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A B S T R A C T

Compact Si JFET model for SPICE circuit simulation in the extended temperature range from 373 K down to 73 K
(+100 °C…−200 °C) is proposed. It is based on the standard JFET model Level = 3 (Statz model) with the full
set of temperature-dependent parameters in the cryogenic temperature range. The universal procedure for model
parameter extraction from I-V-characteristic measurement data at low temperature is developed. The simulation
error does not exceed 10–15% in the temperature range 373 K…73 K. The JFET Low-T model is implemented in
the form of a subcircuit and tested in popular SPICE-like circuit simulators: HSPICE, LTSpice, ADS, and OrCAD.

1. Introduction

Junction Field Effect Transistors (JFETs) due to high input re-
sistance and amplification factor, low intrinsic noise and compatibility
with Bi-CMOS/Bi-CMOS-DMOS technologies are widely used in input
and subsequent cascades of low-noise operational amplifiers, com-
parators, secondary power sources, stabilizers and other analog circuits
of low-temperature electronics [1,2]. In Fig. 1a and b the typical
structures of the integrated [3] and discrete [4] JFET transistors are
shown.

Different versions of compact models of JFETs were developed
previously and built into the SPICE-like software tools for electronic
circuits simulation [5–11]. These models guarantee the satisfactory
accuracy only in the standard temperature range from 213 K to 423 K
(−60 °C to +150 °C).

In fact, there are no publications on the simulation of static I-V
characteristics in the 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 [12–14]. In our
previous work [15] we tried to use the improved version of Shich-
man–Hodges model for analog circuit simulation in cryogenic tem-
perature range, but the possibilities of this model were limited.

Unfortunately, no models are applicable to IC simulation at the
cryogenic temperatures.

Therefore, the goals of this work are:

(1) To overcome the limitations of the conventional JFET models and

develop the adequate compact Si JFET model with extended tem-
perature range from 373 K down to 73 K;

(2) To include the developed Low-T JFET model into commercial ver-
sions of SPICE-like software tools to expand them to electronic
circuit simulation for cryogenic applications.

2. Model formulation

The most advanced in practical IC simulation is the standard JFET
model Level 3 (Statz model [8]) implemented in popular SPICE-like
simulators HSPICE, LTSpice, Eldo and others. It was employed as a core
for the Low-T model version development. It assumes the common
smooth I-V equation that describes JFET static I-V characteristics in
three regions of operation: pinch-off, saturation and linear:
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where IDS is the drain to source current; VDS, VGS are drain-source and
gate-source voltage; Beta is the transconductance coefficient; Gamma is
VDS multiplication factor; Lambda is the channel length modulation
coefficient; Alpha is the saturation factor; VTO is the threshold voltage;
VGEXP is the gate voltage exponent.

The limitations of this model in the low-temperature range are il-
lustrated by the example of I-V characteristics simulation for the 1.2 µm
p-JFET as a part of the analog matrix array [3]. It is seen in Fig. 2a that
in the conventional temperature range 373 K…193 K the satisfactory
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accuracy of modeling is achieved, but in Fig. 2b for the low temperature
range, when the temperature falls down from 160 K to 73 K, the si-
mulation error increases rapidly, and the modeling results become to-
tally unsatisfactory.

In the conventional JFET model only three parameters Beta, VTO
and drain resistance RD are dependent on temperature: for VTO and RD
the dependencies are linear and for Beta – polynomial (in Fig. 3 they are
indicated with dotted curves). Other parameters Alpha, Gamma,
Lambda, and VGEXP in Eq. (1) are not dependent on temperature.

We have analyzed the Beta, VTO and RD real temperature de-
pendencies (see Fig. 3). It is seen that the measured parameter values
(symbols) considerably differ from the approximations used in the
standard model [8], especially in the cryogenic temperature range
(below 193 K). In this range, the dependencies on temperature used in
the standard model are wrong. It is the main cause of the large error in
simulation at this temperature (see Fig. 2b). To solve this problem, we
have approximated the real experimental data for parameters Beta,
VTO, RD by analytical functions (the equations will be considered
below) and replaced the standard approximations by the new curves
presented in Fig. 3 as solid lines.

