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Abstract—The electrothermal cosimulation proposed in this pa-
per accurately reproduces the power loss and the temperature of
the silicon carbide (SiC) metal–oxide–semiconductor field-effect
transistor (MOSFET) dies assembled in a power module comprising
a buck converter. The current–voltage characteristic of the body
diode embedded in a SiC MOSFET is not like that of an ideal diode
because this characteristic depends on the negative gate–source
voltage of the transistor. Our device model was, therefore, created
to reflect this unique feature and the temperature dependence
of the drain current for predicting the power loss of the MOSFET.
The simulation uses a look-up table to reduce the computation
time. This yields accurate results for the power loss in a buck
converter operating at switching frequencies (fsw) ranging from
50 to 350 kHz. The fsw-dependent steady-state temperature of the
SiC MOSFET was reproduced well; it ranged from 60 °C to 140 °C.
The maximum deviation between the measured and the simulated
results was less than 3.0 W and 8 °C, respectively, for the power
loss and the temperature of the dies.

Index Terms—Body diode (BD), device modeling, electrother-
mal cosimulation, metal–oxide–semiconductor field-effect transis-
tor (MOSFET), silicon carbide (SiC).

I. INTRODUCTION

S ILICON carbide (SiC) metal–oxide–semiconductor field-
effect transistors (MOSFETs) have been attracting con-

siderable attention recently as promising devices in power
electronics. Their ON-resistance values are lower than those of
Si power devices. SiC MOSFETs have higher breakdown voltages
and switching speeds than Si power devices, and they can
operate at high temperatures [1], [2]. These properties of SiC
MOSFETs make them suitable for use as switching devices in
power converters, especially under high-voltage, high-current,
and high-temperature conditions.
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However, thermal management is always important for the
safety, reliability, and performance of SiC MOSFETs. SiC MOS-
FETs have high-voltage and high-current tolerance. This means
that SiC MOSFETs are often exposed to severe heat stresses,
which are partly caused by power loss during their own switching
operations. In power modules (PMs) with SiC MOSFET dies, the
modules are miniaturized to achieve a device with high-speed
switching performance. In these PMs, the heat stress is much
worse because the path for heat dissipation is narrow. Exper-
imental approaches to thermal management, however, require
multiple rounds of time-consuming prototyping and testing.
Therefore, a front-end loading design is required for reliable
thermal management. Therefore, electrothermal cosimulation
has been intensely researched [3]–[10].

The transient behavior of switching devices in a power con-
verter partly determines its power loss. Hence, device modeling
is very important in high-quality electrothermal cosimulation.
Several device models of SiC MOSFETs have recently been
developed to simulate the switching behavior of the SiC MOSFETs
[11]–[17], and some of these models can successfully reproduce
the transient characteristics and power losses of SiC MOSFETs.
However, these models do not consider the peculiar current–
voltage (I–V) characteristic in which the body diode (BD) of a
SiC MOSFET depends on the negative gate–source voltage (Vgs)
of the transistor [18]. In power converters, current flows through
the BD at the dead time period if it is used as a freewheeling
diode. Hence, the BD generates a power loss, which depends on
the forward voltage (VF) of the BD. In the operation, a negative
Vgs is commonly applied to the transistor, mainly to avoid a false
turn-ON [19]. In this situation, the VF is significantly affected
by the negative Vgs; therefore, the Vgs-dependent BD model is
important for predicting power losses.

There is still room for improvement in the verification of
electrothermal cosimulation. Some research papers provide only
simulated temperatures without making any comparison with
the experimental data; therefore, the validity of these results
is not clear [6]–[10]. Other researchers have claimed that the
measured and simulated temperatures are in good agreement
[3], [4]; however, their predictable temperature range is much
lower (up to 60 °C) than the possible junction temperature
of semiconductor dies in practical power converters. Practical
electrothermal cosimulation must be validated by comparing
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the predicted results with the experimental values for the tem-
perature range expected in practical power converters.

