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ABSTRACT
All-SiC modules can achieve significantly lower loss than Si-IGBT modules. Fuji Electric has been releasing AllSiC modules to the market using a new uniquely designed structural package. Recently, in order to further expand
our product line-up, we developed All-SiC modules utilizing 2nd-generation SiC trench gate MOSFETs. These modules have compatibility with conventional Si-IGBT modules in respect to external dimensions and terminal arrangement. The inverter power dissipation loss has been reduced by 78%, which can contribute to the further downsizing
of power conversion systems by increasing the current density due to the improved output current.

1. Introduction
To realize a low carbon society, it is necessary to
make active use of renewable energy and save energy
in power conversion systems.   The power conversion
efficiency of power semiconductors plays an important
role in energy saving.   For the last several decades,
Si has been mainly used as a semiconductor material
for power device production.   However, power devices
based on Si are approaching their theoretical performance limits determined by the physical properties of
Si.   There are high expectations that silicon carbide
(SiC) will be one of the best candidates as an alternative to Si.  SiC devices possibly can offer a significantly
lower loss compared to Si devices, and therefore a significant improvement in power conversion efficiency
can be expected.
Fuji Electric has been producing SiC devices with
the use of 6-inch SiC wafers in the Matsumoto Factory, Japan since 2013.   In addition, new concept
resin-molded packages realizing high reliability and
low thermal inductance were developed to take advantage of the low-loss and high-temperature operation of SiC devices.   A 1,200-V/100-A rated All-SiC
chopper module with a planer gate metal-oxidesemiconductor field-effect transistor (SiC-MOSFET)
and a SiC-Schottky barrier diode (SiC-SBD) started
to be produced for the booster circuits of mega-solar
power conditioning systems (PCSs)(1) in 2014.   This
All-SiC chopper module has achieved the world’s highest PCS conversion efficiency of 98.8%, and a size
reduction of approximately 60% compared to conventional systems.
The 1,200-V / 35-A rated All-SiC 2-in-1 module was
developed for a totally enclosed type of inverter (IP65
*	Electronic Devices Business Group, Fuji Electric Co., Ltd.
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inverter)(2) in 2016, and a 1,200-V / 400-A rated All-SiC
2-in-1 module with a 1st-generation trench gate SiC
MOSFET, which is characterized by low on resistance
(R on), was developed(3)-(6) in 2017.
In order to further expand our product line-up, we
developed All-SiC modules utilizing a 2nd-generation
trench gate SiC MOSFET, which has a lower R on compared to a 1st-generation trench gate SiC MOSFET.  
These modules have compatibility with conventional
Si-IGBT modules in respect of external dimensions and
terminal arrangement.   Therefore, further downsizing
of power conversion systems by increasing the current
density can be expected.
This article describes the 1,700-V / 300-A rated
All-SiC 2-in-1 module with a 62-mm width new structure package mentioned above.

2. 2nd-Generation Trench Gate SiC MOSFETs
As is well known, decreasing channel resistance
by shrinking the cell pitch is one means of lowering
R on.  However, the excessive shrinkage of the cell pitch
with planar gate MOSFETs causes an increase in the
junction field effect transistor (JFET) resistance because there is a spread of the depletion layer at the
well-forming channel.   Applying a trench gate MOS
structure in place of a planer gate MOS is an effective
way to avoid increasing JFET resistance due to shrinkage of the cell pitch.   Commonly, the MOS channel in
trench gate MOSFETs is vertical from the surface and
there is no JFET.   Therefore, R on can be reduced by
further shrinking the cell pitch.  The developed 1,700-V
rated 2nd-generation trench gate SiC MOSFETs have
been improved by reducing the thickness of the chips
and by shrinking the cell pitch.   With these changes
the R on could be reduced by 18% compared with 1stgeneration trench gate SiC MOSFETs.
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4.2 Switching characteristics

4.1 Output characteristics

The output characteristics of a 1,700-V/300-A rated
All-SiC module with 2nd-generation trench gate SiC
MOSFETs and a Si-IGBT module with 7th-generation
X-Series are shown in Fig. 2.   Unlike bipolar devices,
such as IGBTs and PN diodes, All-SiC modules have
no built-in voltage, because All-SiC modules consist of
MOSFETs.   As shown in Fig. 2, the drain-source voltage V DS of an All-SiC module was reduced to under
300 A of the module rated drain current I D in comparison with the Si-IGBT module.  The current during
normal operation of power conversion systems such as
an inverter is typically 30% to 50% of the module rating current.   When compared with I D = 150 A, which
is 50% of the module rating current, the V DS of the
All-SiC module is about 0.5 V lower than that of a
Si-IGBT module.   This means the continuous loss of
the All-SiC module is about 30% lower than that of the
Si-IGBT module under continuous rating conditions
that occur in most operations of power conversion systems.
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4. Electrical Performance

