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1. Introduction

With increasing amounts of natural resources and 
energy being consumed in the world, environmen-
tal pollution and resource depletion are posing major 
problems and the improvement of energy effi ciency is 
strongly desired.  According to this background, power 
electronics equipment, characterized by power saving 
in transmission, conversion, control and supply of elec-
tric power, is attracting attention.

Demands placed on power electronics equipment 
encompass a wide range from those of society for miti-
gating environmental load by saving energy to those 
relating to performance improvements such as high 
reliability, controllability, size and weight reduction, 
and high output.  In order to meet these demands, it is 
essential to make technological improvements to power 
devices, circuits and control that constitute power elec-
tronics equipment.  In particular, for power devices, 
which are key components, compact and low-loss power 
modules are desired.

At present, representative power modules are com-
posed of insulated-gate bipolar transistors (IGBTs), 
which generally integrate silicon (Si) IGBT and free 
wheeling diode (FWD) chips.  However, the perfor-
mance of Si chips is approaching the theoretical limit 
based on physical properties and the dramatic char-
acteristic improvements of the past can no longer be 
expected.  Accordingly, wide band gap semiconductors, 
which have higher performance than Si, are drawing 
attention.  Silicon carbide (SiC), one such semiconduc-
tor, not only features a higher withstand voltage and 
lower loss than conventional Si but is also capable of 
high-temperature and high-frequency operation.  It 
allows power modules to increase the power density, 
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achieving the size reduction.
This paper describes the technology used for the 

1,200-A SiC hybrid module with a 3,300-V withstand 
voltage that integrates this SiC chip.

2. Confi guration of SiC Hybrid Module

Fuji Electric has commercialized SiC hybrid mod-
ules integrating SiC Schottky barrier diodes (SiC-
SBDs) and Si-IGBTs with a withstand voltage of 

Fig.1  Overview of 3,300-V withstand voltage SiC hybrid mod-
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600 V, 1,200 V and 1,700 V.  We have now developed 
an SiC hybrid module with a 3,300-V withstand volt-
age in order to meet the demand for even higher with-
stand voltages.

Figure 1 shows the external appearance and inter-
nal circuit of the 3,300-V withstand voltage SiC hybrid 
module and a footprint size comparison with a Si-IGBT 
module.  As the FWD, we have used the SiC-SBD de-
veloped in partnership with the joint research proj-
ect of the Tsukuba Power-Electronics Constellations 
(TPEC).  Its generated loss is signifi cantly reduced 
compared to that of present Si-IGBT.  We have em-
ployed Sn-Sb solder under the chip, which is one of the 
packaging technologies used for the 7th-generation “X 
Series” IGBT modules, to ensure high reliability.  We 
have thereby successfully improved the continuous 
operating temperature from 125 °C of the current Si-
IGBT to 150 °C(1)(2).  The reduction in generated loss 
and improvement of operating temperature have en-
abled us to achieve a power density increase, and the 
footprint size of the module has been reduced by ap-
proximately 30% as compared with the current product 
as shown in Fig. 1(b).

3. Packaging Technology Challenges Arising 
from Hybridization

3.1 Issue with and study of multi-parallel connection 
structure
In order to achieve a 1,200-A rating in hybrid-

ization, it is necessary to connect a number of chips 
in parallel due to the chip rated current limitation.  
Package structures with this multi-parallel connection 
are susceptible to a current imbalance due to varia-
tions in chip characteristics, leading to the degradation 
of long-term reliability.  To deal with this issue, we 
conducted thermal analysis in a simulation to verify 
the conditions of temperature and thermal stress of the 
individual chips.  Based on the results of this verifi ca-
tion, we have determined that the effect of variations 
in chip characteristics on variations of chip tempera-
ture can be simulated.  We have made use of this anal-
ysis to refl ect the results in the package structure of 
the developed product for improving its reliability.