In this paper, we describe an accurate electrothermal cosimu-
lation and prove its validity by comparing the simulation results
with the experimental values. In Section II, we explain the funda-
mentals of the electrothermal cosimulation scheme proposed in
this paper. This section explains how we improved the model
of the SiC MOSFET device that we reported previously [20].
The modified model incorporates a temperature-dependent drain
current (Id) modeled as a function of the drain–source voltage
(Vds). The BD was upgraded to reflect the Vgs-dependent I–V
characteristics. We then describe how we set up and performed
the experiments in Section III. In the experiments, a PM was used
with two SiC MOSFETs to validate the simulation results. The PM
with a heat sink was used as the half-bridge in the buck converter.
The buck converter operates at a switching frequency (fsw) rang-
ing from 50 to 350 kHz. The validation of the simulation is dis-
cussed in Section IV. We describe how precisely our simulation
predicts the power losses and temperatures of the SiC dies (Tdie).
The maximum predicted Tdie is 140 °C. The maximum deviation
between the measured and simulated power loss and the Tdie re-
sults was less than 3.0 W and 8 °C, respectively. In Section V, we
conclude this paper and summarize the findings of this research.

II. ELECTROTHERMAL COSIMULATION

In the conventional electrothermal cosimulation, the electrical
and thermal simulations are connected. Starting with the ambient
temperature, the electrical simulation calculates the power loss
of the semiconductor dies in the first time step; this power loss is
used by the thermal simulation to calculate the temperature of the
dies. This temperature is then used by the electrical simulation
in the second time step, and so on. In general, however, this very
simple cosimulation scheme inevitably requires a large calcula-
tion time because for a power converter, the electrical simulation
ranges from a few nanoseconds to a few microseconds, whereas
the thermal simulation takes up to 103 s. Therefore, several
methods have been proposed to solve this problem [3]–[10].
Among these methods, we have adopted the look-up table (LUT)
method [5] as the basic simulation scheme because it reduces
the computation time.

The accuracy of our LUT-based electrothermal cosimulation
depends substantially on the LUT quality, which, in turn,
depends on the simulated estimates of Pdie and Tdie (Pdie denotes
the power loss averaged over one switching cycle). The accuracy
of the estimated Pdie is positively correlated with how well the
model of a transistor die reproduces its actual behavior. Here,
the transistor die used for the experiments was a SiC MOSFET.
The structure of our device model is explained in Section II-A.
The thermal network model gives a highly accurate estimate of
Tdie. The details of this model are described in Section II-B.
Finally, in Section II-C, we describe the fundamental process
to predict Pdie and Tdie by using LUT-based electrothermal
cosimulation.

A. Device Model

The basic device model of the SiC MOSFET die used here is
the one that we reported in [20]; however, we had some issues

TABLE I
SYMBOLS USED IN THE BD MODEL EQUATION

on the BD and on the Id–Vds relation. In [20], the model did
not fully consider the characteristic of the BD. Nevertheless,
the power loss in the BD is not negligible in practical power
converters because the load current flows thorough the BD of a
SiC MOSFET during the OFF state of the transistor. As mentioned
in Section I, however, the BD has negative Vgs-dependent I–V
characteristics, whereas a negative Vgs is commonly applied to
a SiC MOSFET during its OFF state; this is done mainly to avoid
a false turn-ON. Therefore, an accurate Vgs-dependent model of
the BD is necessary for simulating Pdie.

The BD model proposed here is

IBD
F (Vds, Vgs) = Isat

{
α

(
q(−Vds+VFD)+β tanh(γVgs)

nkT

)
− 1

}
.

(1)
The symbols in (1) are summarized in Table I.
The parameters VFD, α, β, and γ are empirical. To reproduce

the temperature dependence of the I–V characteristics, the pa-
rameters Isat, n, VFD, β, and γ are assumed to change linearly
with temperature

Isat = Isat0 (1 +KIsatΔT ) (2)

n = n0 (1 +KnΔT ) (3)

VFD = V FD0 (1 +KVFDΔT ) (4)

β = β0 (1 +KβΔT ) (5)

γ = γ0 (1 +KγΔT ) (6)

ΔT ≡ Tdie − Ta. (7)

Here, the additional subscript 0 is for the ambient temperature;
KIsat, Kn, KVFD, Kβ, and Kγ are the coefficients for the
temperature dependence. Ta is the ambient temperature.

In order to model the BD, we used a commercially available
parameter extraction tool (IC-CAP; Keysight Technologies).
The measured I–V data were fed into IC-CAP, and the simulated
data were fitted to the measured data for parameter extraction.
The fitting was performed with the nonlinear least-squares-fit
algorithm in IC-CAP until the root-mean-squared (rms) error
was less than 10%.

