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ABSTRACT 
In this paper, a 2D electro-thermal coupling model of a MOSFET power 

device is presented using COMSOL Multiphysics software. The main 

objective of the model is to investigate and analyze the effect of 

temperature change on the electrical characteristics of a lateral MOSFET, 

visualize the heat distribution throughout the device, and calculate the peak 

temperature reached under extreme conditions. Thus, a comparison study 

is performed between Si and 6H-SiC based devices to highlight the effect 

of device material on its performance. The temperature distribution and the 

maximum temperature reached in both Si, and 6H-SiC MOSFETs evaluate 

the reliability of the power component. The obtained results reveal lower 

drain currents and hot spot temperature values 4% to 8% lower in 6H-SiC 

MOSFET. 

 
 

1. INTRODUCTION  
Most of the electronic components such as transistors, resistors, capacitors, diodes, and 
integrated circuits, generate heat when used in an electronic system but can withstand specific 
amounts of heat. However, different internal and external situations can result in overheating 
that can potentially damage the electronic component. The high external temperature 
circumstances or generated by self-heating creates significant electro-thermal stress. This can 
defect the metallization, bonding wire lift, and progressively result in device failure and 
breakdown [1]. Several studies have investigated the overheating problems’ causes and heat 
distribution in several applications [2]. Reference [3] conducted numerical-simulation 
experiments to investigate the effect of the viscous heat dissipation and compression work on 
the temperature distribution. Other research works reported heat distribution and its impact on 
fluids [4, 5]. Self-healing is an essential issue for smart devices and power ICs requiring more 
stability at high temperatures. Indeed, many studies have presented the effect of temperature 
on the electrical properties of a MOSFET transistor using different models [6]–[9]. However, 
simulations of electrical properties and temperature distribution throughout different 
MOSFETs' materials based on extreme temperature conditions have not been investigated 
clearly. 
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Silicon (Si) based devices have theoretical and practical limitations for high-temperature 
applications (MOSFETs and CMOS technology). The intrinsic requirements of 
semiconductor materials (high thermal conductivity, large breakdown voltage, high electron 
mobility, significant saturated electron drift velocity, small dielectric constant, and small on-
resistance) for high power and high-temperature applications cannot be fulfilled by silicon. 
The maximum tolerable operating temperature for silicon devices is around 150°C [10]–[12]. 
Silicon carbide (SiC) is an alternate material whose properties make it suitable for use in more 
extreme environments. Table 1 presents a comparison between Si and SiC properties [13]. 
 
Table 1: Si and SiC material properties comparison 
Properties Si 6H-SiC 
Band gap (eV) 1.1 2.9 
Dielectric constant 11.8 9.7 
Breakdown field (V/cm) 6×105 35×105 
Saturated velocity (cm/s) 1 ×107 2×107 
Electron mobility (in bulk) (cm2/V s) 1350 380 
Hole mobility (in bulk) (cm2/V s) 450 95 
Thermal conductivity (W/cm K) 1.5 4.9 
Melting point (°C) 1420 2830 
 

Recently, silicon carbide (SiC) has demonstrated excellent performance in high-
temperature stability than conventional semiconductor materials such as silicon (Si) and 
gallium arsenide (GaAs) due to its wide bandgap. Additionally, it possesses a high breakdown 
field, and the capability to produce SiO2 gate insulators simply by thermal oxidation of the 
surface. Therefore, silicon carbide (SiC) is an ideal material for high-power and high-
temperature electronic devices. Besides, SiC has many advantages over other wide bandgap 
semiconductors. This makes the material as a promising material for many high-temperature 
applications (space exploration industries, geothermal explorations, and automotive engine 
control) and leads to significant cost savings in packaging and cooling systems (aircraft, 
shipboard, and hybrid vehicle applications). Moreover, SiC MOSFETs are more suitable for 
monolithic smart power ICs due to their stability at high temperatures and moderate speed 
[14]–[16]. 6H-SiC is ideal in the parallel direction in 6H-SiC [17], [18]. 

