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Abstract 
The impact of combining epoxy-potting encapsulation with an insulated metal substrate (IMS) on the 

performance and reliability of SiC MOSFET modules was investigated. Static and dynamic 
characteristics, thermal resistance, and power cycle tolerance were measured, and a high-temperature 
bias test and a high-temperature humidity test were carried out. An IMS module with epoxy-potting 
encapsulation was compared with a conventional ceramic insulated substrate with silicone-gel 
encapsulation. The IMS module was found to have a higher thermal cycling tolerance, which allowed for 
a more flexible copper pattern layout. The optimized copper pattern layout enabled reduced conduction 
loss in the IMS module. In addition, the IMS module exhibited improved power cycling tolerance 
compared with the conventional ceramic insulated substrate. This improved performance and reliability 
are expected to contribute to the realization of higher-density power units.  

1 Introduction 

Silicon carbide power devices offer lower power 
loss and higher power density compared with 
silicon due to their superior material properties. 
Our group has previously developed 3.3 kV class 
SiC metal-oxide-semiconductor field effect 
transistors (MOSFETs) and 2.2 kV class SiC 
MOSFETs modules and showed that these 
modules make it possible to reduce the volume of 
the cooling system compared with silicon insulated 
gate bipolar transistors (Si-IGBTs) [1,2]. As 
discussed in these studies, thermal management 
is a key factor in further reducing the volume and 
weight of power conversion units. For example, 
power units with higher power densities are subject 
to higher thermal cycling stress, which reduces the 
life of the power unit. Therefore, it is important to 
reduce losses, and thermal resistance and to 
improve thermal cycling life in order to increase the 
power density of the unit. 

Traditionally, ceramic substrates have been used 
for power modules owing to their excellent 
insulation and thermal properties. With the recent 
development of resin insulation materials, 
insulated metal substrates are also being 
considered as promising candidates for power 

module insulation materials. Insulating resin has a 
linear expansion coefficient similar to that of 
copper, and thus maintains thermal cycling 
reliability even as substrate size increases. Epoxy-
potting encapsulations can be used for insulating 
resin substrates and can improve power cycle 
tolerance compared with conventional silicone-gel 
encapsulations. However, since the thermal 
conductivity of insulating resin is lower than that of 
ceramic substrates, thus increasing the thermal 
resistance of the device, the overall thermal design 
is an important factor for improving reliability.  

In this study, we fabricated modules with reduced 
thermal resistance by optimizing the chip layout 
and investigated the impact on characteristics and 
reliability. Modules were fabricated using a 2.2 kV 
Schottky barrier diode (SBD)-embedded SiC-
MOSFET chip [2], and 2.2 kV modules using 
ceramic substrates and standard gel-encapsulated 
packages [2] were used for reference. 

2 SBD-embedded SiC MOSFET device 

Degradation of on-resistance caused by bipolar 
operation has been a problem for SiC MOSFETs 
[3,4]. SBD-embedded MOSFETs are an essential 
solution to this problem because they are able to 
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suppress the bipolar operation of the body diode of 
a MOSFET [5,6]. Figure 1 shows a schematic 
cross-section of the fabricated 2.2 kV class SBD-
embedded SiC MOSFET that is based on a planar 
gate structure.  

 Figure 2 shows the reverse current 
characteristics of the developed MOSFETs when 
Vg = −5 V and the temperature is 150°C. The SBD-
embedded SiC MOSFET does not start bipolar 
operation until the current exceeds 450 A, even at 
150°C. 

 

3 Insulated metal substrate 

module 

In order to reduce the size of a power converter, it 
is important to reduce the power consumption and 
package size of the power module. As mentioned 
above, IMS can achieve sufficient reliability even if 

with increased substrate size and copper pattern 
thickness which help to achieve a low resistance 
package. In this study, to take advantage of these 
features and overcome the low thermal 
conductivity, the thermal resistance of the module 
was reduced by optimizing the chip layout. This 
was accomplished by suppressing the thermal 
interference between the chips. Figure 3 shows the 
fabricated 2.2 kV, 250 A, 2-in-1 all SiC IMS module 
with an epoxy-potting encapsulation. 

