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Abstract

The advantages of silicon carbide (SiC) over silicon are significant for high power and high temperature device
applications. An analytical model for a lateral MOSFET that includes the effects of temperature variation in 6H-SiC
poly-type has been developed. The model has also been used to study the device behavior in 4H-SiC at high ambient
temperature. The model includes the effects of temperature on the threshold voltage, the carrier mobility, the body
leakage current, and the drain and source contact region resistances. The MOSFET output characteristics and
parameter values have been compared with previously measured experimental data. A good agreement between the
analytical model and the experimental data has been observed. 6H-SiC material system provides enhanced device
performance compared to 4H-SiC counterpart for lateral MOSFET.
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1. Introduction

Silicon carbide, a wide bandgap material, shows a
tremendous potential for high temperature electronics
applications and offers significant advantages for power
switching devices. It has a high electric breakdown field
(3.5%10° V/cm), high electron saturated drift velocity
(2% 107 cm/s), high melting point (2830 °C), and high
thermal conductivity (4.9 W/cm K) that give it a great
potential for high temperature and high power device
applications. SiC is the most advanced wide bandgap
material in the context of better quality material growth,
defect free dielectric formation, implantation doping,
contacts via metallization, and other process steps. Re-
cent progresses in SiC make it likely that a manufac-
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turable MOSFET device technology can be developed
within the next three to five years [1-4].

MOSFETs are widely used in amplifier design, ana-
log integrated circuits, digital CMOS design, power
electronics and switching devices. A model for a vertical
MOSFET, which is a suitable structure for a power
MOSFET, has been developed, and its impact on the
system level benefits of SiC MOSFET has been studied
and reported [5-7]. A systematic investigation of silicon
devices for high temperature electronics (MOSFETs, as
well as CMOS technology) was reported by Shoucair et
al. [8,9]. Temperature dependency of the model param-
eters of 6H-SiC MOSFET was explained from the
measured data [10]. A CMOS process has been devel-
oped, fabricated and tested in 6H-SiC [11]. The mea-
sured data for NMOS and PMOS output and transfer
characteristics, threshold voltage, and sheet resistances
was reported in [11]. This paper presents an analytical
model for a lateral MOSFET in 6H-SiC that includes
the effects of temperature on the threshold voltage,
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carrier mobility, the body leakage current, and the drain
and source contact region resistances. Preliminary re-
sults from the analytical model and the measured data
presented in [11] demonstrate the feasibility of the
developed model.

2. Proposed model

A large-signal model for a lateral MOSFET with
temperature compensation has been proposed (Fig. 1).
The temperature dependent compensating current ele-
ments are considered to be in parallel with the MOSFET
channel between the drain and the source. These cur-
rents contribute to the total current at high temperature.
The three compensating current elements are: (i) the
body leakage current, Iy; (ii) the current change due to
the threshold voltage change, Ity; and (iii) the current
change due to the change of drain and source contact
region resistance, Ixps. The calculations are performed
using room temperature (300 K) as the reference tem-
perature. MOSFET channel current, Ip, has been cal-
culated using Egs. (1) and (2) which are obtained from a
MOSFET charge sheet model [12]. Channel current, /Ip,
is kept constant for all temperature. The compensating
currents incorporate the change in the MOSFETs
current.

W
Ip = T.uncox[(VGS — Vi) — Vos/2]Vos (1)
w
Ip, = Z,uncox(VGS - V) (2)

where, the symbols have their usual meaning. Eq. (1) is
used in the linear region of operation and Eq. (2) is used
in the saturation region of operation of the MOSFET.

The total drain current can be expressed as Eq. (3);

liotat = Ip + Ir + It + Irps (3)
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Fig. 1. MOSFET model with temperature compensation.
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The change in current due to leakage current is given
by Eq. (4). The change in current due to the change in
threshold voltage is evaluated by Eq. (5) for linear re-
gion of operation and by Eq. (6) for saturation region of
operation. At room temperature, Iy is negligible, and Ity
and Irps become zero. However, with the increase in
temperature, compensating terms contribute to the total
current.

2.1. Leakage currents

The contribution of the leakage current at room
temperature is negligible. However, with the increase in
temperature, intrinsic carrier concentration (»;) increases
exponentially. Therefore, the leakage current contrib-
utes to the total currents at high temperature. For an n-
channel MOSFET device, the temperature dependence
of the leakage current can be expressed by Eq. (4), which
is basically the reverse saturation current of a diode. The
existence of the leakage current can be shown in the
large-signal MOSFET model by placing a diode between
the drain and the body terminal, which is equivalent to a
temperature dependent current source between the drain
and the source terminals.

2.2. Threshold voltage

Threshold voltage is the most significant parameter
in the study of temperature dependence of MOSFET
characteristics. MOSFET current-voltage characteris-
tics are proportional to the square of the difference of
gate voltage and threshold voltage. Thus, a small change
in threshold voltage causes a large change in the output
current. Therefore, it is very important to calculate the
threshold voltage accurately with temperature changes.
There are many material parameters that are related to
the calculation of threshold voltage, and a number of
empirical relationships have been obtained from the
experimental data [13].
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2.3. Mobility

Surface roughness and high interface state density
play important roles in inversion layer mobility.
Experimentally measured mobility values in the inver-
sion layer have been reported in [10,11]. The reported
values show an interesting trend in the mobility. Ini-
tially, the carrier mobility increases with temperature
(contrary to the normal behavior of mobility) for a
working temperature range of 300-500 K. This may be
due to the early movement of Fermi level towards the
band gap with increased temperature. However, the
mobility decreases at very high temperature where lattice
scattering dominates and begins to release the interface
trap charges. Therefore, the inversion layer mobility is
almost constant over the temperature range (300-600 K)
considered in the model.

