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Abstract—Electrothermal modeling of silicon carbide (SiC)
power devices is frequently performed to estimate the device tem-
perature in operation, typically assuming a constant thermal con-
ductivity and/or heat capacity of the SiC material. Whether and by
how much the accuracy of the resulting device temperature predic-
tion under these assumptions is compromised has not been inves-
tigated so far. Focusing on high-temperature operating conditions
as found under short circuit (SC), this paper presents a compre-
hensive analysis of thermal material properties determining the
temperature distribution inside SiC power MOSFETs. Using a cali-
brated technology computer-aided design (TCAD) electrothermal
model, it is demonstrated that the temperature prediction of SiC
power devices under SC operation when neglecting either the top
metallization or the temperature dependence of the heat capacity
is inaccurate by as high as 25%. The presented analysis enables
to optimize compact electrothermal models in terms of accuracy
and computational time, which can be used to assess the maximum
temperature of SiC power MOSFETs in both discrete packages and
multichip power modules exposed to fast thermal transients. A one-
dimensional thermal network of a SiC power MOSFET is proposed
based on the thermal material properties, the size of the active area
of the device, and its thickness.

Index Terms—Electrothermal (ET) modeling, short circuit (SC),
silicon carbide (SiC), TCAD, thermal conductivity.

I. INTRODUCTION

W
ITH the ever-increasing requirements for energy sav-

ing, the adoption of silicon carbide (SiC) power transis-

tors has been following a growing trend across different power

electronic (PE) applications, including electrical vehicles (EVs),

EV charging infrastructure, power factor correction, power sup-

ply, photovoltaics, uninterruptible power supplies, motor drives,

wind, and rail [1]. Increasing the acceptance of the emerging

SiC technology in the field of high-frequency, high-temperature,

and/or high-power applications needs to be supported by a com-

prehensive understanding of SiC material properties and their

influence on the system performance. Nowadays, multiphysics

modeling tools based on the underlying physics of the SiC ma-

terial are widely employed both in academia and industry to
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Ivana Kovačević-Badstübner.)

The authors are with Advanced Power Semiconductor Laboratory, ETH
Zurich, 8092 Zurich, Switzerland (e-mail: tsibizov@aps.ee.ethz.ch; kovacevic@
aps.ee.ethz.ch; kakarla@aps.ee.ethz.ch; ulrike.grossner@ethz.ch).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2917221

assess the benefits of SiC power devices in PE systems and to

optimize the system performance. Besides a careful electromag-

netic design, thermal design increases in importance especially

with the wide operational temperature range enabled by SiC. As

the switching elements of PE systems, power devices can ex-

perience high-temperature transients during, e.g., short-circuit

(SC) events or the overvoltages caused by unclamped inductive

switching (UIS). Under these operating conditions, the temper-

ature of SiC power devices can reach significantly higher levels

than it is the case for silicon (Si) power devices. Due to thin-

ner gate oxides and higher electric field in the SiC MOSFETs

compared to Si MOSFETs and insulated-gate bipolar transistors

(IGBTs), the gate oxide of the SiC MOSFET is more vulnerable

to thermal effects [2]. Additionally, the gate and source con-

tact in SiC MOSFETs is exposed to high-temperature transients.

Therefore, the heat handling capability of the device as a whole

needs to be carefully assessed. An accurate prediction of the

temperature evolution inside the semiconductor volume, oxide-

semiconductor interface, gate oxide, and top metallization is

highly useful in terms of preventing device failure, hence en-

hancing the reliability of the whole system.

In practice, temperature measurements based on direct [3], [4]

and indirect methods [5], [6] are performed to evaluate the tem-

perature of power devices in the operation. These measurements

provide either a single average junction temperature or a surface

temperature distribution; additionally, the temperature calibra-

tion has to be performed in advance and sets the limits for the

maximum measurable temperature levels [7]. For the measure-

ments of fast temperature transients, which occur, e.g., during

the SC or avalanche operation, rather complicated custom-made

temperature measurement setups, as, e.g., [3], are necessary. Ac-

cordingly, electrothermal (ET) simulations are performed to esti-

mate the temperature of power devices and modules, which can-

not be easily approached in thermal measurements. Besides the

geometry data input, thermal material properties, namely, ther-

mal conductivity and heat capacity, are required for an accurate

temperature evaluation in ET simulations. Thermal conductivity

k and heat capacity cv of semiconductors such as Si and SiC are

temperature and doping dependent; furthermore, k of 4H-SiC,

the semiconductor material used in commercially available SiC

power devices, is anisotropic. The tradeoff between the accu-

racy and the simulation time when neglecting the temperature

dependence and anisotropy of SiC thermal properties is still

not well understood. This can be evidently observed in a num-

ber of publications, e.g., [8]–[13], assuming constant thermal
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conductivity and/or heat capacity of SiC in the ET simulations

of power devices operating at high temperatures without a de-

tailed analysis.

Accordingly, the main aim of this paper is to show the influ-

ence of these parameters on the device temperature prediction for

high-temperature operation of SiC power MOSFETs in a compre-

hensive way. This is specifically shown with the first complete

two-dimensional (2-D) TCAD simulations, taking into account

adequate temperature dependence of material parameters as well

as the entire device structure including top metallization. The

findings are then implemented in a compact RC thermal model

with full temperature dependence for the SiC MOSFET.

The rest of this paper is organized as follows. In Section II,

an extensive literature overview on the available SiC material

data and the ET modeling of SiC power MOSFETs is presented

explaining the main motivation behind the research conducted

in this paper. Section III investigates the impact of SiC ther-

mal characteristics on the temperature estimation using the SC

operation as an example, based on comprehensive TCAD sim-

ulations, which considers both the temperature-dependent ther-

mal properties and k-anisotropy. In Section IV, a compact RC
thermal model of a SiC power MOSFET including temperature

dependence of both thermal conductivity and heat capacity im-

plemented in the circuit simulator LTSpice is compared to the

existing RC thermal networks proposed in the literature.