 Figure 4 shows a comparison of the thermal 
resistances estimated from the structure function 
between the IMS module and the conventional 
ceramic module. The thermal resistance of the IMS 
module was 16% lower than that of the 
conventional package.  

 Figure 5 shows a comparison of the power 
cycling test between the IMS module and the 
ceramic module. The input power was set such 
that Tvjmax, ΔT, and ton were 150°C, 80°C, and 2 s, 
respectively. The vertical axis shows the rate of 
change of Vsd. Results are normalized with respect 
to the lifetime of the conventional ceramic module, 
which was defined as the point at which the rate of 
change exceeds 1.05. The lifetime of the IMS 
module was six times longer than that of the 

 

Fig. 1: Schematic cross-section of the fabricated 
SBD-embedded SiC MOSFET. 

 

 

Fig. 2: Isd-Vsd characteristics of the SBD-embedded 
SiC MOSFET when Vg = −5 V at 150 °C. 
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Fig. 3: 2200 V, 250A, 2in1 all SiC IMS module with 
an epoxy-potting encapsulation. 

 

 

Fig. 4: Comparison of structure functions between 
the conventional and IMS modules. 

 



   

 

   

 

ceramic module. These experimental results 
demonstrate that the developed module had 
higher performance and reliability than did the 
conventional modules.  

Figures 6 and 7 show scanning electron 
microscope (SEM) images of the bonding wires at 
the end of the power cycling test. Whereas the 
ceramic module wire separated at the interface 
between the bonding wire and the surface metal, 
the IMS module wire cracked vertically. It is 
thought that the epoxy-encapsulation prevented 
wire lift-off and improved the lifetime.  

The thermal resistance was calculated from the 
power cycling test results as shown in Fig. 8. This 
result shows that the developed IMS module had 
lower thermal resistance than did the conventional 

module, which matches the results evaluated by 
the structure function. 

In addition to thermal reliability, we also 
investigated electrical reliability. Although there 

 

Fig. 5:  Comparison of power cycling tolerance 
between the conventional and IMS modules. 
Tests were caried out with Tjmax = 150°C, dtj 

= 80°C, and ton = 2 s. 

 

 

Fig. 6:  SEM image of the bonding wire at the end 
of the power cycling test for the ceramic 
module.  

 

Fig. 7:  SEM image of the bonding wire at the end 
of the power cycling test for the IMS module.  

 

 

Fig. 8: Comparison of thermal resistivity evaluated 
by a power cycling test between the 
conventional and IMS modules. 

 

Fig. 9:  Time dependence of leakage current 
evaluated by a high-temperature drain vias 
stress test (Vd = 2200 V, Vg = −10 V, 150°C). 

 

 



   

 

   

 

was a concern that the moisture resistance of the 
resin-insulated substrate would be lower than that 
of the ceramic substrate, no failures occurred 
during a 1000 h high-temperature humidity test 
conducted under conditions of 85°C, 85% humidity, 
and 1760 V. In addition, as shown in Fig. 9, no 
degradation was observed in the high temperature 
drain bias stress test where Vd = 2200 V, Vg = −10 
V, and the temperature was 150°C. These results 
indicate that the developed epoxy-potting 
encapsulated IMS had low thermal resistance and 
high reliability.  

 

4 Comparison of device 

characteristics 

 

Figures 10 and 11 show comparisons of the Id-Vd 
characteristics and on-resistance between the 
conventional and IMS modules. The resistances 
were measured at the main terminals. The copper 
pattern can be made thicker on the IMS, thereby 
the package loss was reduced. 

Figures 12 shows the turn-on and turn-off 
switching waveforms of the conventional module 
and IMS module. Figures 13 shows the 
comparison of the switching loss. No obvious 
difference in switching losses was observed. 

The power consumption of inverters using the 
conventional Si-IGBT module and the developed 
SiC module were calculated and compared. In the 
inverter loss calculation, we assumed the case of 
Si-IGBTs are in a T-type three-level inverter and 
SiC-MOSFETs in a two-level inverter [1, 7]. 

 

Fig. 11: Comparison of on-resistance between the 
conventional and IMS modules. 

