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Energy consumption has been steadily increasing worldwide as populations and economies grow.
The international community has adopted the Paris
Agreement as an international framework for establishing sustainable development goals (SDGs) and
mitigating global warming. As a result, companies
are being required to take proactive measures as
a member of the larger society to achieve both economic growth and solve social and environmental
issues.
Fuji Electric is also working on solving social and environmental issues throughout the entire supply chain through the formulation of its
Environmental Vision 2050, which aims to help
achieve a “low-carbon society,” “recycling oriented
society” and “society in harmony with nature” in accordance with global warming countermeasures in
Japan based on the Paris Agreement. For example,
our power semiconductors are used to create an important source of value through energy supply stabilization, automation and energy savings.
Fuji Electric has been working on innovation
in energy technology for a long time. We have developed and commercialized power semiconductors
that are being used as key devices in power electronics designed to stabilize energy and achieve the
most efficient operation. In recent years, various
energy-saving measures have been taken to suppress CO2 and mitigate global warming. In addition to these measures, there has been an expansion
of renewable energies, such as photovoltaic power
generation and wind power generation, and a trend
among countries committed to lowering carbon
*	Electronic Devices Business Group, Fuji Electric Co.,
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*1: IPM

This is an acronym for intelligent
power module. This is a power module that
incorporates power semiconductor devices,
drive circuits and protection circuits. Using
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emissions to propose potential future bans on the
sale of gasoline and diesel powered vehicles in favor
of electric vehicles (xEV) in order to eliminate carbon emissions. It is against this backdrop that we
have been developing products that contribute to
society.

2. Fuji Electric’s Power Semiconductors
Fuji Electric develops power semiconductors to
meet various application needs. Figure 1 shows application examples of Fuji Electric’s power semiconductors.
For the small-capacity market, we have been
developing small-capacity intelligent power modules
(IPM)*1 for the motor drive systems of home appliances such as air conditioners, as well as IPMs for
automotive air conditioning systems that achieve
the performance required of xEVs using residential
air conditioning technology. In addition, we have
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a dedicated drive circuit facilitates circuit
design and maximizes the performance of
the power semiconductor devices.

*2: Discrete

This power semiconductor consists of a
single IGBT or MOSFET power semiconductor device, or a circuit referred to as a 1-in-1
in which the device is supplemented with
a diode inserted in anti-parallel configuration. The shape is generally determined by
the pin layout and it uses a package such
as TO-220 or TO-3P. It is used in small capacity PC power supplies, uninterruptible
power systems, LCD displays and small motor control circuits.

*3: IGBT

This is an acronym for insulated gate
bipolar transistor. An IGBT is a high-voltage
control device that has a gate insulated with
an oxide insulated film, having the same
structure as a MOSFET. It makes use of
the strong points of MOSFETs and bipolar
transistors. Its bipolar operation means
that it can make use of conductivity modulation, and as a result, it is able to achieve
a high breakdown voltage, low on-resistance
and switching speed sufficient for use with

eration, and for the variable frequency drive (VFD)
applications of electrical rolling stock motors.
For each application, we have also been developing SiC*5 devices that perform better than Si devices in terms of operating temperature, power and
blocking voltage and SiC hybrid modules that combine Si-IGBTs with silicon carbide Schottky barrier
diodes*6 (SiC-SBDs).

3. Development Status of Power
Semiconductors
In this section, we will describe the latest development status of the Fuji Electric power semiconductors introduced in Section 2.
3.1 7th-generation “X Series” IGBT-IPMs

Fuji Electric has developed and commercialized low-loss, high-reliability IGBT modules that
utilize our 7th-generation “X Series” semiconductor
chip and package technology. An IPM is a device
that integrates drive and protection functions into
a single IGBT module. It is capable of simplifying
drive circuit and protection circuit designs because
IGBTs can be operated under optimally configured
conditions. Fuji Electric has developed products
that meet the high-performance and high-reliability
requirements of IPMs by utilizing the industry's
first built-in IGBT chip overheat protection function and alarm-cause identification function.
Furthermore, our newly developed 7th-generation
“X Series” IGBT-IPMs (X Series IPMs) also meet the
advanced miniaturization, loss and reliability demands of inverters.

inverters.