II. LITERATURE OVERVIEW

ET modeling is used to gain transient and steady-state tem-

perature development inside power devices and modules under

given operating conditions. A study on nonlinear compact ther-

mal models of Si power modules presented in [14] showed that

the influence of temperature-dependent thermal capacitance is

negligible, while the temperature-dependent thermal conductiv-

ity has to be modeled for temperature amplitudes higher than

80 K in order to have a more accurate temperature prediction,

i.e., aiming for a relative error, ǫ < 10%. During the tempera-

ture transients shorter than τ ≈ 100 µs, the temperature gradient

∆T builds up mainly across the semiconductor die, and the tem-

perature below the die remains unchanged. In field operation,

such fast transients can occur under SC and UIS. The maxi-

mum temperature of SiC power MOSFETs during these events

can reach levels above 1000 K, which is significantly higher

than in their counterparts, Si-IGBTs [15]. Moreover, the tem-

perature variation is typically significantly higher than 80 K,

and the temperature dependence of the heat capacitance should

not be automatically neglected without physical justifications.

A. SiC Thermal Properties

Today’s commercially available SiC power devices are based

on the 4H polytype [16]. However, the data on thermal con-

ductivity and heat capacity of 4H-SiC in the literature are lim-

ited, especially for the high-temperature range above 600 K.

Based on differential scanning calorimetry, measurements of

the 4H-SiC heat capacity were performed up to 770 K in [17]

and then extrapolated up to 2200 K. Using the time-domain

thermoreflectance (TDTR) method, the anisotropic thermal con-

ductivity of n-doped and unintentionally doped semi-insulating

4H-SiC was experimentally determined up to 600 K in [18]; the

one of V-doped bulk semi-insulating 4H-SiC in the tempera-

ture range up to 850 K in [19]. In the TDTR method, a prior

known temperature-dependent volumetric heat capacity cv(T )
is needed to extract the temperature-dependent thermal conduc-

tivity of the material, k(T ), by solving the heat conduction equa-

tion. Accordingly, the accuracy of cv(T ) impacts the accuracy of

the extracted k(T ). In [18] cv,6HSiC(T ) from the literature was

used, while, in [19], a theoretical estimation of cv,4HSiC(T ) close

to cv,6HSiC(T ) was employed to calculate k4HSiC(T ). Accord-

ing to the experimental results presented in [17], cv,4HSiC(T ) is

close to cv,6HSiC(T ) at room temperature and about 10% higher

at elevated temperatures above 1000 K. Due to the lack of the

available data for 4H-SiC at higher temperatures, the thermal

parameters of 4H-SiC are approximated by the experimentally

extracted properties of 6H-SiC as suggested in [20] or of 3C-

SiC as shown in [21]. The thermophysical experimental data

for 6H-SiC in the temperature range up to 2700 K were shown

in [22]–[24] and for 3C-SiC in [25]. Recent research [18] has

shown that 4H-SiC has an approximately 10% higher thermal

conductivity than 6H-SiC in the measurement range up to 450 K.

Furthermore, experimental results from [18] and [26] and from

first principle calculations [27] demonstrated that the in-plane

thermal conductivity, kr, is ≈ 30–40% higher than the out-plane

thermal conductivity, kc, i.e., kr/kc ≈ 1.3, for both 6H-SiC and

4H-SiC around 400 K.

B. ET Modeling of 4H-SiC Power Devices

The analysis of SiC power devices at the high-temperature

levels is typically performed by the aid of finite-element method

(FEM) and/or the finite-volume method (FVM) ET simulations

[3], [28], [29], which simultaneously solve the drift-diffusion

and heat transport equations. The TCAD modeling presented in

the literature so far typically did not take into account the source

metallization and effects such as phase transitions of materials

experiencing melting or oxide leakage currents, which, in turn,

occur in SiC power MOSFETs during the SC transition. The main

reason is a very high computational cost, i.e., convergence prob-

lems, and the limited available calibration dataset for SiC. As a

result, the temperatures extracted from the TCAD simulations

presented in the literature have to be understood with a certain

inaccuracy margin. As FEM simulations are computationally

demanding for the circuit-level modeling in PE, there is a need

for ET modeling approaches, which enable computationally

efficient coupling between the circuit and thermal domains. A

more simplified ET modeling exploits the electrical analogy of

heat conduction by calculating the heat distribution employing

equivalent electrical circuits. The equivalent circuits can then

be solved together with compact device models using available

circuit simulators. The computational time and complexity of

parameterizing and/or solving equivalent networks increases by

taking into account heat spreading, anisotropy, and temperature

dependence of material properties. The three-dimensional (3-D)

equivalent thermal networks consisting of resistors R and ca-

pacitors C developed to model primarily the nominal operation

of power devices, as, e.g., [30]–[32], neglect the temperature

dependence of material parameters. On the other hand, the 3-D
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thermal networks that can take into account the temperature-

dependent material thermal properties, e.g., [33], [34], imply

a higher computational cost due to the need to update the

system matrix in each simulation step, which is less attractive

for the multiphysics modeling in PE. A special 3-D nonlinear

thermal network of SiC power MOSFETs parameterized using

FEM simulations was described in [10] taking into account

temperature-dependent thermal conductivity and assuming

constant heat capacitance. An SC simulation was used to

demonstrate the coupling between the proposed thermal net-

work and a compact model of a SiC power MOSFET, assuming,

however, constant heat capacitance. In PE, the one-dimensional

(1-D) heat transfer approximation with its limits to represent

heat spreading and thermal coupling accurately is typically se-

lected over more complex modeling techniques when a shorter

simulation time is required, i.e., as for optimization and virtual

prototyping at system level. The 1-D thermal modeling can be

used to estimate the maximum temperature of power devices in

discrete packages and multichip power modules during fast tem-

perature transients [35], when the temperature gradient is mainly

located across the die. The work presented here (see Section IV)

uses a Cauer RC network for a commercial SiC power MOSFET,

specifically including top metallization, volume heat genera-

tion, and temperature dependence of the thermal conductivity

and the heat capacity with the aim to investigate the error made

by assuming temperature insensitive RC cells for modeling

SiC power MOSFETs under the extreme operating conditions.