Fig. 1 shows the experimental and modeled Id–Vds curves of
the BD for Tdie = 25 °C and 150 °C. Vgs was varied from −5
to 0 V in steps of 1.0 V. The extracted model parameters are
shown in Table II. As clearly shown in this figure, the model
reproduces well the negative Vgs-dependent I–V characteristics,
especially for high current and large negative Vgs.
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Fig. 1. Experimental and simulated Id–Vds curves for the BD. The dots and
solid lines denote the experimental and simulated Id–Vds curves, respectively.
Vgs was varied from −5 to 0 V in steps of 1.0 V. (a) Tdie = 25 °C. (b) Tdie =
150 °C.

TABLE II
EXTRACTED PARAMETERS OF THE BD MODEL

The current equation of the transistor was modified to im-
prove the temperature dependence of its Id–Vds relation. We
introduced temperature-dependent parameters into the original
Id–Vds equations reported in [20]. The parameters A and D in
[20] are also used here, but these parameters were fixed and
independent of the temperature in the original version of the
model. These original stationary parameters are replaced by
temperature-dependent parameters as follows:

AT = A(1 +KA1(1 + tanh(KA2 +KA3Vds))ΔT ) (8)

DT = D(1 +KD1 tanh(KD2ΔT )) (9)

Fig. 2. Experimental and modeled results of Id–Vds characteristics. The dots
and lines denote the experimental and modeled Id–Vds curves, respectively, of
the SiC die for Vgs = 4–18 V in steps of 1.0 V. (a) Tdie = 25 °C. (b) Tdie =
150 °C.

TABLE III
EXTRACTED PARAMETERS OF THE TEMPERATURE DEPENDENCE OF Id–Vds

CHARACTERISTIC

where KA1, KA2, KA3, KD1, and KD2 are the coefficients for
temperature dependence. For modeling the temperature depen-
dence of the Id–Vds characteristic, we used IC-CAP in the same
way as when modeling the BD. Fig. 2 shows the experimental
and modeled Id–Vds characteristics at Tdie = 25 °C and 150 °C
with the Vgs values varying from 4 to 18 V in steps of 1.0 V. The
extracted model parameters are shown in Table III. The modified
transistor model follows well the temperature dependence of the
Id–Vds characteristics of the SiC MOSFET.

B. Thermal Network Model

The PM was used with a heat sink in the validation exper-
iments. The details are given in Section III. We created the
thermal network model based on the cross-sectional diagram
shown in Fig. 3. The PM was assumed to have five thermal
impedances—Zth(1,1), Zth(2,2), Zth(1,2), Zth(2,1), and Zth_hs (see
Fig. 3). Zth(1,1) and Zth(2,2) denote the thermal impedances
of the self-heating flow paths for each die. Here, self-heating
means that the temperature rise is caused by the die’s own
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Fig. 3. Schematic cross section of the PM, including dies with a heat sink.
The arrows express the heating flow paths. Zth(1,1) and Zth(2,2) are the thermal
impedances of the self-heating for each die. Zth(1,2) and Zth(2,1) are the thermal
impedances of cross heating between the dies. Zth˙hs is the thermal impedance
of the heat sink.

TABLE IV
PROPERTIES OF THE MATERIALS USED IN THE FE MODEL

power loss. Zth(1,2) and Zth(2,1) denote the thermal impedances
of the cross-heating flow paths between the dies. Here, cross
heating means that the temperature rise in one die is caused
by the power loss in the other die. This cross heating was not
negligible because the dies were closely arranged in the PM.
Zth_hs denotes the thermal impedance of the heat sink. We
modeled these thermal impedances using the scheme reported in
[6]. A finite-element (FE) simulator (Femtet; Murata Software)
was used for the transient thermal analysis of the FE model of
the PM. Table IV shows the properties of the materials that were
used in the FE simulation of the PM.

In order to improve the accuracy of the FE simulation, we
calibrated the heat transfer coefficient of the heat sink using
experimentally measured thermal impedances of the PM. Cali-
bration was performed by adjusting the heat transfer coefficient
until the rms error between the measured and the simulated
thermal impedances was less than 10%.

