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The international community has adopted the Sustainable Develop-
ment Goals (SDGs) and the Paris Agreement as an international frame-
work to  mitigate global warming. As a result, companies are being 
required to take positive actions to achieve both economic growth and 
solve social and environmental issues. Fuji Electric is also working on 
solving social and environmental issues in accordance with Paris Agree-
ment based global warming countermeasures in Japan. The power semi-
conductors developed and commercialized by Fuji Electric are used 
as key devices in power electronics equipment, creating an important 
source of value through energy supply stabilization, automation and en-
ergy savings. In this special issue, we will introduce the latest technolo-
gies and products related to Fuji Electric’s power semiconductors.
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Power Semiconductors Enabling 
Energy Management

Over the past 50 years, power electronics has 
played an increasing part in energy management for 
humanity.  It is estimated that more than 30% of en-
ergy consumed by humanity today is processed by elec-
tronic power converters.  With the current trends of 
full industry automation, and increased electrification 
and automation of transportation and agriculture, as 
well as anticipated dominance of distributed generation 
from sustainable energy sources, it is predicted that in 
several decades 80% of the global energy consumption 
will be in the form of electricity processed by power 
electronics. 

Power semiconductors have been the main tech-
nology drivers of power electronics ever since the dis-
covery of silicon controlled rectifier (SCR) in 1957, 
which is recognized now as an IEEE Milestone and 
celebrated every June 20th as the Power Electronics 
Day.  SCRs, and derivative p-n-p-n silicon devices, are 
still used in the highest-power applications for energy 
management in electrical grids, like high-voltage direct 
current (HVDC) and flexible AC transmission system 
(FACTS), although they are being supplanted by high-
voltage and high-current insulated gate bipolar tran-
sistor (IGBT) modules.  Over the last 35 years, silicon 
IGBTs and p-i-n diodes have been the “workhorse” de-
vices for the medium-voltage (600 V to 10 kV), medium-
power (kilowatts to megawatts) applications, like motor 
drives and grid-connected converters for industry auto-
mation, commercial buildings, data processing centers, 
and transportation.  At the low-voltage end (<300 V), 
silicon power metal-oxide-semiconductor field-effect 
transistors (MOSFETs) and Schottky diodes have dom-
inated the power supply applications, with wide variety 
of circuit configurations and packaging structures.  It 
is important to emphasize that silicon devices, as well 
as the diverse application-optimized packaging tech-
nologies, are being continuously perfected through nu-
merous engineering innovations, both in academia and 
industry.  This is enabling ongoing enhancements of 
energy management systems by increasing efficiency, 
switching frequency and power density, while improv-

ing manufacturability, reliability and life cycle costs.
After two decades of anticipation, both vertical 

silicon carbide (SiC) and lateral gallium nitride (GaN) 
devices are becoming widely commercially available 
in the continuously increasing spectrum of voltage 
and current ratings.  They are offering major reduc-
tions in losses and increases in switching frequencies 
and operating temperatures.  However, the impact 
of these improvements at the system level is severely 
limited by the existing technologies for packaging and 
passive components (capacitors, inductors, transform-
ers, conductors and insulators); requiring significantly 
increased investments in research and development. 
Additionally, the implementations of ancillary active 
electronic circuits, such as gate drives, sensors, con-
trols, protection, and auxiliary power supplies, need 
radical re-thinking in order to assure dependable op-
eration in the very high dv/dt, di /dt, and temperature 
environments.  Hence, direct replacement of silicon 
with wide-bandgap devices in (otherwise unmodified) 
power converters would rarely result in appreciable 
benefits.  For the highest impact, innovative circuits 
and energy management architectures, which are cus-
tom tailored to fully utilize the new wide-bandgap de-
vice potentials, will need to be developed.  On the other 
hand, these new semiconductor materials are opening 
the opportunities of using high-frequency-switching 
power conversion in applications where it was not pos-
sible ever before.