III. EFFECTS OF SIC THERMAL PROPERTIES

The effect of temperature-dependent thermal conductivity

at high temperatures was demonstrated for Si-IGBTs in, e.g.,

[36]. With the capability of SiC power devices to operate in a

wider temperature range, this effect can be expected to be even

higher than in Si power devices, as described in [37]. Therefore,

the temperature dependence of thermal conductivity and heat

capacity should be properly addressed for high-temperature

operation of commercially available SiC power devices. This

section demonstrates the impact of SiC thermal properties on the

temperature development internal to SiC power MOSFETs under

extreme operating conditions by using SC operation as an exam-

ple. The investigation is based on TCAD simulations of vertical

MOSFET structures representing a commercial 1.2 kV Second

Gen Cree SiC power MOSFET (C2M0080120D) [38] using

Sentaurus Device (S-Device) [39].

A. 4H-SiC Thermal Parameters Used in the TCAD Simulations

TCAD simulators typically include temperature-independent

material parameters as a default option. S-Device provides

temperature-dependent material parameters for various mate-

rials in the Advanced Calibration (Adv. Cal.) [39], a guide con-

taining vendor-recommended material parameters and device

models mainly based on literature data. The data from Adv. Cal.

is limited for some materials in the way that the temperature de-

pendence of thermal material parameters is either not available,

e.g., for aluminum, or that it is fitted in a narrow temperature

range. For example, the cubic expression for cv(T ) of 4H-SiC

in Adv. Cal. was fitted to the 6H-SiC experimental data from

Fig. 1. Comparison of the 4H-SiC volume-specific heat capacitance, cv(T ),
measured by Hitova et al. [17] with simulated cv(T ) using the parameters given
in the Adv. Cal. of S-Device, the new proposed parameters (see Table II), and
the cv(T ) from [21] and [40].

Fig. 2. Comparison of the 4H-SiC thermal conductivity used in [21] and [40]
with the thermal conductivity for kc(T ) used in this paper.

[23] for T < 800 K, which leads to a strong overestimation of

cv for the temperatures above 1000 K, as shown in Fig. 1. In this

paper, the cv,4H−SiC from [17] is used, and cv fitting parameters

are selected to extend the applicability of cv formula in a wider

temperature range. The error between this improved cubic fit and

the measured cv data is less than 10% in the whole range from

300 to 2700 K, as shown in Fig. 1. Additionally, the cv,4H−SiC

formula from [17] was implemented in the S-Device using the

physical model interface and led to ET simulation results very

similar to ET simulations with the improved cubic fit.

To account for the difference between the thermal conductiv-

ity of 6H- and 4H-SiC [18], kc,4H−SiC(T ) was set 10% larger

than the thermal conductivity expression from the Adv. Cal.

file, which, in turn, corresponds to the kc,6H−SiC(T ) data from

[23]. The kr/kc ratio of 1.35 [18], [26], [27] is used to model

the anisotropic thermal conductivity of 4H-SiC material in the

whole temperature range. The comparison of the kc,4H−SiC(T )
values used in this paper to the thermal conductivity from the

literature [21], [40] is shown in Fig. 2. The parameters for

the temperature-dependent cv(T ) and k(T ) used in the pro-

posed S-Device simulations are summarized in Tables I and II,

respectively. The temperature dependence of the mass density

for 4H-SiC, as well as for gate oxide and top metal, is very small

and, hence, neglected in the TCAD ET simulations.

B. ET TCAD Simulations of the SiC Power MOSFET

Two structures of the SiC power MOSFET (C2M0080120D)

modeling one half of a symmetric active cell with 180-µm SiC
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TABLE I
PARAMETERS OF TEMPERATURE-DEPENDENT THERMAL CONDUCTIVITY k(T )
[W/(K·cm)] OR RESISTIVITY r(T ) USED IN THE TCAD ET SIMULATIONS:

k(T ) = k1 + k2 · T + k3 · T 2, r(T ) = k1 + k2 · T + k3 · T 2

TABLE II
PARAMETERS OF TEMPERATURE-DEPENDENT VOLUME-SPECIFIC HEAT

CAPACITY cv(T ) [J/(K·cm3)] AS USED IN THE TCAD ET SIMULATIONS:
cv(T ) = cva + cvb · T + cvc · T

2 + cvd · T 3

Fig. 3. TCAD modeling of MOSFET structure (an active cell). (a) M1 model, a
simplified 2-D structure without overlayers. (b) M2 model, a 2-D structure with
overlayers. Layers are marked from top to down: 50-µm-thick insulator plastic
(A), 3.9-µm-thick aluminum (B), 0.84-µm-thick PMD oxide (C), 0.37-µm-thick
n+ doped polysilicon gate (D), 50-nm-thick gate oxide (E), 180-µm 4H-SiC
consisting of an n+ source contact region (F), the p-well (G), and n- (drift layer)
and n epitaxial layers and the n+ substrate (H).