*4: MOSFET

This is an acronym for metal-oxidesemiconductor field-effect transistor. This
voltage control device is a type of field-effect
transistor that has a gate insulated with an
oxide insulating film. It is the most common
structure in LSI. Its unipolar operation enables operation at high speeds, but it is used
as a low breakdown voltage, high frequency
device because on-state resistance rises according to breakdown voltage. In contrast
to planar gate MOSFETs where the gate is
located on the surface of the device and the
channel is parallel to the surface of the device, trench gate MOSFETs are characterized by the gate being embedded in a groove
formed on the device and the channel perpendicular to the surface of the device.

*5: SiC

SiC is a compound of silicon (Si) and
carbon (C). It is known as a wide-gap semiconductor, having a band-gap between 2.2
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also been developing discrete*2 insulated gate bipolar transistors*3 (IGBTs) used mainly for power conversion in power conditioning systems (PCSs) and
uninterruptible power systems (UPSs), as well as
superjunction metal-oxide-semiconductor field-effect
transistors*4 (SJ-MOSFETs) used in the power conversion components of various types of equipment.
In particular, we have been developing SJ-MOSFET
products that can be used not only for industrial applications, but also for the control applications of
engines, transmissions and brakes, as well as for
the conversion and power control applications of
xEV chargers. Moreover, we are developing power
IC products for the switching power supply control
components of various electronic devices including LED lighting. Furthermore, we are developing
pressure sensors that are used in gasoline-powered
vehicle intake systems, exhaust systems and hydraulic control units such as engines, transmissions,
power steering and brakes, as well as single-chip
igniters used in the ignition control of gasoline engines.
For the medium-capacity market, we have been
developing industrial IGBT modules for generalpurpose inverter applications, machine tool and
robot servo motor control applications, commercial
air conditioner motor control applications and UPS
power conversion applications, as well as automotive IGBT modules for xEV motor control applications.
For the large-capacity market, we have been
developing IGBT modules for power conversion applications that use renewable energies, such as
photovoltaic power generation and wind power gen-

and 3.3 eV, depending on its polymorphic
crystal structure (3C, 4H, 6H, etc.). SiC
possesses physical characteristics that are
advantageous as a power device, such as
high dielectric breakdown voltage and high
thermal conductivity, and it is used to create
devices with high withstand capacity, low
loss and high-temperature operation characteristics.

*6: SBD

This is an acronym for Schottky barrier diode. This is a diode characterized by
a current rectification that makes use of a
Schottky barrier formed through metal and
semiconductor bonding. Its excellent electrical characteristics have made it an object of
study in the application to SiC-SBD based
FWDs. Compared with p-intrinsic-n (PiN)
diodes that also use minority carriers, SBD
diodes, which operate only with majority
carriers, speed up reverse recovery and reduce reverse recovery loss.
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Fig.2 Comparison of power dissipation simulations

The X Series IPMs utilize reverse conducting
IGBT*7 (RC-IGBT) technology in a line-up of packages that achieve a 27% smaller footprint on the
cooling unit than the smallest previous package, as
well as a 54% smaller footprint on the cooling unit
than previous packages at the same current capacity. The conventional 6th-generation “V Series”
IPMs(1) consist of 600-V products with a rating up
to 400-A and 1,200-V products with a rating up to
200 A. The X Series IPMs expand this line-up, including 650-V products with a rating up to 450-A
and 1,200-V products with a rating up to 300 A.
In addition, the X Series IPM has reduced
power dissipation by more than 7% compared with
the V Series IPM by combining 7th-generation
IGBT technology and drive control circuit technology (see Fig. 2). Furthermore, by applying 7thgeneration package technology and improving the
control circuit, the X Series increases the chip junction temperature T vjop during continuous operation
from 125 °C to 150 °C. These technologies have
enabled the series to increase output current by
approximately 31%. Furthermore, the series integrates the industry’s first temperature warning
function that alerts users of the overheating state
of the IGBT chip, thereby warning users of abnormal temperature states (Refer to “7th-Generation X
Series IGBT-IPMs” on page 210).
3.2 2nd-generation SiC trench gate MOSFET