0.0

1.0

2.0

3.0

4.0

5.0

Conventional IMS module

R
o
n

[m
W

]

 

(a) Turn-on 

 

(b) turn-off 

Fig. 12:  Comparison of the switching waveforms 
between the IMS module and the 
conventional module at 150°C. Test 
condition: Vds=1100V, Id = 250 A, Vgs = −6 

/+20 V, Rgon = 0.5 W, Rgoff =3 W. 

 

 

 

Fig. 10: Id-Vd characteristics of the conventional and 
IMS modules when Vg = 20 V. 
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Figure 14 shows the calculation results for the 
power dissipation of an inverter arm. The 
calculation was carried out under conditions of Vds 
= 1200 V, Id = 200 A, cos = 1, fc = 10 kHz, and Tj 
= 150°C for SiC MOSFET. For Si-IGBTs, the 
calculation was carried out under the conditions of 
Vce =600 V, Id = 200 A, cos = 1, fc = 5 kHz, and Tj 
= 150°C. The inverter loss was 27% lower in the 
SiC MOSFET module compared with the Si-IGBT 
module. 

We also estimated the impact of the developed SiC 
MOSFET module on reducing cooler volume. For 
this, we used the cooling system performance 
index (CSPI) [W/K L] [8], which is calculated as 

CSPI = 1
{𝑅𝑡ℎ(𝑠−𝑎)𝑉𝐶𝑆}

⁄  

where Rth(s-a) is the thermal resistance between the 
heatsink and ambient and Vcs is the volume of the 
heatsink. We assumed a common cooling system 
and a CSPI value of 5. The operating conditions of 
the inverter were the same as in Fig. 14. The 
calculated cooling system volumes at Tj = 150°C 
and Ta = 40°C are shown in Fig. 16. These results 
show that the volume of the cooling system for the 
developed SiC MOSFET module was 32% lower 
than that of the Si IGBT module. 

In high-load applications, the operating conditions 
ΔTj and Tjmax can be suppressed to ensure the 
power cycle life of the module. Assuming that 
lowering ΔTj by 20°C improves the power cycle 
endurance by a factor of about 3, the developed 
module allows ΔTj to be increased by 20°C. The 
improved power cycle tolerance allows a reduction 

 

Fig. 13: Comparison of switching losses between 
conventional and IMS modules. 
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Fig. 14:  Comparison of an inverter arm power 
dissipation between the Si IGBT modules and 
the developed SiC MOSFET modules. 

0

100

200

300

400

500

600

700

800

Si-IGBT

T-NPC

3 level, 5 kHz

SiC

2 level

10 kHz

E
n

er
g
y
 l

o
ss

 [
W

]

Conduction

Switching

 

Fig. 15:  Heatsink volume of the inverter with Si IGBT 
module and the developed SiC MOSFET 
module when CSPI is assumed to be 5. 
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 Conventional IMS module 

Current [A] 100 133 

Number of modules 4 3 

Loss per module [W] 66.1 92.5 

Total loss [W] 264.2 277.6 

Tj [°C] 50 69.6 

Table 1 Comparison of temperature rise when the 
number of modules in parallel is reduced. 

 



   

 

   

 

in the number of modules connected in parallel, 
whereas conventional modules need to be 
arranged in parallel to ensure reliability by reducing 
the current per module. Table 1 shows this 
comparison. The temperature rose by 50°C with 4 
modules in parallel and an output current of 100 A 
and by 69.6°C when the number of modules in 
parallel was 3 and the current was increased to 
133 A. 

 

5 Conclusion 

We have developed an IMS module SiC MOSFET 
that has lower conduction and thermal resistance 
and six-times higher power cycle life compared 
with conventional ceramic modules. The 
developed SiC MOSFET module exhibited a 27% 
reduction in power dissipation compared with Si-
IGBTs. The impact of the developed module on 
volume reduction of the cooling system was also 
evaluated. The results showed that the volume of 
the heat sink can be reduced by 32%. It was also 
demonstrated that improvement in power cycle 
endurance contributed to reducing the number of 
modules in parallel. Therefore, the combination of 
third-generation SiC MOSFETs and IMS modules 
can contribute to reducing the volume of power 
units.  
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