We have analyzed many experimental I-V characteristics of JFETs

for different applications.
The low-power devices have, as a rule, the regular form of output I-

V characteristics in the wide range of temperature down to cryogenic
(133…40 K). The typical example of regular JFET output characteristics
is presented in Fig. 2 for a low-power 1.2 μm p-JFET.

An analysis of the available experimental works indicates that at
temperatures below 100 K for several types of middle- and high-power
JFET devices, the behaviour of the I-V characteristics becomes sig-
nificantly irregular. This fact can be explained by the following low
temperature effects.

With a decrease in temperature to 150…100 K, the transconduc-
tance and drain current both increase, which is mainly due to the in-
crease in carrier mobility in the channel at low temperatures. However,
with a further decrease in temperature to 70…40 K: (1) the saturation
voltage VDsat increases; (2) the pinch-off current IP decreases, which
leads to a decrease in the transconductance; this may be caused by the
freezing of carriers, which masks the effect of mobility change with
temperature [16]; (3) in some types of JFET transistors, the self-heating
effect can be observed, as a result of which the saturation region of the
output characteristics has a negative slope factor. For example, in Fig. 4
the output I-V characteristics with negative slope factor (a) and

Fig. 1. Typical structures of JFET transistors: (a) integrated, with a horizontal p-channel; (b) discrete, with a vertical n-channel.

Fig. 2. Comparison of measured and simulated output I-V characteristics of JFET in the conventional (a) and in the low temperature range (b) using the standard
SPICE model Level 3 (symbols — measurements, lines — simulation).
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decreased transconductance dID/dVDS with temperature reduction (b)
are presented for the symmetric Si n-JFETs BFW10 with W/L = 915/5
μm and BFW61 with W/L = 340/3.8 μm, manufactured according to
planar-epitaxial technology with supply voltage of 25 V [17]. For such
devices, the standard JFET model is not suitable at low temperature.

In order to adequately take into account the I-V characteristics be-
haviour features of several types of JFET transistors in the range of
cryogenic temperatures, a more accurate Low-T version of the JFET
standard SPICE-model level 3 was developed.

In comparison with other models [15], this model takes into ac-
count the negative slope of the output characteristics in the saturation
region, as well as a nonlinear change in the drain resistance, manifested
due to low-temperature effects at temperatures below 100 K.

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

When the temperature varies in the range 300…40 K, the para-
meters VTO, BETA, and ALPHA change in accordance with the poly-
nomial functions:
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2 (2)
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2
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where pvto,i, pbeta,i, palpha,i (i = 0, 1, 2) are the temperature coefficients
for VTO, BETA, and ALPHA, respectively, T – temperature in K, Tnom –
normal temperature in K.

To take into account the behaviour features of LAMBDA and RD at
low temperatures, new analytical dependencies were introduced in this
model, giving a small error in the low-temperature range:
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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 methodology of model parameters extraction in the cryogenic
temperature range is discussed in Section 4.

The capability of the Low-T model in the temperature range from
300 K to 40 K is illustrated by two examples.

Example 1. For the low-power p-JFET with regular output I-V-
characteristics (Fig. 2) the newly developed temperature-dependent
approximations were used for parameters BETA, VTO, and RD (see

Fig. 3. Dependence of p-JFET model parameters in the temperature range down to 73 K: (a) threshold voltage VTO; (b) transconductance Beta and drain resistance
RD (symbols – calculations based on measured data, solid lines – approximation).

Fig. 4. Output I-V curves of Si n-JFETs BFW10 with W/L = 915/5 µm in the temperature range 300…100 K (a) and BFW61 with W/L = 340/3.8 µm in the range
100…40 K (b) (symbols – measurements [17], lines – simulation).
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Fig. 3). The results are presented in Fig. 5. The RMS error is not more
that 10%. For comparison, see Fig. 2b that presents the simulation re-
sults obtained using the standard model.

Example 2. For the middle-power n-JFETs with irregular output I-V-
characteristics (Fig. 4) the simulation was done using the approxima-
tions for parameters BETA, VTO, LAMBDA, ALPHA, and RD dependent
on temperature according to the Eqs. (2)–(6) in the wide range of
temperature from 300 K to 40 K (see Fig. 7). The results are presented in
Fig. 4. The RMS error is not more than 10%.