This paper presents a comparative study of the electro-thermal behavior on the state of 
lateral MOSFETs for Si and 6H-SiC based devices using COMSOL Multiphysics, a reliable 
simulation tool. This simulation tool has been used to investigate electrical, mechanical, and 
thermal properties in different applications [19]-[22]. A study of the device temperature 
change on the electrical behavior of the power device and the temperature distribution 
throughout the device is presented and discussed. The maximum temperature values obtained 
from this electro-thermal simulation are required to evaluate the reliability of the power 
device. 
 
2. ELECTRO-THERMAL COUPLING MODEL 
The presented MOSFET model is a miniaturized switch (Fig.1). In the COMSOL software 
model, the device length 𝐿𝐿 and width 𝑊𝑊 are set to be 3 µ𝑚𝑚. The source and the drain contacts 
are both ohmic. These regions are heavily doped n-type silicon with a peak concentration of 
1𝑥𝑥1020 𝑐𝑐𝑚𝑚−3 and a Gaussian drop off with a junction depth of 0.25 µ𝑚𝑚. Between these two 
contacts, a region of p-type silicon is assumed to have a concentration of 1𝑥𝑥1017 𝑐𝑐𝑐𝑐−3. The 
gate contact above the p-type region is separated from the semiconductor by a thin layer of 
Silicon dioxide.  
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Fig. 1. Schematic diagram of a typical MOSFET 

 
The Shockley-Read-Hall recombination model is implemented in a trap-assisted 

recombination feature to capture the main recombination effect. 
The studied model represents a coupling between the semiconductor interface and the heat 

transfer at the interface of the solid in order to calculate the temperature distribution 
throughout the device for the different gate voltage 𝑉𝑉𝑔𝑔, drain voltage 𝑉𝑉𝑑𝑑, device material and 
device temperature. This model includes the effects of a non-uniform temperature and 
calculates the maximum hot spot temperature reached in the device. The electrical and thermal 
simulations are completed and performed in a stationary mode study in COMSOL. The 
Physics of the two studies is fully coupled by selecting the solution of the semiconductor study 
as an initial condition for the heat transfer study. 

The heating throughout the model, defined as Semi.Q_tot variable, is calculated by 
COMSOL semiconductor interface then configured as the heat source in the heat transfer in 
solids interface. The temperature distribution, defined as the T variable, is calculated by the 
heat in solids interface then fed back in the semiconductor interface into the material 
temperature via a second semiconductor material model node. The first semiconductor 
material model node uses a constant material temperature. The heat flux 𝑞𝑞0 between the model 
and its environment (1) over the total area 𝐴𝐴 of the contact, boundaries are studied via 
convection. The contact boundaries heat transfer coefficient ℎ0 is shown in (2):  
 

𝑞𝑞0 = ℎ0(𝑇𝑇 − 𝑇𝑇0)                                                          (1) 
 

ℎ0 = 1
𝑅𝑅.𝐴𝐴

= 1
𝑅𝑅.(𝑊𝑊.𝐿𝐿)

                                                       (2) 

 
where 𝑊𝑊 and 𝐿𝐿 are the width and length of the metal contacts respectively, 𝑅𝑅 is the effective 
thermal resistance, ℎ0 represents the effect of an exterior fluid cooling or heating the surface 
of a solid, and 𝑇𝑇 is the external temperature surrounding the modeled domain. The 
semiconductor interface is configured to use an incomplete ionization model for the dopant 
ionization. Incomplete dopant ionization is an important temperature-dependent process that 
affects the carrier concentration, and thus currents, through the semiconductor material. An 
automatic tessellation mode defines a user-controlled mesh for the entire geometry. A mapped 
domain setting is applied to the top surface of the device to adjust the mesh edge with a 
maximum element size of 30 nm. A free triangular mesh is defined for the rest, with maximum 
and minimum element sizes of 39 nm and 6 nm, respectively. The maximum element growth 
rate is set to 1.05 with a curvature factor of 0.3. 
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3. HEAT EFFECT ON THE ELECTRICAL AND THERMAL 
BEHAVIOR OF THE POWER DEVICE 
Since the threshold voltage 𝑉𝑉𝑡𝑡ℎ is the most significant parameter while sthe tudy of the 
temperature dependence of MOSFET characteristics, the effect of the temperature variation 
on the threshold voltage 𝑉𝑉𝑡𝑡ℎ and the drain current Id are presented respectively for both Si and 
6H-SiC based devices. While in saturation, the current–voltage characteristics are 
proportional to the square of the difference between gate voltage and threshold voltage, as 
given in equation (3) below. 
 