3.2. Improvement of power cycle capability
To achieve miniaturization by hybridization, a 

package structure that accommodates chip tempera-
ture increase is essential.  An increase in the chip tem-
perature increases not only the thermal stress on the 
constituent materials but also temperature variations 
due to starting and stopping, which requires the prod-
uct to assure its performance for high thermal fatigue.  
Accordingly, to improve the ΔTj power cycle capabil-
ity, which serves as a guideline for this assurance, we 
have employed Sn-Sb solder under the chips, a packag-
ing technology for the 7th-generation X Series IGBT 
modules.  Sn-Sb solder offers high strength and has an 

effect of restraining the progress of cracking resulting 
from thermal fatigue(1)(2).

Figure 2 shows ΔTj power cycle test results of a 
SiC hybrid module and Si-IGBT module.  As compared 
with the Si-IGBT module, the SiC hybrid module has 
been shown to have a power cycle capability about 5 
times higher when ∆Tj = 125 °C.

4. Characteristics(3)(4)

4.1 Forward characteristics
Figure 3 shows the forward characteristics of SiC 

hybrid and Si-IGBT modules, and Fig. 4 the tempera-
ture dependence of forward voltage VF at the 1,200-A 
rating.  As shown in Fig. 4, VF of the SiC hybrid module 
is smaller by about 29% than that of the Si-IGBT mod-
ule at 25 °C, which is reversed at 150 °C to be larger by 
about 30%.  However, while the Si-IGBT module has 
negative temperature characteristics, in which VF de-
creases as the chip junction temperature Tj increases, 
the SiC hybrid module has positive temperature char-
acteristics.  When chips with negative temperature 
characteristics are connected in parallel, the internal 
resistance decreases as Tj increases.  This allows the 
current to fl ow more easily, leading to a susceptibility 
to a current imbalance caused by a concentration of 

Fig.3 Forward characteristics
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Fig.2 ΔTj power cycle test results

10 100

109

108

107

106

105

104

103

102

P
ow

er
 c

yc
le

 c
ap

ab
il

it
y 

(c
yc

le
s)

Si-IGBT module

F(t) = 1% line

SiC hybrid module

Tj  ( °C)



234 FUJI ELECTRIC REVIEW vol.61 no.4 2015

current in some of the chips.
Meanwhile, positive temperature characteristics 

cause the internal resistance to increase as Tj increas-
es, which results in equal sharing of the current by 
chips connected in parallel.  Accordingly, SiC hybrid 
modules are advantageous in multi-parallel connec-
tions.

4.2 Leakage current characteristics
Figure 5 shows the leakage current characteristics 

of SiC hybrid and Si-IGBT modules, and Fig. 6 the tem-
perature dependence of leakage current.  At a tempera-
ture of 125 °C and collector voltage of 3,300 V, the leak-
age current of the SiC hybrid module ICES is smaller 
by about 11% than that of the Si-IGBT module.  At 
150 °C, the difference becomes even larger, and reaches 
44%.  As shown in Fig. 6, ICES of the Si-IGBT module 
shows a great change according to the temperature.   
On the other hand, the leakage current of the SiC hy-
brid module is nearly constant, which shows that its 
temperature dependence is small.  This is because its 
band gap is about 3 times as large as that of Si and 
the excitation of the carriers due to the increase of Tj is 
small.  Accordingly, the SiC hybrid module is capable 
of operating at higher temperatures than the Si-IGBT 
module.

4.3 Switching characteristics
(1) Reverse recovery characteristics

Figure 7 compares reverse recovery waveforms of 

Fig.4 Temperature dependence of forward voltage
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Fig.5 Leakage current characteristics
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Fig.7 Reverse recovery waveforms
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Fig.6 Temperature dependence of leakage current
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Fig.8 Current dependence of reverse recovery loss
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with the Si-IGBT module.
(3) Turn-off characteristics

Figure 11 shows the current dependence of the 
turn-off loss Eoff of the SiC hybrid and Si-IGBT mod-
ules.  The surge peak voltage generated at turn-off can 
be generally defi ned by Equation (1).  When the cur-
rent changing rate dIc/dt of the IGBT and the main cir-
cuit inductance Ls of the evaluation circuit are equiva-
lent, the value of the transient on-state voltages of the 
diode appears as the difference in the surge peak volt-
age.  The SiC-SBD has a drift layer with a lower re-
sistance than that of the Si-FWD, resulting in the low 
transient on-state voltage.  Accordingly, the turn-off 
surge peak voltage can be kept low with the SiC hybrid 
module, and Eoff can also be reduced.