SiC is expected to be widely used as a nextgeneration power semiconductor material. Since
SiC has approximately 10 times the electric breakdown field of Si, it contributes to reducing conduction loss through thinning and high-concentration
drift layer doping, while also ensuring a high break-

*7: RC-IGBT

This is an acronym for reverseconducting IGBT. This device integrates
an IGBT and FWD, which are used together
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Table 1 Comparison of characteristics for 1st-generation and
2nd-generation SiC trench-gate MOSFETs

down voltage. Furthermore, the use of MOSFETs
can reduce switching loss and speed up switching.
The superior properties of these SiC devices enable
more compact and higher power density modules to
be developed than those that use Si-IGBTs.
Fuji Electric is using the excellent properties of
these SiC devices to develop products for small- and
medium-capacity markets as well as large-capacity
products for power distribution equipment(2),(3). In
particular, we are mass-producing SBDs, planar
gate MOSFETs, and SiC trench gate MOSFETs for
these products. We have been mass-producing 1stgeneration SiC trench gate MOSFETs capable of
achieving a higher threshold voltage and lower onresistance than planar gate MOSFETs. Recently,
we have developed a 2nd-generation SiC trench gate
MOSFET that achieves even better performance
than the 1st generation. When comparing 1,200-V
products, the on-resistance per unit area for the
2nd-generation SiC trench gate MOSFET is about
23% lower at the same gate threshold voltage as
the 1st-generation SiC trench gate MOSFET (see
Table 1). Furthermore, it also uses our proprietary
technology to prevent increases in on-resistance due
to body diode conduction, while also improving reliability (Refer to “2nd-Generation SiC Trench Gate
MOSFETs” on page 215).
3.3 	All-SiC Module equipped with 2nd-generation SiC
trench gate MOSFETs

Fuji Electric has been commercializing modules
that take advantage of the superior SiC characteristics mentioned above. In 2014, we developed a chopper module equipped with planar gate MOSFETs
in a full-molded package for the boost circuit of
mega solar PCSs. Since then, we have been developing module products in which our 1st-generation
SiC trench gate MOSFETs are mounted on a newly
structured package that inherits the design principles of the package mentioned above(2),(4),(5). Recently,
in order to respond more flexibly to the needs of

as a pair, on a single chip in the module.
It exhibits excellent heat dissipation
characteristics because the IGBT and FWD
operate in alternation and reduces the

number of chips in the module, allowing
IGBT modules to achieve miniaturization
and improve power density.
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Table 2 Line-up of Si-IGBT compatible package All-SiC modules
Package type

Small 1B

Small 2B

Dimensions
W × D × H (mm)

62 mm STD

HPnC

62.8 × 33.8 × 12.0

56.7 × 62.8 × 12.0

2 in 1

up to 100 A

up to 200 A

up to 600 A

—

6 in 1

up to 50 A

up to 100 A

—

—

62.0 × 108.0 × 30.5 100.0 × 140.0 × 38.0

Rated
voltage

MOSFET generation

1,200 V

2nd-generation
Trench gate

1,700 V

2nd-generation
Trench gate

2 in 1

—

—

up to 400 A

up to 1,000 A

3,300 V

1st-generation
Trench gate

2 in 1

—

—

—

up to 750 A

Equivalent circuit

power electronics equipment, we have been developing products that utilize our 2nd-generation SiC
trench gate MOSFETs for packages designed with
a terminal layout that has the same external dimensions as conventional Si-IGBT modules. Power
dissipation has been reduced by 78% when the
newly developed 62-mm-wide Si-IGBT is mounted
on inverters with our compatible package instead
of conventional Si-IGBT packages. Furthermore,
the package demonstrated that output current can
be increased to approximately twice as high under
the same chip temperature. We plan to release a
line-up Small 1B and Small 2B packages as smallcapacity products, 62-mm packages as mediumcapacity products, and HPnC (High Power next
Core) package as a large-capacity one. Doing so will
enable our All-SiC modules to be applied more flexibly to power electronics equipment (see Table 2)
(Refer to “All-SiC Module with 2nd-Generation SiC
Trench Gate MOSFETs” on page 220).