𝐼𝐼𝑑𝑑 ≈
𝑊𝑊.µ.𝐶𝐶𝑜𝑜𝑜𝑜
2.𝐿𝐿

�𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑡𝑡ℎ�
2
                                                    (3) 

 
where µ and 𝐶𝐶𝑜𝑜𝑜𝑜 are the carrier mobility and the oxide capacitance per unit area, respectively. 
Two studies are investigated the COMSOL semiconductor interface. In the first study, the 
model sweeps the voltage applied to the gate contact 𝑉𝑉𝑔𝑔 whilst the drain contact is held at a 
constant voltage of 𝑉𝑉𝑑𝑑 = 4 𝑉𝑉 (to operate in saturation region). The main purpose of this study 
is to evaluate the threshold voltage and its variation with temperature.  In the second study, 
the model sweeps the voltage applied to the drain contact 𝑉𝑉𝑑𝑑 whilst the gate contact is held at 
a constant voltage 𝑉𝑉𝑔𝑔 = 4𝑉𝑉 (higher than the threshold voltage) Thus, the 𝐼𝐼𝑑𝑑 − 𝑉𝑉𝑑𝑑 
characteristics can be evaluated for different temperatures. The values of the drain current in 
saturation and the carries mobility can then be estimated. Figs. 2 and 3 show, respectively, the 
variation of �𝐼𝐼𝑑𝑑 vs. 𝑉𝑉𝑔𝑔 for Si and 6H-SiC based devices for temperatures 293 K,500 K and 
700 K. The threshold voltage values obtained are given in the Table 2. 
 

 
Fig. 2. Square root of drain current vs. gate voltage for a Si based device 
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Fig. 3. Square root of drain current vs. gate voltage for a 6H-SiC based device. 
 
 
Table 2 Threshold values for Si and 6H-SiC based device 

Threshold Voltage Vth(V) 
Temperature (K) 293 500 700 
Si 0.9 0.5 0.2 
6H-SiC 2.9 2.7 2.5 
 

One can notice that the threshold voltage decreases with increasing the temperature. The 
observed behavior agrees well with the previous experimental result, e.g. [14], [15]. This is 
due to a change in charge held in interface states as the Fermi level changes its position with 
temperature. Vth is a function of the reverse of the intrinsic carrier’s concentration, which 
increases linearly with temperature [10], [11]. Also, the generation process of oxide-trapped 
charges and impurities at the Si/SiO2 interface is thermally activated; thus, it produces 
interface states and the distribution of oxide defects near the interface [12]. As a result, Vth 
decreases at high temperatures [13], [14]. However, the value obtained for the threshold 
voltage for Si based device at 700 K (0.2 V) is dangerously close to the gate drive turn-off 
potential, which is not the case for 6H-SiC based device. This clearly shows the high impact 
of the extreme temperature on the Si based device. 

The drain current 𝐼𝐼𝑑𝑑 versus drain voltage 𝑉𝑉𝑑𝑑 characteristics are then studied with Vg=4V 
for Si and 6H-SiC based devices, for different temperatures 293 K, 500 K, and 700 K. the 
obtained results are presented in figures 4 and 5, respectively. The linear and saturation (pinch-
off) regions for the device can be identified from these curves. 

The values of the drain saturation current 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  deduced from the curves at VDS = 7 V (in 
the saturation region) for different temperatures are collected in Table 3 for both Si and 6H-
SiC based devices. The variation of the saturation current shows clearly that 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  increases 
with temperature. Indeed, the decrease of Vth with temperature leads to an establishment of 
the current in the channel at lower gate voltage and an earlier strong inversion. For a given 
gate voltage, the channel and therefore, the saturation current becomes more significant as the 
temperature increases. This is in accordance with results obtained in an experimental work 
investigating on the temperature effect on a commercial VDMOSFET transistor [23]. 
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Fig. 4. Drain current versus drain voltage for a Si based device for different 
temperatures. 
 