Fig. 4 shows the measured and simulated thermal impedances
of the high-side (HS) and low-side (LS) dies in the PM.
The calibrated heat transfer coefficient of the heat sink was
800 W·m−2·K−1. As clearly shown in this figure, the FE sim-
ulation accurately reproduces the measurement results. Then,
using the FE simulation model, we obtained Zth(1,1), Zth(2,2),
Zth(1,2), Zth(2,1), and Zth_hs. The process to extract Zth(1,1),
Zth(2,2), Zth(1,2), Zth(2,1), and Zth˙hs from these FE simulation
results is as follows. Zth(1,1) was obtained by simulating the
transient temperature difference (ΔTtrans) between die 1 and
the bottom of the baseplate, shown in Fig. 3, for the 1-W power
loss of die 1. Zth(2,1) was obtained similarly with only one
difference that ΔTtrans came from die 2. The process was the
same for Zth(1,2) and Zth(2,2), but the power loss was generated
by die 2. We obtained Zth_hs by simulating ΔTtrans between
the top and bottom of the heat sink for 1-W loss of die 1 or
die 2. Every thermal impedance was modeled using four-level

Fig. 4. Measured and simulated thermal impedances of the HS and LS dies
in the PM. The dots and lines denote the experimental and simulated Zth,
respectively. (a) HS SiC MOSFET die. (b) LS SiC MOSFET die. The simulated
data were obtained from the transient thermal simulation. The calibrated heat
transfer coefficient of the heat sink was 800 W·m−2·K−1.

Fig. 5. Four-level Foster thermal network. This model comprises four pairs of
a thermal resistance and capacitance. Rthi and Cthi denote a thermal resistance
and capacitance, respectively (i = 1–4).

Foster thermal networks, as shown in Fig. 5 [7]. Fig. 6 shows
the modeled results for each thermal impedance using four-level
Foster thermal networks.

C. Electrothermal Cosimulation Based on the LUT Method

LUT was calculated by using the electrical simulation based
on the device model described above for several specific tem-
peratures. Electrothermal cosimulation was performed using the
following equations:[

Tdie(1)(t)

Tdie(2)(t)

]
=

[
Zth(1,1) Zth(1,2)

Zth(2,1) Zth(2,2)

][
Pdie(1)(t)

Pdie(2)(t)

]

+ Zth_hs

[
Pdie(1)(t) + Pdie(2)(t)

Pdie(1)(t) + Pdie(2)(t)

]
+

[
Ta

Ta

]

(10)
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Fig. 6. Modeled results for each thermal impedance using four-level Foster thermal networks. The dots are the FE simulation results, and the lines are the modeled
results using four-level Foster thermal networks.

[
Pdie(1)(t)

Pdie(2)(t)

]
=

⎡
⎢⎢⎢⎢⎢⎣
fLUT(1)

([
Tdie(1)(t)

Tdie(2)(t)

])

fLUT(2)

([
Tdie(1)(t)

Tdie(2)(t)

])
⎤
⎥⎥⎥⎥⎥⎦ (11)

where the subscripts 1 and 2 denote the die, and fLUT denotes
the function used to calculate Pdie; fLUT is constructed by a
linear interpolation of the specific calculated data points in the
LUT.

The electrothermal cosimulation was started at Tdie(1) = Ta

and Tdie(2) = Ta. First, the electrical simulation was performed
for Ta, and the Id and Vds waveforms obtained were used to
calculate the first values of Pdie(1) and Pdie(2). These were
substituted into (10) to obtain Tdie(1) and Tdie(2). These Tdie(1)

and Tdie(2) values are used as the next input in (11) to calculate
Pdie(1) and Pdie(2) for the next time step. This simulation loop
was repeated until all Tdie and Pdie values reached a steady state.

III. EXPERIMENTS

A. Experimental Setup

We performed experiments with a test PM using a heat sink, as
shown in Fig. 7. The PM was a half-bridge converter with two
SiC MOSFETs (S2301, ROHM; rated voltage = 1200 V; rated
current = 40 A) [21]. One MOSFET operated as the HS switch,
and the other operated as the LS switch. These MOSFET dies
were bonded onto the baseplate using the conventional solder
reflow and wire bonding technique. The baseplate consisted of
a 0.635-mm SiN ceramic tile with 0.4-mm thick plates of Cu
on both sides. The upper Cu plate, which can be seen in Fig. 7,
was patterned to form the half-bridge circuit. The SiC dies were
attached onto the plate using eutectic Sn–Ag–Cu solder joints
having a thickness of 100 μm. Al wires (having a diameter of
400 μm) were used to electrically connect the dies to the upper

Fig. 7. (a) Inner structure of the PM. (b) PM with forced air-cooled heat sink
to dissipate the heat generated in the PM.