ing it to achieve high energy-saving performance.
Furthermore, since the compressor and inverter circuits are mounted close to the passenger cabin, they
must also reduce noise and vibration. Therefore,
our IPMs for automotive air conditioning systems
needed to achieve high output frequencies and high
carrier frequency operation. In addition, it is necessary to ensure safety that includes measures for
controlling noise interference to vehicle control computers. Our recently developed IPM for automotive
air conditioning systems achieves the performance
required of xEV devices, inheriting the technologies
of the 2nd-generation Small-IPM(6) developed for
residential air conditioners and industrial inverters. It is designed to decrease power dissipation by
reducing IGBT conduction and turn-off losses and
also reduce switching noise by suppressing surge
voltage at turn-off of the IGBTs and free wheeling
diodes*8 (FWDs). Figure 3 shows the trade-off charV DC = 300 V, V CC = 15 V, L = 100 µH, T vj = 25°C

*8: FWD

This is an acronym for free wheeling
diode. This device is connected in parallel
with an IGBT in the power conversion circuits of inverters, and is responsible for re-

Turn-off surge voltage ∆V (a.u.)

3.4 IPM for automotive air conditioning system

Fuji Electric’s small-capacity IPMs for residential air conditioners simultaneously achieve high
energy-saving performance, compactness, low noise
and high reliability. Even though automotive air
conditioning systems have a smaller air-conditioning
volume than residential air conditioners, the load
on their compressor is high due to the low insulation performance of the vehicle. In gasoline cars,
compressors are driven by the engine. In increasingly popular xEVs, compressors are operated by
motors that require several kilowatts of power.
Therefore, the motor for operating the compressor
needs to be connected directly to the same highvoltage battery as the drive system, thereby requir-

1.2
Standard “X-Series” FWD

1.0
0.8

0.6
0.4

Automotive air conditioner FWD

0.2
0
0.6

0.8

1.0
1.2
Turn-off loss E off (a.u.)

1.4

Fig.3 FWD turn-off surge voltage and turn-off loss trade-off
characteristic

circulating the energy stored in inductance
to the power supply side when the IGBT is
turned off. PiN diodes are mainstream for
Si based FWD. Since it is a bipolar type that
also uses minority carriers, the voltage drop
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Item

during forward current flow can be reduced.
However, this will also result in a larger reverse recovery loss.
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acteristics of FWD turn-off surge voltage and turnoff loss. Turn-off surge voltage is reduced by 53%,
while maintaining nearly the same turn-off loss.
Furthermore, the package is optimally designed
to ensure automotive quality (Refer to “IPM for
Automotive Air Conditioning Systems” on page 225).
3.5 	4th-generation aluminum direct liquid cooling
package technology for xEV

Fuji Electric has been developing modules for
the inverters that operate xEV drive motors. Up
until now, we have been developing compact, high
current density modules using aluminum direct
liquid cooling modules and RC-IGBTs that integrate IGBTs and FWDs(7). Recently, we developed
a 4th-generation aluminum direct liquid cooling
structure that increases power density above that of
previous structures (see Fig. 4) . The 4th-generation
aluminum direct liquid cooling structure inherits
the integrated heatsink and water jacket structure
used in the 2nd-generation. By changing the shape
of the two-dimensional flow path used in the 3rdgeneration to a three-dimensional flow path, the
4th-generation structure has been able to increase
the cooling liquid flow rate and optimize the thickness of the base to reduce the thermal resistance between the chip and the coolant by 10%.
Furthermore, it achieves a reduced footprint by using a copper lead frame with high conductivity for
wiring instead of conventional aluminum wires.
Moreover, due to its high thermal conductivity and
wide junction area, the lead frame structure is capable of reducing chip temperature through the heat
diffusion effect on the junction surface. The 4thgeneration aluminum direct liquid cooling structure
uses these technologies to increase power density per
volume by 36% compared with the 3rd-generation
structure (Refer to “4th-Generation Aluminum
Direct Liquid Cooling Package Technology for xEV”
on page 229).