In the low-voltage range, lateral GaN devices are 
already enabling operation at unprecedented switching 
frequencies, in the megahertz range.  This trend will 
allow substantial improvements in power density and 
efficiency, as long as the corresponding improvements 
in passive components and packaging are material-
ized.  Increased monolithic integration of ancillary ac-
tive electronic circuits with power devices into Power 
ICs – both Si and GaN – will continue to provide huge 
benefits in high volume markets.  In 300 V to 1 kV (off-
line) applications, SiC Schottky diodes will completely 
replace Si p-i-n diodes very soon.  However, high- 
voltage GaN high electron mobility transistors 
(HEMTs) and SiC MOSFETs will have very hard 
time competing with Si super-junction MOSFETs and 
IGBTs based on converter cost, efficiency, size and per-
formance!  Only in applications that would benefit by 

BOROYEVICH, Dushan *

 *   Ph.D (Engineering), University Distinguished Professor, 
Bradley Department of Electrical and Computer 
Engineering, Virginia Polytechnic Institute and State 
University, Blacksburg, Virginia, U.S.A.
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voltage (>6 kV) applications, SiC could be the future! 
Ability to operate at switching frequencies exceed-
ing 20 kHz will define completely new approaches to 
electrical energy management in the megawatt power 
range.  Very innovative packaging and passive com-
ponent technologies, as well as new energy processing 
architectures will enable development of completely 
new power systems and applications.  This will become 
huge when a new “electronic grid” will start to be built.

Papers in this issue provide some excellent exam-
ples of the described trends.

an order of magnitude higher switching frequencies, 
the wide-bandgap devices could be a winner, provided 
better module and converter packaging, as well as 
magnetics technologies will be developed.

It could be expected that SiC could be overtaking 
Si within 3-5 years for 1-6 kV applications.  Again, 
improved packaging for higher switching frequencies, 
higher voltages, higher temperatures, and longer life-
time will provide competitive advantage for SiC.  Much 
improved energy management systems based on new 
designs for electrical machines, passives, and convert-
ers will be a “game changer.” For medium and high 
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Current
Status and

Future 
Outlook

1.  Introduction

Energy consumption has been steadily increas-
ing worldwide as populations and economies grow.  
The international community has adopted the Paris 
Agreement as an international framework for estab-
lishing 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 eco-
nomic growth and solve social and environmental 
issues.

Fuji Electric is also working on solving so-
cial and environmental issues throughout the en-
tire 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 ac-
cordance with global warming countermeasures in 
Japan based on the Paris Agreement.  For example, 
our power semiconductors are used to create an im-
portant source of value through energy supply stabi-
lization, automation and energy savings.

Fuji Electric has been working on innovation 
in energy technology for a long time.  We have de-
veloped and commercialized power semiconductors 
that are being used as key devices in power elec-
tronics designed to stabilize energy and achieve the 
most efficient operation.  In recent years, various 
energy-saving measures have been taken to sup-
press CO2 and mitigate global warming.  In addi-
tion 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 

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 car-
bon 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 ap-
plication examples of Fuji Electric’s power semicon-
ductors.

For the small-capacity market, we have been 
developing small-capacity intelligent power modules 
(IPM)*1 for the motor drive systems of home appli-
ances 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 

FUJIHIRA, Tatsuhiko *   MIYASAKA, Tadashi *   IKAWA, Osamu *   

Power Semiconductors:  Current Status  
and Future Outlook

 *    Electronic Devices Business Group, Fuji Electric Co., 
Ltd.

*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 

a dedicated drive circuit facilitates circuit 
design and maximizes the performance of 
the power semiconductor devices.
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Fig.1   Application examples of Fuji Electric’s power  
semiconductors
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also been developing discrete*2 insulated gate bipo-
lar transistors*3 (IGBTs) used mainly for power con-
version 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 con-
version components of various types of equipment.  
In particular, we have been developing SJ-MOSFET 
products that can be used not only for industrial ap-
plications, 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 includ-
ing LED lighting.  Furthermore, we are developing 
pressure sensors that are used in gasoline-powered 
vehicle intake systems, exhaust systems and hy-
draulic control units such as engines, transmissions, 
power steering and brakes, as well as single-chip 
igniters used in the ignition control of gasoline en-
gines.