substrate were generated in the Sentaurus Process simulator,

S-Process, following an assumed fabrication process flow tak-

ing into account the actual device active area and internal di-

mensions, such as, e.g., gate length, pitch size, thickness of

the epitaxial (drift) layer, and metallization. The first structure,

M1, shown in Fig. 3(a) is simplified and typically used to simu-

late the nominal operation of power MOSFETs, while the second

structure, M2, shown in Fig. 3(b) includes top metal overlay-

ers. MOSFET structures without metallization similar toM1were

used to estimate the temperature during SC for the same device

under test (DUT), C2M0080120D, by means of TCAD simula-

tions in, e.g., [3], [28], and [29]. Additionally, the value of half

pitch size used in [3] is approximately 1.9 higher than the half

pitch size of 4.55 µm used in this paper (obtained by internal

analysis; not shown here), while, in [29], the dimensions of the

simulated 2-D planar structure are not specified. The transient

mixed-mode (device-circuit coupled) simulations of both M1
and M2 MOSFET structures are performed using the S-Device

to assess the impact of top metallization on the temperature dis-

tribution inside the SiC power MOSFET and to show how the

assumption of constant heat capacitance can compromise the

modeling accuracy when simulating SC operation. Furthermore,

the influence of the anisotropy of the thermal conductivity of 4H-

SiC and its importance for the heat transfer within SiC power

MOSFETs are determined.

The vertical (x-)axis was set as an anisotropy axis

(c-axis) of 4H-SiC neglecting the 4◦ miscut. The 2-D ET device

simulation assumes translational symmetry normal to the sim-

ulation plain (along the z-axis) and periodicity of active cells

in the y-direction. This corresponds to zero-heat-flux boundary

conditions in both y- and z-directions. During fast SC transients,

lateral heat spreading is not pronounced in most of the active

area, as the heat diffusion length for the SC duration is signifi-

cantly smaller than the size of the active area and the thickness

of the SiC substrate. The heat spreading affects the active cells

located close to the border of device active area stronger (ac-

counting for less than 10% of active area) due to the change of

heat transfer conditions. These thermal effects at the border are

mitigated by the negative temperature dependence of the cur-

rent after reaching the SC current peak and prior to reaching the

thermal runaway temperature. Accordingly, 2-D TCAD model-

ing can be used to predict the temperature distribution of 3-D

SiC power MOSFETs during SC without compromising accuracy

significantly.

The developed device model accounts for self-heating, incom-

plete dopant ionization, interface mobility degradation, doping-

and temperature-dependent mobility, and anisotropic high-field

mobility saturation. The anisotropy was fully accounted for in

mobility, impact ionization coefficients, permittivity, and ther-

mal conductivity. For the simulation, three ohmic contacts are

set: the gate contact around the polysilicon region, the source

contact to n+ 4H-SiC at the border with aluminum and to

the p-well on the left side, and the drain contact at the bot-

tom of the 4H-SiC substrate. The drain contact also serves

as a single thermal contact with an ambient temperature of

300 K. This thermal contact is modeled by a surface thermal

resistance of 32.6 × 10−3 (K·cm2)/W, corresponding to the

junction-to-case thermal resistance as specified in the datasheet,

Rth,j−c = 0.6 K/W, reduced by a thermal resistance of the

180-µm 4H-SiC die at room temperature. The thermal conduc-

tivity of the plastic overlayer (marked in Fig. 3) used in the

device model is very small, which results in a large thermal

resistance and, hence, a negligible heat flux density on the top.

Therefore, zero-flux boundary conditions are assumed on the top

side.
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Fig. 4. SC measurement setup. (a) Photo showing the capacitor bank, the
auxiliary switch comprising six parallel IGBTs, and the DUT (1.2 kV Second
Gen. Cree SiC power MOSFET, C2M0080120D). (b) Circuit used in the mixed-
mode TCAD 2-D ET simulations for SC.

For longer SC test times and/or higher Vdc, the temperature

of the source metallization reaches the Al melting temperature.

To estimate the device temperature with a higher precision un-

der these operating conditions, physical effects such as melting

solidification of aluminum and phase transitions in the plastic

overlayer and silica should be considered in the TCAD model-

ing; however, these physical effects are beyond the scope of this

paper and not included in the TCAD simulations. Additionally,

electrical boundary conditions assumed to be constant across the

active area are violated in the case of the strong gate leakage,

which becomes prominent for certain dc voltages after the source

metallization starts to melt. The TCAD modeling in this paper

does not take into account gate leakage currents. Accordingly,

the developed TCAD model cannot be used for an accurate es-

timation of the maximum SiC temperature during the SC event

if these conditions are met; however, it can be used to estimate

the time required for the source metallization to start melting

tM accurately. Prior to this time point, a SiC power MOSFET un-

der the SC operation does not experience any degradation, and

hence, tM guarantees the safe turn-OFF time, which can be, in

turn, used by system engineers as a reference for the design of

an adequate SC protection circuit.

A photo of the measurement setup and the simulated elec-

trical circuit are shown in Fig. 4(a) and (b), respectively. The

DUT in Fig. 4(b) represents one of the device structures shown

in Fig. 3. The gate drive external resistance, Rg = 2.5 Ω, and

the internal gate resistance of 4.6 Ω are included. An inductance

Ldc = 180 nH, modeling the capacitor bank of the SC exper-

imental setup, is set to reproduce the measured drain–source

voltage drop Vds at the onset of the Vgs = 20 V. The resistors

Ra = 10 Ω are added to control the simulation stability. The

coaxial shunt resistor used for the current measurements in the

experimental setup is modeled by Rshunt = 25 mΩ, while the

auxiliary switch comprising six parallel IGBTs (IXBK55N300)

is modeled by the resistor Rd,aux = 25 mΩ.

As theM2 structure in Fig. 3(b) includes the effect of top over-

layers existing in an actual device in comparison to theM1 struc-

ture in Fig. 3(a), M2 was used to calibrate the TCAD modeling

in order to match the measuredC–V and I–V characteristics and

the SC experimental results of the actual power MOSFETs. For the

Fig. 5. SC test verification: the 2-D TCAD simulation (TCAD-SIMREF) of
(a) the lattice temperature and (b) the volume heat distribution inside the power
MOSFET structure at the end of the SC time (t = 11 µs). A comparison between
the simulated (black) and measured (red) current I , voltage VDS, and power
losses Pheat for the SC test at (c) Vdc = 200 V and (d) Vdc = 400 V and
tsc = 5 µs.