(a) Primary side module

(b) Secondary side module

Fig.5 DC-DC converter module

power conversion equipment, such as a DC-DC
converter that replace the alternator responsible
for powering electrical components for the gasolinepowered vehicles. In particular, the DC-DC converter converts voltage so that it can be output
from the main high-voltage battery to a low-voltage
battery in order to supply power to electrical components. Fuji Electric has developed a DC-DC converter module for xEVs using the technology it cultivated in small-capacity modules for industrial applications (see Fig. 5). Conventional DC-DC converters
configured with discrete products utilized an insulating sheet to insulate the high-voltage battery and
vehicle body. Our module incorporates this insulation functionality as well as multiple semiconductor
devices. This has enabled high-density mounting.
Moreover, in SBDs on the secondary side, conventional products needed to use a surge clamp circuit
to prevent breakdown due to surge voltage. By
improving the structure to enhance the breakdown
voltage, our module has been able to increase the
allowable peak current value for the recovery breakdown capability (as an alternative characteristic of
surge voltage capability during switching) to about
three times its previous value, thereby eliminating
the need for the surge clamp circuit. These technologies have reduced the footprint of the DC-DC converter system by 40% (Refer to “DC-DC Converter
Module for xEV” on page 235).

3.6 DC-DC converter module for xEV

In addition to the drive motor inverter described in Section 3.5, xEV also come mounted with

Chip

Solder

Lead frame

Insulating
substrate

Base
plate

Cooling fin

Water jacketed integrated
cooling unit

Fig.4 4th-generation aluminum direct liquid cooling structure
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3.7 “XS Series” 1,200-V discrete IGBTs

The demand for PCSs and UPSs has been increasing due to social factors such as increased
demand for power conversion applications that support renewable energies, such as photovoltaic power
generation, and increased worldwide data usage
due to advancements in IT and communication systems. In these types of equipment, it is important
to achieve high efficiency for reducing energy loss.
Therefore, their semiconductor switching devices
also need to be highly efficient. In order to meet
these requirements, Fuji Electric has been developing and mass-producing the “XS Series” 650-V
discrete IGBTs(8) as products that achieve better efficiency than the conventional “High-Speed W Series”
products. Recently, we have developed a new XS
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Fig.6 Trade-off

characteristic in the 1,200-V “XS Series”
(IGBT)

Series 1,200-V product. The XS Series is designed
especially for discrete applications based on 7thgeneration IGBT and FWD technology. Our newly
developed 1,200-V product reduces conduction loss
V CE(sat) by 0.55 V and the trade-off characteristic by
at least 20% compared with the conventional HighSpeed W Series products (see Fig. 6) (Refer to “XS
Series 1,200-V Discrete IGBTs” on page 239).
3.8 “FA6C00 Series” 4th-generation LLC current resonant control ICs

High-efficiency and low-noise LLC current resonant circuits have been widely utilized in the 75- to
300-W switching power supplies used for electronic
equipment. The spread of the Internet of Things
(IoT) has led to increased power consumption as
many kinds of electronic devices are being connected to the Internet. As a result, power supplies
are also being required to achieve energy savings,
such as high-efficiency at light loads in addition
to low power consumption in standby mode. Fuji
Electric has developed various control ICs for LLC
current resonant circuits(9),(10). We have recently developed the “FA6C00 Series” as a product that not
only suppresses standby power, but also improves
efficiency at light loads and reduces the number of
power supply components (see Fig. 7). Conventional
technologies have had the problem of generating
audible noise*9 caused by the transformer when attempting to raise efficiency. The FA6C00 Series utilizes new high-frequency burst operation control for
continuous switching control, thereby suppressing
noise and improving efficiency at light loads by approximately 10%. Furthermore, the use of resonant
current phase ratio control for output voltage control has reduced the number of phase compensation
circuit components by seven, and this has helped