(1) Switching speed comparison
The dynamic characteristics of a 1,700-V/300-A
rated All-SiC module with T vj = 25 °C and 150 °C were
compared, as shown in Fig. 3.   In general, dv /dt and
di / dt , which are indicators of switching speed, of
Si-IGBT are lower at high temperature than at room
temperature.  However, dv / dt and di / dt of an All-SiC
module are higher at high temperature than at room
temperature.   Since noise is estimated by dv /dt and
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MOSFETs can conduct fast switching compared to
IGBT, because they are unipolar devices in general.  In
addition, SiC is a semiconductor material that can conduct faster switching compared to Si.   SiC-MOSFETs’
surge voltage is high due to the high-speed switching.  
Therefore, it is necessary to reduce the module internal
inductance L in order to suppress the surge voltage.  
We developed a new low-inductance structure package
by using laminated wiring that has less electromagnetic mutual induction, and it is compatible with conventional Si-IGBT modules in respect of the external
dimensions and terminal arrangement.   This 62-mm
width compatible package’s internal inductance could
be reduced by 24% as shown in Fig. 1.
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Table 1 Turn-off dv /dt at T vj = 25°C and 150°C
T vj = 25ºC

T vj = 150ºC

All-SiC

5.0 kV / µs

5.8 kV / µs

Si-IGBT

5.6 kV / µs

4.8 kV / µs

Si-IGBT

1,000

All-SiC

800
600

0

500
400

I D, I C

300

E off = 98.2 mJ

400
200

600

E off = 37.1 mJ
Smaller tail current

V DS,
V DS

200
100
0

−200

Drain current I D (A)
Collector current I C (A)

Drain-Source voltage V DS (V)
Collector-Emittor voltage V CE (V)

1,200

V CC = 900 V, I D = 300 A, T vj = 150 ºC
V GE = +15/−15 V (Si-IGBT)
V GS = +15/−3 V (All-SiC)

−100

time (500 ns/div)

1,400
1,200
1,000

V CC = 900 V, I D = 300 A, T vj = 150 ºC
V GE = +15/−15 V (Si-IGBT)
V GS = +15/−3 V (All-SiC)
Si-IGBT
V DS,
V DS

All-SiC

700
600
500

Irp reduction

400

800

300

600
400

E on = 62.3 mJ

200

200

E on = 15.0 mJ

100

0

I D, I C

−200

0

Drain current I D (A)
Collector current I C (A)

Drain-Source voltage V DS (V)
Collector-Emittor voltage V CE (V)

(a) Turn-off waveform

−100

time (500 ns/div)

(b) Turn-on waveform

1,800
1,600

V CC = 900 V, I D = 300 A, T vj = 150 ºC
V GE = +15/−15 V (Si-IGBT)
V GS = +15/−3 V (All-SiC)
IF

Smaller tail current
Irp reduction

400
200

1,400

0

1,200

E rr = 2.4 mJ

−200

1,000

E rr = 85.8 mJ

−400

800

−600

600

−800

400 V DS,
200 V DS

−1,000

0
−200

−1,200
Si-IGBT

All-SiC

time (500 ns/div)

Forward current I F (A)

Drain-Source voltage V DS (V)
Collector-Emittor voltage V CE (V)