For the medium-capacity market, we have been 
developing industrial IGBT modules for general-
purpose inverter applications, machine tool and 
robot servo motor control applications, commercial 
air conditioner motor control applications and UPS 
power conversion applications, as well as automo-
tive IGBT modules for xEV motor control applica-
tions.

For the large-capacity market, we have been 
developing IGBT modules for power conversion ap-
plications that use renewable energies, such as 
photovoltaic power generation and wind power gen-

eration, and for the variable frequency drive (VFD) 
applications of electrical rolling stock motors.

For each application, we have also been devel-
oping SiC*5 devices that perform better than Si de-
vices in terms of operating temperature, power and 
blocking voltage and SiC hybrid modules that com-
bine 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 devel-
opment status of the Fuji Electric power semicon-
ductors introduced in Section 2.

3.1  7th-generation “X Series” IGBT-IPMs
Fuji Electric has developed and commercial-

ized 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 func-
tion 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 de-
mands of inverters.

*2:  Discrete
This power semiconductor consists of a 

single IGBT or MOSFET power semiconduc-
tor device, or a circuit referred to as a 1-in-1 
in which the device is supplemented with 
a diode inserted in anti-parallel configura-
tion.  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 ca-
pacity PC power supplies, uninterruptible 
power systems, LCD displays and small mo-
tor 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 modu-
lation, and as a result, it is able to achieve 
a high breakdown voltage, low on-resistance 
and switching speed sufficient for use with 

inverters.

*4: MOSFET
This is an acronym for metal-oxide-

semiconductor 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 en-
ables operation at high speeds, but it is used 
as a low breakdown voltage, high frequency 
device because on-state resistance rises ac-
cording 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 de-
vice, trench gate MOSFETs are character-
ized by the gate being embedded in a groove 
formed on the device and the channel per-
pendicular 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 semi-
conductor, having a band-gap between 2.2 

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 char-
acteristics.

*6:  SBD
This is an acronym for Schottky bar-

rier 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 electri-
cal 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 re-
duce reverse recovery loss.
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The X Series IPMs utilize reverse conducting 
IGBT*7 (RC-IGBT) technology in a line-up of pack-
ages 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 capac-
ity.  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, in-
cluding 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 technol-
ogy (see Fig. 2).  Furthermore, by applying 7th-
generation package technology and improving the 
control circuit, the X Series increases the chip junc-
tion 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 in-
tegrates the industry’s first temperature warning 
function that alerts users of the overheating state 
of the IGBT chip, thereby warning users of abnor-
mal 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 next- 

generation power semiconductor material.  Since 
SiC has approximately 10 times the electric break-
down field of Si, it contributes to reducing conduc-
tion loss through thinning and high-concentration 
drift layer doping, while also ensuring a high break-

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 1st- 
generation SiC trench gate MOSFETs capable of 
achieving a higher threshold voltage and lower on-
resistance 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 reli-
ability (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 characteris-
tics mentioned above.  In 2014, we developed a chop-
per module equipped with planar gate MOSFETs 
in a full-molded package for the boost circuit of 
mega solar PCSs.  Since then, we have been devel-
oping module products in which our 1st-generation 
SiC trench gate MOSFETs are mounted on a newly 
structured package that inherits the design princi-
ples of the package mentioned above(2),(4),(5).  Recently, 
in order to respond more flexibly to the needs of 

*7:  RC-IGBT
This is an acronym for reverse-

conducting IGBT.  This device integrates 
an IGBT and FWD, which are used together 

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.

Rating: 650 V/150 A
VDC = 300 V, V cc = 15 V, T vj = 125ºC, I o(rms) = 50 A, f o = 50 Hz
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Fig.2  Comparison of power dissipation simulations

Table 1    Comparison of characteristics for 1st-generation and 
2nd-generation SiC trench-gate MOSFETs

Item 2nd- 
generation

1st- 
generation

On-resistance 
(assuming 1st-generation is 1) 0.77 1.00

Gate threshold voltage 5.0 V 5.1 V

Gate recommended drive voltage +15 V/-3 V +20 V/-3 V

Gate absolute maximum rated 
voltage +20 V/-7 V +25 V/-7 V
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power electronics equipment, we have been devel-
oping products that utilize our 2nd-generation SiC 
trench gate MOSFETs for packages designed with 
a terminal layout that has the same external di-
mensions 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 small-
capacity products,  62-mm packages as medium-
capacity 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 fl ex-
ibly to power electronics equipment (see Table 2) 
(Refer to “All-SiC Module with 2nd-Generation SiC 
Trench Gate MOSFETs” on page 220).