TCAD calibration of SC experiments, temperature dependence

of phonon-related components of both interface and bulk low-

field electron mobility was set to T−3, considering the research

presented in [46]. For the calibration, the material properties,

cv(T ), k(T ), and the anisotropy of k based on the formulas

from Tables I and II are implemented. A good matching be-

tween the TCAD simulations and the SC experimental results is

shown in Fig. 5(c) and (d) for the dc voltages ofVdc = 200 V and

400 V, respectively, and the SC time of tsc = 5 µs. This TCAD

simulation marked as TCAD-SIMREF is used as the reference
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TABLE III
SUMMARY OF TCAD SIMULATIONS PRESENTED IN THIS PAPER

Fig. 6. TCAD simulation (TCAD-SIMREF) results for the maximum
temperature inside SiC and Al during the SC time of tSC = 5 µs for
(a) Vdc = 200 V and (b) Vdc = 400 V.

simulation in the further analysis. Besides TCAD-SIMREF,

seven more TCAD simulations are performed to demonstrate

the effects of thermal material properties and source metalliza-

tion in SiC power MOSFETs, as summarized in Table III.

The evolution of the maximum temperature in the Al met-

allization together with the maximum temperature in the SiC

die extracted from the TCAD-SIMREF simulation is plotted

in Fig. 6. The temperature of Al metallization reaches the

maximum value of 888 K at Vdc = 400 V with a small delay

after the end of the SC time (5 µs), which is below the Al melting

TABLE IV
PREDICTION OF THE TIME-TO-START-AL-MELTING, tM,P[µS], AT THE

LOCATION P OF THE PLANAR SIC POWER MOSFET (C2M0080120D) USING

DIFFERENT TCAD SIMULATIONS

tM,P is calculated from the start of the SC event.

temperature (933 K). The temperature of the top metallization

can reach the melting temperature for longer SC test times

and/or Vdc > 400 V. Here, the physics of phase change tran-

sitions would have to be included in the TCAD simulation to

estimate the temperature evolution with a higher accuracy (not

the scope of this paper). The melting temperature in the source

metallization is first reached in the point P that is marked in

Fig. 5(a). Clearly, the presented TCAD modeling can be used to

accurately estimate the time needed for the temperature at the

point P to reach the melting temperature of aluminum, with a

time reference at the start of the SC event, tM,P, forVdc = 200 V
and 400 V as well as for typically operating dc voltages of 600

and 800 V, as summarized in Table IV. The estimation of tM,P

for 400 and 800 V in TCAD-SIMREF is close to the experimen-

tal results from [47] obtained using a high-speed camera.

SC failure of SiC power MOSFETs is typically ascribed in the

literature to either oxide degradation or semiconductor failure

at temperatures above 1000 K [48]. To prevent system failure,

the SC protection has to be designed to safely turn OFF the de-

vice before any degradation starts. For example, the short-circuit

withstand time (SCWT) of the investigated SiC power MOSFET

for Vdc = 800 V is in the range from 3.5 to 4.5 µs, showing an

actual spread for the commercially available devices. The tM,P

(not to be mistaken with SCWT) estimated here forVdc = 800 V
is around 2.48 µs. This time guarantees that the device can be

safely turned OFF without any degradation.

The effects of SiC thermal properties are further demonstrated

in detail for the SC test at Vdc = 400 V and an SC time of

tsc = 5 µs.

1) Impact of Top Overlayers: TCAD device modeling of

power MOSFETs is typically based on MOSFET structures similar

toM1, as shown in Fig. 3(a). Such a MOSFET structure, including

only SiC, gate oxide, and gate contact, can correctly reproduce

device behavior at constant temperature or its quasi-stationary

behavior. However, it cannot accurately reproduce device self-

heating during fast transients as it is presented in this section.

The overlayers serve mostly as a heat capacitor on top of the

SiC die, where heat generation is small, and are, therefore, ne-

glected in the developed 2-D ET simulation. In addition, there

are six thick aluminum bond wires (dw ≈ 150 µm) attached to
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Fig. 7. Comparison between the maximum temperatures inside SiC as calcu-
lated in the presented TCAD simulations (cf., Table III). (a) TCAD-SIMREF ver-
sus TCAD-SIM1. (b) TCAD-SIM1 versus TCAD-SIM2. (c) TCAD-SIMREF
versus TCAD-SIM3. (d) Corresponding current profiles: (black) TCAD-
SIMREF, (red) TCAD-SIM1, (blue) TCAD-SIM2, and (green) TCAD-SIM3.
k(T ) and cv(T ) are based on the formulas given in Tables I and II, respectively.

the source contact pads in the actual MOSFET. The presence of an

Al bond wire (with high thermal conductivity) changes thermal

conditions in its vicinity providing additional heat capacitance,

which, in turn, results in a lower temperature in the active cells

below the wires. As most of the contact pad area is not in direct

thermal contact with the bond wires, the bond wires were not

included in the simulations. Accordingly, the developed TCAD

simulations correspond to the die active area away from the bond

wires, leading to a small overestimation of the average temper-

ature in the aluminum metallization.

In the first analysis, the TCAD mixed-mode SC simulations

of the M1 and M2 structures, TCAD-SIM1 and TCAD-

SIMREF, respectively, taking into account cv(T ), k(T ), and the

anisotropy of k based on the formulas given in Tables I and II

are compared. As shown in Fig. 7(a), Tmax,SiC without taking

into account the top overlayers overestimates the maximum

temperature by ∆T ≈ 100 ◦C, i.e., 10%. The estimated tM,P

in TCAD-SIM1 and TCAD-SIMREF are 3.71 and 5.84 µs,

respectively. Accordingly, the top metallization of MOSFET

structures has a nonnegligible influence on both the maximum

temperature of SiC-MOSFET and the time when melting of the

top metallization starts during the SC transients.

