to +300 ◦C) temperatures. The simulation RMS error is
not more than 10%–15% for static and 10%–20% for dynamic
characteristics for all types of the devices in the temperature
range from −200 ◦C to +300 ◦C.
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