*9: Audible noise

This refers to noise being generated
from passive components, such as the trans-

reduce power management system costs (Refer
to “FA6C00 Series 4th-Generation LLC Current
Resonant Control ICs” on page 243).
3.9 7th-Generation automotive high pressure sensors

xEVs are continuing to gain popularity as
a measure to reduce environmental burdens.
However, at the same time, it is also important for
vehicles that use gasoline and diesel powered combustion engines to reduce CO2 emissions through
energy-saving measures. For example, pressure
sensors are contributing to energy savings through
their use in intake systems, exhaust systems and
transmission hydraulic pressure monitoring applications. Fuji Electric has been developing environmentally friendly automotive pressure sensors
that include low-pressure sensors for intake and
exhaust systems and high-pressure sensors for
hydraulic pressure control. In the field of highpressure sensors, we have started mass producing
6.5th-generation pressure sensors(11) for measuring
engine oil pressure. We have also recently developed 7th-generation automotive high-pressure sensors designed especially for transmission and brake

6.5th-generation

Output voltage tolerance

1.2
1.6
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Fig.8 O
 utput tolerance characteristics for 7th-generation
automotive high-pressure sensors

formers and capacitors, that make up the
power supply when the control frequency of
the IC is in the audible range.
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hydraulic pressure control systems. In this regard,
we have also newly developed a dual-gate MOS
transistor that uses a stainless-steel diaphragm for
the package. It is optimized for high pressures and
reduces characteristic tolerance at high temperatures (see Fig. 8), while also guaranteeing operation
at 150 °C, improving accuracy control and achieving high mounting density through miniaturization (Refer to “7th-Generation Automotive HighPressure Sensors” on page 249).

an example of comparing n-type SiC bulk wafers.
We demonstrated the effectiveness of the method
for evaluating crystal defects using SiC commercially available n-type bulk wafers*11, commerciallyavailable epitaxial wafers*12 and self-standing
epitaxial wafers*13 (Refer to “Crystal Defect and
Dislocation Analysis of SiC Wafers by Transmission
Polarization Microscopy” on page 254).

3.10 Crystal defect and dislocation analysis of SiC
single crystal wafers by transmission polarization
microscopy

In this paper, we introduced the latest development results for Fuji Electric’s power semiconductors. Fuji Electric has been innovating energy
technologies since its foundation. One of our management policies is to “Contribute to the creation of
responsible and sustainable societies through our
innovation in energy and environment technology”.
For example, power electronics equipment technologies are driving measures to solve environmental
problems through increased energy savings and decarbonization. In addition, power semiconductors
are being used as key devices in power electronics
and are contributing to the creation of responsible
and sustainable societies through technological innovation.

When developing SiC power semiconductor devices, it is important to reduce crystal defects in
the wafers. Traditionally, X-ray topography using
synchrotron radiation has been utilized as a nondestructive evaluation method for SiC single crystal dislocation*10. However, this method requires
large synchrotron radiation facilities and is not
easy to apply when quick development feedback
and manufacturing process inspections are needed.
On the other hand, there is a method used in laboratories for observing birefringence (i.e., double
refraction) due to dislocation-caused stress using
a transmission polarization microscope. However,
this method is also problematic because it can only
detect large defects due to SiC having small birefringence. Recently, Fuji Electric has been collaborating with the National Institute of Advanced
Industrial Science and Technology in the examination of simple, non-destructive and high-sensitivity
SiC crystal defect evaluation methods using transmission polarization microscopy. Figure 9 shows

Laser
mark

Laser
mark

100 µm

(a) Synchrotron radiation
X-ray topograph

(b) XS-1 transmission
polarization image

Fig.9 Example of comparing n-type SiC bulk wafers

*10: Crystal dislocation

Atoms are arranged regularly in crystals. Crystal transposition is a crystal defect in which deviation in the atoms is linear.

*11: Bulk wafer

An SiC single-crystal ingot is obtained
in the low-temperature region by sublimat-
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