2) Impact of Heat Capacitance: To evaluate the accu-

racy of temperature prediction when using the assumption of

cv,4H−SiC(T ) = const, as in, e.g., [8]–[10], the second anal-

ysis is performed by comparing two SC simulations, TCAD

-SIM1 and TCAD-SIM2, using theM1 structure with cv(T ) and

cv = const, respectively, at 300 K based on the formulas given

in Table II. Both simulations take into account k(T ) and the

anisotropy of k from Table I. The simulation results are shown

in Fig. 7(b). The maximum temperature in SiC when using

physically more accurate material properties (TCAD-SIM1) dif-

fers from the temperature prediction when using cv,SiC = const

(TCAD-SIM2) by ∆T ≈ 240 ◦C, i.e., 22%. The estimated tM,P

in TCAD-SIM1 and TCAD-SIM2 are 3.71 and 1.69 µs, respec-

tively. These results point out that the temperature dependence

of cv,4H−SiC should be considered when simulating the SC op-

eration of SiC power MOSFETs.

3) Impact of Anisotropy of Thermal Conductivity: The third

analysis is conducted to evaluate the effect of the anisotropy

of 4H-SiC thermal conductivity, kSiC(T ). Two SC simulations,

TCAD-SIMREF and TCAD-SIM3, using theM2 structure with

isotropic k = kc(T ) and anisotropic k(T ) given in Table I, and

taking into account cv(T ) from Table II, are compared. Ac-

cording to the comparison in Fig. 7(c), the anisotropic ther-

mal conductivity (TCAD-SIMREF) shows Tmax,SiC reduced

by ∆T ≈ 20 ◦C, i.e., 2%, in comparison to the TCAD simula-

tion with the isotropic thermal conductivity (TCAD-SIM3). This

small difference can be explained by the relatively high thermal

conductivity of 4H-SiC and the small characteristic distance in

lateral direction equal to the half pitch length of 4.55 µm. The

estimated tM,P in TCAD-SIMREF and TCAD-SIM3 are 5.84

and 6.09 µs, respectively. Therefore, the anisotropy of 4H-SiC

thermal conductivity can be neglected to simplify the modeling

complexity.

The simulated SC current waveforms, ID, from these four

TCAD simulations (TCAD-SIMREF, TCAD-SIM1, 2, and 3)

are shown in Fig. 7(d). The simulation with the simplified MOS-

FET structure and assuming temperature-independent heat ca-

pacitance of SiC (cv at 300 K), TCAD-SIM2, returns the lowest

device current. However, the simulated temperature under these

assumptions is significantly higher than the maximum tempera-

ture calculated in the simulation with the more accurate model of

material properties. In the actual SC experiment, this high tem-

perature would trigger the melting of metallization and, even-

tually, device failure before the actual SC endurance time for

Vdc = 400 V. Accordingly, a proper set of thermal material data

is needed for an accurate temperature prediction of SiC power

MOSFETs, which is, in turn, needed to avoid overcalibration of

temperature-dependent device models.

C. Sensitivity Analysis

To demonstrate the sensitivity of temperature estimation to

the variations of thermal material parameters, two additional

TCAD simulations using the MOSFET structure M2, TCAD-

SIM4 and TCAD-SIM5, are performed (Table III). Comparing

the TCAD-SIM4 and TCAD-SIMREF, the sensitivity of temper-

ature estimation to the input data for 4H-SiC heat capacitance is

determined. The cv,4H−SiC(T ) from [21] used in TCAD-SIM4

is shown in Fig. 1 together with the reference cv,4H−SiC(T )
from [17] used in TCAD-SIMREF. The estimation of the max-

imum SiC temperature TSiC for Vdc = 400 V at the SC time

of tsc = 5 µs returned by TCAD-SIMREF and TCAD-SIM4 is

1017 and 1039 K, respectively. The estimated tM,P(SIMREF) and
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tM,P(SIM4) for Vdc = 400 V are 5.84 and 5.52 µs. This shows

that 6% lower thermal capacitance at higher temperatures above

1000 K leads to 2% higher temperature estimation and 5.5%

shorter tM,P estimation.

Similarly, using TCAD-SIMREF and TCAD-SIM5, the sensi-

tivity of temperature estimation to a variation in thermal conduc-

tivity is calculated. The k4H−SiC(T ) curve from [21] was used

in TCAD-SIM5, while the reference k4H−SiC(T ) curve from

Table I was used in TCAD-SIMREF (Fig. 2), keeping all other

material properties the same. The estimation of the SiC tempera-

ture TSiC for Vdc = 400 V at the SC time of tsc = 5 µs returned

by TCAD-SIMREF and TCAD-SIM5 is 1017 and 994.3 K,

respectively. The estimated tM,P(SIMREF) and tM,P(SIM5) for

Vdc = 400 V are 5.84 and 6.27 µs. This demonstrates that 35%

higher thermal conductivity at the temperatures above 1000 K
leads to 2.2% lower temperature estimation and 7.4% higher

tM,P estimation.