Fig. 8. Thermal image example of the PM captured by the thermography.

Cu plate. In order to cool down the PM during our experiments,
a forced air-cooled heat sink (FH6030MU; Alpha) [22] was
attached to the back of the PM using thermal grease (G751;
Shin-Etsu MicroSi) [23]. Thermography (U5855A; Keysight
Technologies) was used to measure Tdie, and the PM was cov-
ered with carbon black to homogenize the emission coefficients
of the materials. For this reason, the PM was not filled with
the dielectric silicone gel. A thermal image example of the PM
captured by the thermography is shown in Fig. 8; Tdie can be
extracted by using this image.

The PM was operated as the half-bridge in the buck converter,
as shown in Fig. 9. The circuit specifications are shown in
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Fig. 9. Circuit diagram of the buck converter implemented with the PM.

TABLE V
CIRCUIT SPECIFICATIONS

Table V. Note that we set a relatively low value for Vin as
compared with the rated voltage of the dies. This was done
because the PM was not filled with the dielectric silicone gel,
and the electrical insulation distance between the source and
drain electrode of the dies was not enough to withstand more
than 100 V. Although we performed the testing at a low voltage
for Vin, these conditions are more than sufficient for validating
the improvements made to our device model, as presented in
this paper. These improvements include the BD and temperature
dependence of the Id–Vds characteristics. The main reason for
their inclusion is accurately reproducing the VF of the BD and
ON-state resistance of the device channels at high Tdie. Neither
of these characteristics are dependent on the value of Vin. If we
test at a higher voltage for Vin, Pdie and Tdie will increase due to
the higher switching power losses incurred. In order to predict
them, the reproducibility of switching behavior of the dies is
required; we already validated it under several voltage levels of
Vin up to and including 800 V, as previously reported in [20].

An oscilloscope (DL7480; Yokogawa Test Measurement)
with two differential probes 701921 and 700924 (Yokogawa Test
Measurement) were used to measure theVgs andVds waveforms,
respectively. A current probe (CWT3 Ultra-mini; PEM) was
used to measure the Id waveform of each SiC die. Pdie was
calculated from these measured waveforms.

IV. VALIDATION OF THE SIMULATION

The circuit simulated by the device model provides the LUT
for the HS and LS SiC MOSFET dies at the following temperature
combinations (Thigh, Tlow): (25 °C, 25 °C), (25 °C, 87.5 °C),
(25 °C, 150 °C), (87.5 °C, 25 °C), (87.5 °C, 87.5 °C), (87.5 °C,
150 °C), (150 °C, 25 °C), (150 °C, 87.5 °C), and (150 °C,
150 °C). Thigh and Tlow denote Tdie of the HS and LS SiC
MOSFET dies, respectively. The electrothermal cosimulation was
conducted as described in Section III-C.

We compared the steady-state simulated Pdie and Tdie with the
measured values after the experimental system had run for 103 s.

Fig. 10. Measured and simulated power loss of the HS and LS dies. The dots
and lines denote the experimental power losses. The triangles and lines denote
the simulated power losses. (a) HS SiC MOSFET die. (b) LS SiC MOSFET die.

Fig. 11. Measured and simulated die temperatures for several fsw conditions.
The dots and lines denote the experimental Tdie. The triangles and lines denote
the simulated Tdie. (a) HS SiC MOSFET die. (b) LS SiC MOSFET die.

We have used the steady-state values of Pdie and Tdie, unless
otherwise stated. Fig. 10 shows the simulated and measured
Phigh and Plow as a function of fsw. Here, Phigh and Plow denote
Pdie for the HS and LS SiC MOSFET dies, respectively. The
experimental and simulated values for Phigh and Plow coincide
well; the maximum error was within 3.0 W.