 
Fig. 5. Drain current versus drain voltage for a 6H-SiC based device for different 
temperatures. 
 
Table 3 Drain saturation current IDsat (µA) for Si and 6h-SiC based device 

Drain saturation current IDsat 
Temperature (K) 293 500 700 
Si 1190.9 1353.1 1579.5 
6H-SiC 51.373 66.432 83.480 
 
Table 4 Carrier’s mobility k.μ (F/V.s) 
Temperature (K) 293 500 700 
Si 1.24𝑥𝑥10−4 1.10𝑥𝑥10−4 1.09𝑥𝑥10−4 
6H-SiC 4.24𝑥𝑥10−5 3.93𝑥𝑥10−5 3.71𝑥𝑥10−5 
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For a Si-based device, the drain current increases by 12 % at T=500 K and by 24.6 % at 
T=700 K, compared to the drain current at T=293 K. For a 6H-SiC based device, the drain 
current is increased by 22.7 % at T=500 K and by 38.5 % at T=700 K compared to the drain 
current at T=293 K. These results clearly show the effect of the temperature on the drain 
current for both Si and 6H-SiC based devices. However, minimum values of drain currents 
(up to 90 %) in the saturation region are obtained in the 6H-SiC based device compared to the 
Si-based device for different temperatures (293 K, 500 K, 700 K) and the same gate voltage. 
By considering 𝑊𝑊, 𝐿𝐿 and 𝐶𝐶𝑜𝑜𝑜𝑜 in equation (3) constants with temperature. Given the values 
of 𝑉𝑉𝑔𝑔,𝑉𝑉𝑡𝑡ℎ and 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷, we can estimate the value of carrier’s mobility 𝜇𝜇 at each temperature 
(Table 4) with 𝑘𝑘 = 𝑊𝑊.𝐶𝐶𝑜𝑜𝑜𝑜

2𝐿𝐿
. 

It can be concluded that the carrier’s mobility μ is clearly decreasing with temperature. 

The approximate mobility-temperature dependence is 𝑇𝑇−
3
2 for lattice scattering [15]. We can 

state also that the carrier’s mobility in 6H-SiC based device is 10 times smaller than that in Si 
based device, which verifies the smaller values of current obtained for 6H-SiC based device 
at different temperatures.  

To investigate on this, temperature distribution throughout the Si and 6H-SiC based device 
is studied for different external temperatures 293 K, 500 K, and 700 K in order to locate the 
hottest spot and calculate its temperature. The surface plot in Figures 6 and 7 depicts the 
temperature distribution throughout the Si-based device, along with an arrow plot that shows 
the heat flux distribution. 

 

 

 
a. T0=293 K 

 

 

 
b. T0=500 K 
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c. T0=700 K 

Fig. 6. Temperature distribution throughout the device for 𝑉𝑉𝑑𝑑=0.5 V and for different 
temperatures (a: T0=293 K, b: T0=500 K, c: T0=700 K) 
 

 

 
a. T0=293 K 

 
 

 

 
b. T0=500 K 

 

 

 
c. T0=700 K 

Fig. 7.  Temperature distribution throughout the device for Vd=4 V and for different 
temperatures (a: T0=293 K, b: T0=500 K, c: T0=700 K) 
 