3.4  IPM for automotive air conditioning system
Fuji Electric’s small-capacity IPMs for residen-

tial 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 insula-
tion performance of the vehicle.  In gasoline cars, 
compressors are driven by the engine.  In increas-
ingly 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 high-
voltage battery as the drive system, thereby requir-

ing it to achieve high energy-saving performance.  
Furthermore, since the compressor and inverter cir-
cuits 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 nec-
essary to ensure safety that includes measures for 
controlling noise interference to vehicle control com-
puters.  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 invert-
ers.  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 char-

*8:  FWD
This is an acronym for free wheeling 

diode.  This device is connected in parallel 
with an IGBT in the power conversion cir-
cuits of inverters, and is responsible for re-

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 

during forward current fl ow can be reduced.  
However, this will also result in a larger re-
verse recovery loss.

Table 2  Line-up of Si-IGBT compatible package All-SiC modules

Item
Package type Small 1B Small 2B 62 mm STD HPnC

Dimensions
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

Rated 
voltage

MOSFET gen-
eration Equivalent circuit

1,200 V 2nd-generation
Trench gate

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 — —

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
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Fig.3    FWD turn-off surge voltage and turn-off loss trade-off 
characteristic
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acteristics of FWD turn-off surge voltage and turn-
off 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 inte-
grate 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 3rd- 
generation to a three-dimensional flow path, the 
4th-generation structure has been able to increase 
the cooling liquid flow rate and optimize the thick-
ness of the base to reduce the thermal resis-
tance between the chip and the coolant by 10%.  
Furthermore, it achieves a reduced footprint by us-
ing 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 ca-
pable of reducing chip temperature through the heat 
diffusion effect on the junction surface.  The 4th-
generation 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).

3.6  DC-DC converter module for xEV
In addition to the drive motor inverter de-

scribed in Section 3.5, xEV also come mounted with 

power conversion equipment, such as a DC-DC 
converter that replace the alternator responsible 
for powering electrical components for the gasoline- 
powered vehicles.  In particular, the DC-DC con-
verter 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 com-
ponents.  Fuji Electric has developed a DC-DC con-
verter module for xEVs using the technology it culti-
vated in small-capacity modules for industrial appli-
cations (see Fig. 5).  Conventional DC-DC converters 
configured with discrete products utilized an insu-
lating sheet to insulate the high-voltage battery and 
vehicle body.  Our module incorporates this insula-
tion functionality as well as multiple semiconductor 
devices.  This has enabled high-density mounting.  
Moreover, in SBDs on the secondary side, conven-
tional 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 break-
down 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 technol-
ogies have reduced the footprint of the DC-DC con-
verter system by 40% (Refer to “DC-DC Converter 
Module for xEV” on page 235).

3.7  “XS Series” 1,200-V discrete IGBTs
The demand for PCSs and UPSs has been in-

creasing due to social factors such as increased 
demand for power conversion applications that sup-
port renewable energies, such as photovoltaic power 
generation, and increased worldwide data usage 
due to advancements in IT and communication sys-
tems.  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 devel-
oping and mass-producing the “XS Series” 650-V 
discrete IGBTs(8) as products that achieve better effi-
ciency than the conventional “High-Speed W Series” 
products.  Recently, we have developed a new XS 