Fig. 11 shows the experimental and simulated Thigh and Tlow

as a function of fsw. As clearly seen, the simulated data success-
fully reproduce the experimental data for a wide temperature
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Fig. 12. Switching transient experimental and simulated waveforms of Vgs,
Vds, Id, and Is at fsw = 200 kHz. Dashed and solid lines are experimental
and simulated waveforms, respectively. (a) Turn-OFF waveforms of the HS SiC
MOSFET die. (b) Turn-ON waveforms of the HS SiC MOSFET die. (c) Turn-ON

waveforms of the LS SiC MOSFET die. (d) Turn-OFF waveforms of the LS SiC
MOSFET die.

range from 60 °C to 140 °C. In addition, the maximum deviation
between the two datasets is less than 8 °C.

Here, we show how accurately our device model predicted
Pdie and Tdie in the buck converter. Fig. 12 shows that the
switching transient experimental and simulated waveforms of
the HS and LS SiC MOSFET dies at fsw = 200 kHz. In Fig. 12,
Is denotes the source current of the LS SiC MOSFET die.

Fig. 13. Vds and Is waveforms of the LS SiC MOSFET die. The range of the
Vds waveforms was expanded from −20 to 20 V. Dashed and solid lines are
experimental and simulated waveforms, respectively. (a) Turn-ON waveform.
(b) Turn-OFF waveform.

Under the fsw condition, Thigh and Tlow were 100 °C and 98 °C,
respectively (see Fig. 11). Fig. 12 indicates that our device
model reproduced the experimental switching behaviors well
for high Tdie conditions. We confirmed that our device model
also accurately predicted experimental switching waveforms at
all other fsw and Tdie conditions. These results clearly show that
our model, which included temperature dependence of Id–Vds

characteristic, realized the accurate prediction of Pdie and Tdie

for a wide range of Tdie conditions.
Fig. 13 shows theVds and Is waveforms of the LS SiC MOSFET

die in Fig. 12(c) and (d). In Fig. 13, we set the range of the
Vds waveforms from −20 to 20 V. Fig. 13 indicates the BD
behaviors of the LS SiC MOSFET die in the buck converter.
During the period from 0.2 to 0.6 μs (conduction region of
the BD), the measured and simulated values of the Vds were
relatively low because the BD operated as the freewheeling diode
at the negative Vgs condition (Vgs = −5V). As clearly shown
in Fig. 13, the simulated results could accurately reproduce
the BD’s behavior. If the Vgs dependence of the BD was not
considered in our device model, the simulated values of the
Vds in the period would be relatively high as compared with
the measured counterpart. This leads to underestimating Pdie,
which has an undesirable influence on the accuracy of the Tdie

prediction in the electrothermal cosimulation. Hence, modeling
theVgs dependence of the BD is important for predicting Pdie and
Tdie if the BD is used as the freewheeling diode. If antiparallel
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Schottky diodes are connected with SiC MOSFETs, current would
flow mainly through the antiparallel Schottky diodes. Therefore,
the BD model is not necessarily needed in the case.

The excellent agreement between the values of the measured
and the simulated Pdie, Tdie, and switching transient waveforms
validates our electrothermal cosimulation method and also our
device and thermal network models.

V. CONCLUSION

In this paper, we reported electrothermal cosimulation that
reproduces well Pdie and Tdie of the two SiC MOSFET dies as-
sembled in a PM. The device model used for the simulation was
an improved version of the one that was described in our previous
work [20]. This new version includes the negativeVgs-dependent
I–V characteristic of the BD embedded in the transistor and
the temperature dependence of the Id–Vds characteristic of the
transistor. The device model could accurately reproduce Pdie and
transient switching waveforms at the conditions the BD was used
as a free-wheeling diode and Tdie was high. In order to model
the thermal network accurately, we calibrated the heat transfer
coefficient of the heat sink on the basis of the measured thermal
impedances of the PM. Using the device model and the thermal
network model, an LUT was prepared for the electrothermal
cosimulation, which successfully calculated Pdie and Tdie. The
simulated and the measured temperatures agreed in the range
from 60 °C to 140 °C, which reflects the Tdie range commonly
observed in practical power converters. The maximum deviation
between the measured and the simulated Pdie and Tdie was
less than 3.0 W and 8 °C, respectively. These results validate
the usefulness of the electrothermal cosimulation including our
device model and thermal network model for the front-end
loading design for the thermal management of power converters.
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