2.4. Contact region resistances

The drain and the source metal contact resistances
and n+ region sheet resistance of the MOSFET also
change with temperature. It is shown in [11] that the
value of sheet resistance of the 6H-SiC lateral MOSFET
at 600 K becomes almost half of the value at 300 K. The
resistance values decrease almost linearly. Therefore, a
linear approximation has been made in the calculation
of the resistances. The resistance of the metallic contact
is negligible due to larger contact area. Therefore, only
the change of the sheet resistance has been considered
into the resistance calculation. The change in the drain
and the source resistances has been modeled as a change
in conductance.

3. Results and discussion

The model has been evaluated in 6H-SiC material
system, and the same device dimensions as those of [11]
are used for simulations. The measured data were re-
ported in [11] for a lateral MOSFET fabricated in 6H-
SiC. The output characteristics have been simulated at
300, 400, 500 and 600 K. Figs. 2 and 3 show the output
characteristics for simulated and measured data at 300
and 600 K, respectively. The simulation results match
perfectly with the measured data at 300 K as compared
to the results at 600 K where there are minor discrep-
ancies. At 300 K, the drain current is 15 pA, whereas it
rises to 235 pA at 600 K for a gate voltage Vgs = 6 V.

The changes in threshold voltage with temperature
are also simulated and compared with measured data as
shown in Fig. 4. The SiC lateral MOSFET has a very
high threshold voltage, (3.2 V) at room temperature
and 1.2 V at 600 K [11]. The large variation of the
threshold voltage causes a huge change in the drain
currents of the MOSFET.
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Fig. 2. Output characteristics at 300 K.
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Fig. 3. Output characteristics at 600 K.

The simulation results demonstrate a very good
agreement with the measured threshold voltage values.
The contributions of the compensating currents to the
total current change are evaluated at different tempera-
tures. Table 1 shows the relative contribution of the
compensating currents to the total currents. It has been
observed that most of the current change (about 85% on
an average) is due to the threshold voltage change. Thus,
the threshold voltage mostly characterizes the device
behavior. At lower temperature, contribution of the
leakage current is negligible. However, at high temper-
ature it plays a major role. Drain and source resistances
change monotonously with temperature.

The model is also used to simulate the device char-
acteristics in 4H-SiC material system. Since the model
showed a good agreement with measured data for 6H-
SiC, simulation results for 4H-SiC is also reasonable and
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Fig. 4. Threshold voltages obtained from simulation and

measurement for different temperature.
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Fig. 5. Output characteristics of 4H- and 6H-SiC lateral
MOSFET.

acceptable for prediction of device behavior in 4H-SiC.
Figs. 5 and 6 show the comparison of the output char-
acteristics of 4H- and 6H-SiC MOSFET at 300 K and
transfer characteristics at different temperature, respec-
tively. Simulation results show that the drain currents of
6H-SiC MOSFET are greater than that of 4H-SiC
counterpart by a factor of approximately two and half.
This could be attributed to higher mobility values of 6H-
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Fig. 6. Transfer characteristics of 4H- and 6H-SiC lateral
MOSFET.
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Fig. 7. Threshold voltage variation of 4H- and 6H-SiC lateral
MOSFET with temperature.

SiC inversion layer (=100 cm?/V's) compared to that of
4H-SiC (=40 cm?/Vs). The variation in the threshold
voltage in 4H-SiC is also observed (Fig. 7). In summary,
6H-SiC material system provides enhanced device per-
formance compared to 4H-SiC counterpart for lateral
MOSFET.

Contribution of the compensating currents to the total current change

Tempera-  Total current Percentage of current change due Percentage of current Percentage of current change
ture (K) change (pHA) to threshold voltage change due to body leakage due to resistance

400 45 90 2 8

500 116 85 6 9

600 220 78 15 7
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4. Conclusions

An analytical model has been developed to explain
the behavior of the MOSFET output characteristics at
different temperatures. The model has been evaluated
for both 6H- and 4H-SiC material systems. The MOS-
FET output characteristics and parameter values are
compared with previously measured experimental data.
There is a good agreement between the model outputs
and the experimental data. 6H-SiC material system
provides enhanced device performance compared to 4H-
SiC counterpart for lateral MOSFET.

Appendix A

List of abbreviation used in equations

Ip drain current in linear region operation

Ipgat drain current in saturation region oper-
ation

Ix body leakage current

Ity current due to threshold voltage change

Irps current due to drain and source contact
resistance

Vs gate to source voltage

Vbs drain to source voltage

Vru threshold voltage at room temperature

Vig threshold voltage at elevated temperature

Rps drain and source contact resistance at
room temperature

Rpg  drain and source contact resistance at

elevated temperature
MOSFET channel width
MOSFET channel length
cross-sectional area
electron charge
electron mobility

X oxide capacitance
proportionality constant
multiplying factor

mszg]:;»Q QANQ
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