Water jacketed integrated 
cooling unit

Lead frameSolderChip

Insulating
substrate

Base 
plate

Cooling fin

Fig.4  4th-generation aluminum direct liquid cooling structure

(a) Primary side module (b) Secondary side module

Fig.5  DC-DC converter module
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Series 1,200-V product.  The XS Series is designed 
especially for discrete applications based on 7th-
generation 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 High-
Speed 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 reso-
nant control ICs
High-efficiency and low-noise LLC current reso-

nant 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 con-
nected 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 de-
veloped 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 at-
tempting to raise efficiency.  The FA6C00 Series uti-
lizes new high-frequency burst operation control for 
continuous switching control, thereby suppressing 
noise and improving efficiency at light loads by ap-
proximately 10%.  Furthermore, the use of resonant 
current phase ratio control for output voltage con-
trol has reduced the number of phase compensation 
circuit components by seven, and this has helped 

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 com-
bustion 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 appli-
cations.  Fuji Electric has been developing envi-
ronmentally 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 high-
pressure sensors, we have started mass producing 
6.5th-generation pressure sensors(11) for measuring 
engine oil pressure.  We have also recently devel-
oped 7th-generation automotive high-pressure sen-
sors designed especially for transmission and brake 

*9:  Audible noise
This refers to noise being generated 

from passive components, such as the trans-

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 tempera-
tures (see Fig. 8), while also guaranteeing operation 
at 150 °C, improving accuracy control and achiev-
ing high mounting density through miniaturiza-
tion (Refer to “7th-Generation Automotive High-
Pressure Sensors” on page 249).

3.10   Crystal defect and dislocation analysis of SiC 
single crystal wafers by transmission polarization 
microscopy
When developing SiC power semiconductor de-

vices, it is important to reduce crystal defects in 
the wafers.  Traditionally, X-ray topography using 
synchrotron radiation has been utilized as a non-
destructive evaluation method for SiC single crys-
tal 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 labo-
ratories 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 bi-
refringence.  Recently, Fuji Electric has been col-
laborating with the National Institute of Advanced 
Industrial Science and Technology in the examina-
tion of simple, non-destructive and high-sensitivity 
SiC crystal defect evaluation methods using trans-
mission polarization microscopy.  Figure 9 shows 

an example of comparing n-type SiC bulk wafers.  
We demonstrated the effectiveness of the method 
for evaluating crystal defects using  SiC commer-
cially available n-type bulk wafers*11, commercially-
available 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).

4.  Postscript

In this paper, we introduced the latest devel-
opment results for Fuji Electric’s power semicon-
ductors.  Fuji Electric has been innovating energy 
technologies since its foundation.  One of our man-
agement 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 technolo-
gies are driving measures to solve environmental 
problems through increased energy savings and de-
carbonization.  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 in-
novation.
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1. Introduction

In recent years, there have been increasing expec-
tations for power electronics technology capable of con-
tributing to energy conservation through efficient use 
of energy in order to mitigate global warming and help 
achieve a responsible and sustainable society.  There-
fore, demand has been expanding for power semicon-
ductors, which are key devices in the power conversion 
equipment used in a wide range of fields such as the 
industrial, consumer, automotive and renewable en-
ergy sectors.

Since first releasing a power semiconductor insu-
lated gate bipolar transistor (IGBT) module in 1988, 
Fuji Electric has utilized many technological innova-
tions to achieve size reductions, less power dissipation 
and higher reliability.  An intelligent power module 
(IPM) is an IGBT module that comes with driving 
and protection functions.  Our IPM is characterized 
by having the industry’s first built-in IGBT chip over-
heat protection function and alarm-cause identification 
function.  It enhances the miniaturization, efficiency 
and reliability of power conversion equipment in order 
to meet the industry’s high-performance and high- 
reliability needs.

Now we have developed the 7th-generation “X 
Series” IGBT-IPM (X Series IPM) to achieve further 
miniaturization, less power dissipation and reliability 
demands of inverters.