D. Comparison to the Temperature Estimation From

the Literature

Two TCAD simulations are performed using the MOSFET

structure without the source metallization, M1, and SiC ma-

terial parameters as employed in [40] (TCAD-SIM6) and [21]

(TCAD-SIM7). Particularly, in [21], a 1-D ET model of SiC

power MOSFETs, including the die, the die attachment, and the

case, was numerically solved taking into account the temper-

ature dependence of the thermal conductivity and the specific

heat of SiC based on 3C-SiC from [25]. In [40], the tempera-

ture is estimated based on a 1-D R-C thermal model, without

considering the top metallization and using the thermal con-

ductivity properties of 6H-SiC from [22] and the heat capac-

ity properties of 4H-SiC from [17]. The estimated tM,P(SIM6)

and tM,P(SIM7) for Vdc = 800 V are 1.46 and 1.38 µs, while

the estimated tM,P(SIMREF) using the reference TCAD simula-

tion is 2.48 µs. The estimation of the SiC temperature TSiC for

Vdc = 400 V at the SC time of tsc = 5 µs, returned by TCAD-

SIM6 and TCAD-SIM7 is 1114 and 1202 K, respectively, in

comparison to the reference estimation from TCAD-SIMREF

of 1017 K. Accordingly, using the thermal material data and the

MOSFET structure without source metallization, as it has been

done so far in the TCAD simulations as presented in the litera-

ture, leads to an overestimation of the temperature from 10% up

to 19% and an underestimation of tM,P estimation by ≈40%.

In [48], the temperature of SiC power MOSFETs during SC

transients was estimated by a 1-D thermal model implemented

in COMSOL taking into account the phase-transition energy

of the aluminum top metal and the temperature dependence of

4H-SiC from [25]. The authors in [48] noted that the proposed

thermal model was not calibrated, and hence, the accuracy of

their temperature estimation was not specified. To the best of

our knowledge, in the state-of-the-art literature, 2-D TCAD ET

simulations of SiC power MOSFET are performed neglecting the

effects of source metallization.

IV. 1-D THERMAL NETWORK FOR THE SIC POWER MOSFET

The temperature-dependent material properties can be in-

cluded in 1-D thermal modeling by Foster- and/or Cauer-type

RC thermal networks. The nonphysical Foster thermal networks

consist of RC cells depending on the level of power losses. The

R and C elements are calculated from the device transient ther-

mal impedance in a wide range of the dissipated power extracted

either from thermal transient measurements or extensive numer-

ical simulations, as shown in, e.g., [12], [49], and [50]. This ap-

proach can be feasible for nominal device operation and highly

challenging for high-temperature variations. The physics-based

Cauer-type networks with temperature-dependent R and C ele-

ments are more suitable for thermal modeling of power devices

experiencing fast temperature transients and high-temperature

amplitudes. This section presents a 1-D Cauer network with

temperature-dependent R and C elements developed by us-

ing the TCAD SC simulation results and implemented in the

LTSpice circuit simulator.

The developed 1-D thermal network allows engineers to es-

timate the maximum temperature in SiC planar power MOSFETs

when a specific power loss profile is applied to the device. The

1-D Cauer-type networks model the heat transfer by representing

the device and/or module geometry as a set of layers described

by the corresponding material characteristics. The thickness of

layers have to be selected properly in order to capture the tem-

perature development under both short- and long-term tempera-

ture transients accurately. The 1-D Cauer-type thermal networks

used to calculate the device temperature under SC operating con-

ditions without considering the variation of material properties

with temperature were shown in [8], [9], [11], [13], and [37].

On the other hand, temperature-dependent R-C Cauer thermal

networks were proposed in, e.g., [40], [51], and [52]. The au-

thors in [51] showed that the effect of heat volume generation

and top metallization should be considered and included in 1-D

models to estimate the temperature distribution during the fast

transients occurring under UIS tests physically more accurately;

however, they used temperature-dependent thermal resistors and

constant thermal capacitors analyzing silicon CoolMOS devices.

The analysis presented in [52] was focused only on the nomi-

nal operation of SiC power devices, and not on fast temperature

transients. The thermal model of a SiC power MOSFET developed

in [40] for estimating the device temperature during the SC op-

eration was not shown; it does not model the top metallization,

and the source of power losses was placed at the first node of

the thermal network, assuming surface heat generation.

A. Implementation of the 1-D Cauer-Type Thermal Network

The thermal network with n = 9RC stages is developed [cf.,

Fig. 8(c)], where k(T ) and cv(T ) are modeled by the voltage-

dependent resistors Ri(T ) and capacitors Ci(T ) i = 1, . . . n,

respectively, by setting the voltage dependencies according to

kc(T ) and cv(T ) of 4H-SiC (see Tables I and II). Particularly,

the die thickness (180 µm) is divided into n layers. The Ri and

Ci are calculated using the thickness of the layers, k, cv, and

the chip active area Achip, as described in [9]; however, in com-

parison to [9], the temperature dependence of k and cv is taken

into account. The Al metallization of the die is modeled with a

singleRC cell, considering the k(T ) and cv(T ) of aluminum, as

given in Tables I and II, respectively. The thickness of the layers

determining the RC cells are selected, as shown in Fig. 8, and
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Fig. 8. 2-D TCAD simulation of the volume heat distribution, Pheat, inside
SiC of a planar power MOSFET at the end of the SC time (t = 11 µs). (a) Av-
erage Pheat in the layers along the x-direction for Vdc = {200 V, 400 V,
600 V, 800 V}. (b) 2-D Pheat distribution for Vdc = 400 V. The colored
points mark the corresponding average distances for the power loss distribution
along the x-direction. The SiC die is divided in n = 9 layers with thickness:
d1−4 = 1 µm, d5 = 6 µm, d6 = 24 µm, d7 = 32 µm, d8 = 64 µm, and d9 =
50 µm. (c) Developed RC thermal network.

are based on the TCAD simulation of heat distribution inside

the SiC power MOSFET at the end of the SC event. For fast ther-

mal transients, such as SC and UIS events, the first five layers

modeling the 10 µm of the SiC die under the SiC-oxide inter-

face (d1−5) are responsible for the temperature development dur-

ing the heating phase, while the last three layers (d6−9) mainly

determine the cooling behavior, together with the boundary con-

dition RC cells. The generated heat is modeled by a current

source, Ploss, where the input waveform can be defined exter-

nally.