For a fixed gate voltage of 4 𝑉𝑉 and a low drain voltage of 0.5 𝑉𝑉, the results show a heated 
region confined under the gate contact at T=293 K. This heat source region is more intense at 
T=500 K and shifts to the drain contact at T=700 K (Fig.6). The temperature calculated in the 
device is approximately the same external temperature, which is expected, since for such low 
drain voltage (𝑉𝑉𝑑𝑑 = 0.5𝑉𝑉) the drain current is low enough to not result in any self-heating of 
the device. However, when the drain voltage is increased to 4V (Fig.7), hotspot occurs under 
the gate edge looking to the drain side due to highly localized heat generation. This hotspot is 
localized in the same region for all studied temperatures (T=293,500 and 700 K). 
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This is a logical result as once the inversion layer is formed by increasing the drain voltage, 
the majority of the current flows between the drain and source contacts, and a region is created 
between the gate and the drain contacts with higher resistance than the surrounding bulk 
material. In fact, as the temperature increases, more electrons are available to be drawn to the 
channel. Existing interface traps will also have energies closer to the conduction band to 
reduce resultant channel resistance, leading to a faster accumulation of electrons in the 
channel. Thus, the Joule heating, the predominant semiconductor heating mechanism in this 
model, is the largest in this location. The heat flux also behaves as expected, as it flows from 
the peak temperature towards the contacts, the only boundaries allowing the heat transfer in 
this model. 
The same study is repeated for the 6H-SiC based device. The same temperature distribution 
behavior is obtained. The hot spot (heat source) is located at the same gate-drain junction 
region. Please note that this is not the temperature of the complete and packaged part. It is 
only the junction temperature, the hottest spot. For a Si and 6H-SiC based device, at 𝑉𝑉𝑑𝑑 =
10 𝑉𝑉, 𝑉𝑉𝑔𝑔 = 10 𝑉𝑉, 𝑇𝑇0 = 700 𝐾𝐾 and 𝐿𝐿 = 10 µ𝑚𝑚, the temperature profile along the device are 
plotted and represented respectively in figures 8 and 9, at several locations from the top 
surface. This plot illustrates the heat source location in the device and the maximum 
temperature variation based on the location from the device top surface. One can observe that 
maximum internal temperature is obtained at a location close to the device's top surface, at the 
heat source location. This maximum temperature decreases as far as we go from the top 
surface until reaching the device's bottom surface. 
 

 
Fig. 8. Temperature profile plot along the device at several locations from the 
device top surface for a Si based device. 
 

The simulation results for the Si-based device show that, for 𝑉𝑉𝑔𝑔 = 10 𝑉𝑉 and 𝑉𝑉𝑑𝑑 = 10 𝑉𝑉, the 
maximum hotspot reached temperature is 322 K for 𝑇𝑇0 = 293 𝐾𝐾, 530 𝐾𝐾 for 𝑇𝑇0 = 500 𝐾𝐾 and 
732 K for 𝑇𝑇0 = 700 𝐾𝐾. 
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Fig. 9. Temperature profile plot along the device at several locations from the 
device top surface for a 6H-Sic based device 
 
For 6H-SiC based device, calculations show that for 𝑉𝑉𝑔𝑔 = 10 𝑉𝑉 and 𝑉𝑉𝑑𝑑 = 10 𝑉𝑉, the maximum 
hotspot reached temperature is 297 K for 𝑇𝑇0 = 293 𝐾𝐾, 504 K fot 𝑇𝑇0 = 500 𝐾𝐾 and 705 K for 
𝑇𝑇0 = 700 𝐾𝐾. These results reveal that lower internal temperatures have been obtained in the 
6H-SiC based device compared to the Si-based device by 7.7 % for 𝑇𝑇0 = 293 𝐾𝐾, 5 % for 𝑇𝑇0 =
500 𝐾𝐾 and 3.7 % for 𝑇𝑇0 = 700 𝐾𝐾. Therefore, the self-heating effect is lower in the 6H-SiC 
than in the Si-based device. Such results reflect the importance of the 6H-SiC material 
compared to Si material in MOSFET power devices since silicon carbide material SiC has a 
relatively higher thermal conductivity and thus reduces the hot spot temperature in the device. 
 
4. CONCLUSION 
This paper presents a finite element model of the MOSFET transistor. A simulation study of 
the external temperature effect on the threshold voltage, drain current, temperature 
distribution, and the maximum temperature reached throughout the device has been presented 
for Si and 6H-SiC MOSFETs. Results show lower drain current values obtained in the 6H-
SiC than in the Si-based devices for different gate voltages and external temperatures. 
Moreover, the temperature distribution study describes the appearance of a region localized 
under the gate and shifts to the drain contact side by increasing the voltage. It was found that 
hot spot temperatures for a Si MOSFET are 4 % to 8 % higher than in 6H-SiC MOSFET. This 
research paper has shown that the material device choice has the simple impact of biasing the 
maximum temperature in the device. Higher temperatures within the device are observed 
when a substrate with lower thermal conductivity is used, like in Si. Therefore, SiC MOSFETs 
are more suitable and reliable for extreme environments. 
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