d
d

V V L
t
I

Vsp cc s fr
C

= + +
  ……………………………………(1)

 Vsp :  Surge peak voltage (V)
 Vcc :  Applied voltage (V)
 Ls :  Main circuit inductance (H)
 Ic :  Collector current (A)
 Vfr :  Transient on-state voltage (V)

4.4 Inverter power loss
Figure 12 shows the calculated results of inverter 

power loss in the SiC hybrid and Si-IGBT modules.  At 

the SiC hybrid and Si-IGBT modules.  As compared 
with the Si-IGBT module, the SiC hybrid module ex-
hibits a much lower reverse recovery peak current.  
This is because the SiC-SBD is a unipolar device and 
there is no storage effect caused by minority carriers.  
Figure 8 shows the current dependence of reverse re-
covery loss Err.  For Err, at the 1,200-A rating, the gen-
erated loss can be reduced by 95% as compared with 
the Si-IGBT module.  At 300 A or 1,800 A, the gener-
ated loss can also be reduced to the same level.  Thus, 
the generated loss can be reduced in a wide range from 
low- to high-current regions.
(2) Turn-on characteristics

Figure 9 shows a comparison of turn-on waveforms 
between the SiC hybrid and Si-IGBT modules.  The re-
verse recovery peak current of the SiC-SBD is refl ected 
in the IGBT turn-on current in the opposite arm, and 
the turn-on peak current can be signifi cantly reduced 
as well.  As shown in Fig. 10, the turn-on loss Eon at 
the 1,200-A rating can be reduced by 28% as compared 

Fig.9 Turn-on waveforms
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Fig.10 Current dependence of turn-on loss
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Fig.12 Results of calculating inverter power loss
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Fig.11 Current dependence of turn-off loss
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tions to effi ciency improvement and miniaturization of 
power electronics equipment.  In the future, we intend 
to proceed with study on developing all products with 
SiC to achieve a further performance improvement and 
promote energy saving.

We would like to extend our sincere gratitude 
to the people involved from the joint research body 
Tsukuba Power-Electronics Constellations who have 
offered their cooperation to the development of the 
SiC-SBD.

References
(1) Momose, F. et al. New Assembly Technologies for 

Tjmax=175°C Continuous Operation Guaranty of IGBT 
Module. FUJI ELECTRIC REVIEW. 2013 vol.59, no.4, 
p.226-229.

(2) Gohara, H. et al. Packaging Technology of 2nd-Gen-
eration Aluminum Direct Liquid Cooling Module for 
Hybrid Vehicles. FUJI ELECTRIC REVIEW. 2014, 
vol.60, no.4, p.228-232.

(3) Nakazawa, M. et al. Hybrid Si-IGBT and SiC-SBD 
Modules. FUJI ELECTRIC REVIEW. 2014, vol.60, 
no.4, p.70-74.

(4) Kobayashi, K. et al. 1,700 V Withstand Voltage SiC 
Hybrid Module. FUJI ELECTRIC REVIEW. 2013, 
vol.59, no.4, p.218-220.

a carrier frequency of 1 kHz, the total power loss of the 
SiC hybrid module can be reduced by 24% as compared 
with the Si-IGBT module.  In addition, with a higher 
carrier frequency, the reduction rate of the total power 
loss is increased and the reduction can be as large as 
38% at a carrier frequency of 10 kHz.  This means that 
the SiC hybrid module can raise expectations for appli-
cation to products that require high-frequency opera-
tion.

We have developed a traction converter for pro-
pulsion system (inverter, converter) that integrates 
the developed product for Central Japan Railway 
Company, which is mounted on Shinkansen trains 
(bullet train) and is currently undergoing running test.

5. Postscript

This paper has described the technology of the 
3,300-V withstand voltage SiC hybrid module.  The 
technology has been used for the 3,300-V withstand 
voltage SiC hybrid module that employs the SiC-SBD 
developed jointly with the cooperative research body 
Tsukuba Power-Electronics Constellations and Fuji 
Electric’s Si-IGBT.  The developed product adopts SiC-
SBDs and Sn-Sb solder, thereby realizing an increase 
in power density and making signifi cant contribu-
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