3. Measurement of I-V-characteristics at cryogenic temperature

The measurement at cryogenic temperature was done with the setup
at Minsk Research Instrument Making Institute [19]. In the core of the
setup is a chamber with a DUT (device under test) (see Fig. 6). The
sample was mounted on a tall steel bar that was immersed into a Dewar
with liquid nitrogen with temperature around 77 K. The bar inside the
barrel was moved up and down to adjust the temperature. The tran-
sistor’s temperature was monitored using a copper-copel (type M)
thermocouple. The external end of the thermocouple was placed in the
glass with water and floating ice. The thermal emf of the thermocouple
was measured by the voltmeter and transferred to the PC. At every set-
point temperature value, its variation during electrical measurements
was no larger than 1–2 K.

The electrical connections to the sample were made with long cables
that were 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 were long, a 4-
wire connection [20] was used in order to exclude the voltage drop
influence in wires between the signal generator and the DUT.

Measurement of JFET electrical characteristics was performed using
Keithley 2602 source-meter units (SMU). The measurements were car-
ried out automatically under the control of the LabVIEW software.

4. Si JFET model parameters extraction in the cryogenic
temperature range

To determine the set of parameters for the proposed JFET SPICE
model in the extended temperature range, we have developed an au-
tomated hardware-software subsystem that performs the following
tasks [18]:

1. Measurement of the standard set of I-V and C-V characteristics for
JFET at different values of temperature { Ti }.

2. Determination of the complete set of JFET model parameters
(level = 3) based on experimental measurement data obtained at
room temperature. The method of parameter identification uses a
combination of analytical and optimization procedures.

3. From the complete set of model parameters, a list of the main
temperature-dependent parameters is selected: VTO, BETA,
LAMBDA, ALPHA, and RD.

4. For each temperature value Ti, the corresponding values of the se-
lected model parameters are determined based on the measurement
results. This procedure is automatically repeated for all planned
discrete values of temperature Ti: i = 1…n in the range 300…40 K.

5. The table dependencies of the selected model parameters on tem-
perature obtained in step 4 are approximated by analytical functions
of the form (2)–(6); the coefficients of such functions constitute the
set of additional temperature parameters of the JFET model. Exact
adjustment of temperature parameter values is performed using
global optimization, i.e. involving all available experimental char-
acteristics. The temperature dependences of the parameters BETA,
VTO, LAMBDA, ALPHA, and RD are shown in Fig. 7a and b; the
corresponding coefficients are listed in Table 1.

6. The analytical expressions for the parameters (see Fig. 7) obtained
in step 5, along with the coefficients, are embedded in the de-
scription of the JFET SPICE model.

The proposed procedure employs two industrial tools: the SPICE
model extraction package IC-CAP, as well as data acquisition, instru-
ment control and automation package LabVIEW. The extraction pro-
cedure provides the benefit of obtaining model parameters for inter-
mediate temperature values.

Fig. 5. Measured and simulated output I-V characteristics of low-power p-JFET
in the temperature range 73…153 K using the Low-T model (symbols – mea-
surements, lines – simulation). RMS error is not more than 10%

Fig. 6. Hardware subsystem setup for JFET electrical characteristics measurement at low temperature.
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5. Conclusion

The Low-T version of the JFET standard SPICE model Level 3 was
developed for circuit simulation in the extended low temperature range
down to 73 K (−200 °C). The model is universal and applicable to
different types of JFET structures with regular and irregular output I-V
curves. It takes into account the effects of cryogenic temperatures: in-
crease in saturation voltage VDsat, pinch-off current Ip, decrease of
transconductance BETA, negative slope of output I-V characteristics,
and increase of source-drain series resistance due to impurity freeze-
out. For this purpose, the additional analytical expressions for tem-
perature-dependent parameters were introduced into the model de-
scription. The simulation error for I-V characteristics does not exceed
10–15% in the temperature range 73…373 K (−200 °C…+100 °C).

A procedure was developed for the JFET Low-T model parameter
extraction from the results of the standard set of I-V characteristics
measurements in the cryogenic temperature range.

The JFET Low-T model was implemented in the form of a subcircuit
and tested in popular SPICE-like circuit simulators: HSPICE, LTSpice,
ADS, and OrCAD.
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