To simulate the SC temperature transients, Ploss is placed at

the fifth node (k = 5) of the developed 1-D thermal network,

which can be correlated with the calculated average distance for

the power loss distribution along the vertical direction of heat

transport in the device, as marked in Fig. 8(a) for Vdc = 400 V.

At the beginning of the SC event, the maximum heat generation

is located in the channel as the channel resistance dominates

over the drift layer resistance at lower temperatures. As the tem-

perature increases, the drift layer resistance becomes higher, and

the maximum heat generation is shifted from the channel to the

volume toward the drain, as shown in Fig. 5(b). Accordingly,

at higher Vdc (e.g., Vdc ≥ 400 V for the investigated SiC power

MOSFET), the maximum temperature Tmax in the SiC MOSFET

occurs at the end of the SC time within the volume of the device

[cf., Fig. 5(a)], in comparison to the nominal operation where

the heat is mostly generated near the surface inside the channel.

On the other hand, for lower Vdc (< 400 V), the maximum heat

generation stays in the channel, and the heat distribution at the

Fig. 9. Comparison of LTSpice simulations with the TCAD simulation
(TCAD-SIMREF) results for the maximum temperature inside of SiC and Al
during the SC time of tSC = 5 µs for (a) Vdc = 200 V and (b) Vdc = 400 V.
TCAD-SIMREF (black), the proposed 1-D thermal network with temperature-
dependent RC cells (red), the 1-D thermal network with temperature-
independent RC cells provided by the manufacturer [38] (blue), and the
proposed 1-D thermal network with temperature-dependent R elements and
temperature-independent C elements (green).

end of SC time is slightly changed in comparison to the heat

distribution for Vdc ≥ 400 V, which is illustrated in Fig. 8(a)

for Vdc = 200 V.

The comparison of the maximum temperatures calculated

by the developed 1-D thermal model (Tmax,1Dtd), the devel-

oped 1-D thermal model with constant thermal capacitances,

the temperature-independent 1-D thermal model from [38]

(Tmax,1Dtid), and the TCAD ET simulations TCAD-SIMREF

(Tmax,TCAD) is shown in Fig. 9 for Vdc = 200 V and 400 V.

The inputs, Ploss of the 1-D thermal networks, are the power

loss waveforms as calculated in the TCAD ET simulations with

the same Vdc and tSC = 5 µs. The boundary condition is set

similar to the one in the TCAD ET simulations.

The matching with less than 10% relative error between

Tmax,1Dtd and Tmax,TCAD in both aluminum and SiC shows

that the proposed 1-D thermal network can be used to esti-

mate the critical device temperatures. By using the temperature-

independent 1-D thermal model provided in datasheets [38]

as in [8], the temperature is underestimated by ∆T = 146 ◦C,

i.e., 14%, in comparison to the TCAD ET device simulation.

Similarly, as observed in Fig. 7(b), assuming a constant heat

volume capacitance for SiC leads to an overestimation of the

temperature by ∆T ≈ 270 ◦C, i.e., 25%, compared to the fully
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TABLE V
PREDICTION OF THE TIME-TO-START-AL-MELTING, tM,P[µS], AT THE

LOCATION P OF THE PLANAR SIC POWER MOSFET (C2M0080120D) USING

THE TCAD SIMULATION TCAD-SIMREF AND THE PROPOSED 1-D
TEMPERATURE-DEPENDENT RC NETWORK (WITH TEMPERATURE-DEPENDENT

RC CELLS AND TEMPERATURE-DEPENDENT R ELEMENTS AND

TEMPERATURE-INDEPENDENT C ELEMENTS, RESPECTIVELY)

temperature-dependent 1-D thermal model. For higher Vdc or

longer SC time, the proposed 1-D thermal network can be

used to estimate the time point when the melting of top met-

allization starts. The comparison of tM,P estimations using the

TCAD-SIMREF simulation and the proposed 1-D temperature-

dependent RC thermal network is summarized in Table V

for Vdc = {200 V, 400 V, 600 V, 800 V}. The best matching

is achieved for Vdc = 400 V, since the power loss distribu-

tion along the x-axis for Vdc = 400 V is used to calibrate the

RC cells. These results show that the proposed 1-D thermal

network can be used to provide an estimate of the time-to-

start-melting of the source metallization in planar SiC power

MOSFETs.

In comparison to the temperature-independent RC thermal

networks, the modeling accuracy is increased by introducing

voltage-dependent resistors and capacitors at the cost of poten-

tial convergence problems in the circuit simulators as, e.g., the

Spice-based simulators and the simulators dedicated for PEs as

PLECS [37]. However, the proposedRC model consists of a sig-

nificantly lower number ofRC cells in comparison to the vector-

izedRC network shown in [37]. TheRC network proposed here

was coupled to the Spice-based model of C2M0080120D pro-

vided by the manufacturer, and no convergence problems were

observed in a LTSpice simulation. The modeling principle can be

extended to other SiC MOSFET structures as, e.g., trench design.

V. CONCLUSION

This paper serves to improve the modeling accuracy and engi-

neering confidence in the ET modeling of SiC-power MOSFETs

operating at high temperatures. Using the example of SC oper-

ation, the modeling accuracy when neglecting the temperature

dependence of the SiC heat capacity and the top metallization is

determined. The dominating effects that have to be considered

for simulating the operation of SiC power MOSFETs as accu-

rately as possible are identified. A temperature-dependent 1-

D RC thermal network of a 1.2 kV SiC planar power MOSFET

is proposed, allowing the temperature estimation of the ther-

mally critical device regions during SC events, the drift layer,

the oxide-SiC interface, and the top metallization, while still

maintaining its usefulness for design and optimization of reli-

able SiC-based power electronic systems.
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