di /dt , the gate resistance R G was selected so that dv /
dt and di / dt were almost the same from T vj = 25 °C to
150 °C both in the All-SiC module and Si-IGBT module.   Tables 1 and 2 show a comparison of dv / dt and
di /dt .  The maximum switching speeds are almost the
same, so that the turn-off dv / dt is 5.6 to 5.8 kV / µsec
and turn-on di / dt is 4.0 to 4.1 kA / µsec.  From this, the
effect on noise can be estimated to be almost the same.
(2) Switching waveforms and power dissipation loss
The switching waveforms of a 1,700-V / 300-A rated
All-SiC module and Si-IGBT module are shown in Fig.
4.
The tail current of the All-SiC module was significantly reduced at turn-off and reverse recovery compared to the Si-IGBT module [Fig. 4(a), 4(c)], and the
peak current was also significantly reduced at turn-on
and reverse recovery [Fig. 4(b), 4(c)].   These characteristics are because there is only majority carrier
operation for the All-SiC module of a unipolar device,
while there are excess carriers due to minority carrier
injection, and this contributes to switching characteristics for the Si-IGBT module of a bipolar device.   In
addition, the surge voltage of the All-SiC module is
kept the same as the Si-IGBT module, even though
the turn-off di / dt of the All-SiC module is higher than
that of the Si-IGBT module.  This depends on the effect
of reducing the internal inductance of the new structure package described above.   Thus, the low internal
inductance of the new structure package could be utilized for the high-speed turn-off characteristics of the
All-SiC module.   Turn-off loss E off, turn-on loss E on
and reverse recovery loss E rr for the all-SiC module
was reduced by 62%, 76%, and 97% at rated current
I D = 300 A compared to the Si-IGBT module on condition that the switching speed of the All-SiC module is
almost the same as that of the Si-IGBT module by selecting an appropriate R G.  As a result, total switching
loss was reduced by 78%.
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Fig.4 Switching

waveforms comparison between 1,700-V/300-A
rated All-SiC module and Si-IGBT module

Table 2 Turn-on di /dt at T vj = 25°C and 150°C
T vj = 25ºC

T vj = 150ºC

All-SiC

3.2 kA / µs

4.1 kA / µs

Si-IGBT

4.0 kA / µs

3.1 kA / µs
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5. Simulation of Power Dissipation Loss Under
PWM Operation
As shown in Fig. 5, power dissipation loss and
T vj under PWM operation were simulated on condition that R G was adjusted so that the switching speed
of the All-SiC module with the 2nd-generation trench
gate SiC MOSFET was almost the same as that of the
Si-IGBT module with the 7th-generation X Series.  
PWM dissipation loss for the all-SiC module was re-
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Table 3 All-SiC modules line-up plan
Package Type

Small 1B

Small 2B

62 mm STD

HPnC

Size
W × D × H (mm)

62.8 × 33.8 × 12.0

56.7 × 62.8 × 12.0

62.0 × 108.0 × 30.5

100.0 × 140.0 × 38.0

2 in 1

≤100 A

≤200 A

≤600 A

N/A

Rated
voltage

MOSFET
generation

Equivarent
circuit

1,200 V

2nd-generation
trench gate

6 in 1

≤50 A

≤100 A

N/A

N/A

1,700 V

2nd-generation
trench gate

2 in 1

N/A

N/A

≤400 A

≤1000 A

3,300 V

1st-generation
trench gate

2 in 1

N/A

N/A

N/A

≤750 A

duced by 78% compared to the Si-IGBT module on
condition that output current I o = 100 A(rms) due to a
significant decrease in switching loss. Furthermore,
under almost the same ∆ T vj-a, the output current of
the All-SiC module could be increased to about twice
that of the Si-IGBT module. Thus, these results indicate that inverter capacity can be extended by using
All-SiC modules. As described above, All-SiC modules
with 2nd-generation trench gate SiC MOSFETs contribute to the downsizing of power conversion systems
by increasing the current density due to the improved
output current.

6. Line-Up Plan for All-SiC Modules
The line-up plan for All-SiC modules, shown in Table 3, are mounted on a new structure package compatible with conventional Si-IGBT modules in respect of
external dimensions and terminal arrangement. Fuji
Electric will produce a line-up of small-capacity products (Small 1B, Small 2B), a medium-capacity product (62-mm width package), and a large-capacity one
[HPnC (High Power next Core)]. They will be an expansion to the already existing line-up of resin-molded
packages(7)-(9). These line-ups will cover the wide range
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of capacities needed for power conversion systems.

7. Postscript
All-SiC modules with 2nd-generation trench gate
SiC MOSFETs have been introduced. The developed
All-SiC module showed a significant PWM dissipation loss in a loss simulation. In the future, we will
try to contribute to the downsizing and weight saving
of power conversion systems by further increasing the
power density of All-SiC modules. We believe that various power conversion systems with an All-SiC 2-in-1
module will contribute greatly to the development of
power electronics technology and the realization of a
low-carbon society.
Part of this work has been implemented under a
joint research project of Tsukuba Power Electronics
Constellations (TPEC).
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