2. Product Overview

Figure 1 shows the external appearance of the X 
Series IPM, and Table 1 shows the product line-up 
and outline dimensions.  In order to meet the mar-

MINAGAWA, Kei *   MORI, Takahiro *   OSE, Tomofumi *   

7th-Generation “X Series” IGBT-IPMs

Fuji Electric has developed the 7th-generation “X Series” IGBT-IPMs that allow inverters to achieve further minia-
turization, loss reduction and performance improvement.  By using the latest 7th-generation “X Series” chips and new 
control ICs, the product enables continuous operation at 150 °C, while achieving a loss reduction of about 10% com-
pared with previous products.  This makes it possible to increase the output current of equipment by approximately 
31%.  Furthermore, in addition to conventional protection functions, built-in temperature warning function makes it 
possible to avoid inverters stoppages.  Moreover, the brake IGBT can be independently operated when lower-arm 
protection is activated, preventing overvoltage breakdown of semiconductor devices.

ket’s demand for miniaturization, the X Series IPM 
will include three new packages, including the “P639,” 
“P644” and “P638,” as well as five packages corre-
sponding to rated currents.  By utilizing a reverse 
conducting-IGBT (RC-IGBT)(1), the new P639 package 
has achieved a smaller size than the previous small-
est package size “P629,” further miniaturizing the 
footprint of the cooling unit by 27%.  The P644 pack-
age has the same external dimensions as the previ-
ous package “P626,” enabling it to achieve a 7 in 1 
configuration.  The P638 package is in the same cur-
rent capacity band as the “P630” package, but has 
miniaturized the footprint of the cooling unit by 54%.  
Products with a high rated current required for high 
exothermicity utilize high heat-dissipating insulat-
ing substrates.  The X Series IPM has also enhanced 
its line-up of products with current ratings that meet 
market demands for higher current.  In the conven-
tional “V Series” IGBT-IPMs (V Series IPMs(2)), the line-
up consisted 600-V products with a rating up to 400-A 
and 1,200-V products with a rating up to 200 A.  The X 

P629 P626 P630

P639 P644 P638

Fig.1  7th-generation “X Series” IGBT-IPM (typical packages)
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Series IPM expands this line-up, including 650-V prod-
ucts with a rating up to 450-A and 1,200-V products 
with a rating up to 300 A.  This series of new pack-
ages and expansion of rated current for existing pack-
ages contributes to the miniaturization of the mounted 
equipment.

In addition, the X Series IPM has reduced power 
dissipation by more than 7% compared with the V Se-
ries IPM by utilizing 7th-generation IGBT technology 
and drive control circuit technology.  Furthermore, by 
improving the 7th-generation package technology and 
control circuit, the X Series increases the range of chip 
junction temperature T vjop during continuous opera-
tion from 125 °C to 150 °C compared with the V Series 
IPM to allow high temperature operation.  These im-
provements can increase output current by approxi-
mately 31%.

At the same time, it also has the industry’s first 
temperature warning function as a protective feature.  
This function makes it possible to alert users that the 
IGBT chip is overheating.  This contributes to improv-
ing the performance of power conversion equipment by 
shortening emergency stop times.

3. Main Functions and Features

3.1  Initiatives to reduce power dissipation
In order to improve the efficiency of power conver-

sion equipment, it is important to reduce power loss of 
IPM.  This power loss is determined by the character-
istics of semiconductor chips, such as those that use 
IGBTs and free wheeling diodes (FWDs), as well as the 
performance of the control circuit that drives it.

Figure 2 shows a comparison of the cross-sectional 
structure of IGBT chips.  The 7th-generation IGBT(3) 
comes equipped with a miniaturized trench-gate struc-
ture on the surface, similar to 6th-generation IGBTs, 
while also utilizing a thin-wafer IGBT with a field-
stop (FS) layer on the back side.  Compared with 6th-
generation IGBTs, it improves on-voltage (collector-
emitter saturation voltage) and turn-off loss by reduc-
ing the chip thickness.  Furthermore, by optimizing 
the trench-gate structure of the surface, it increases 
the injection enhanced (IE) effect for increasing the 
carrier concentration on the surface and improves the 
trade-off relationship between on-voltage and turn-off 
loss.  The IGBT-IPM optimizes the surface structure 
more than the IGBT mounted on standard IGBT mod-
ules.  This is an IPM-specific improvement achieved by 
built-in short-circuit protection function.  Therefore, 

Table 1  “X Series” IPM product line-up and product outline dimensions

(a) Product line-up

Rating Device qty. 20 A 30 A 50 A 75 A 100 A 150 A 200 A 250 A 300 A 450 A

600 V

6 in 1

P639

P638*2 P638*1*2

7 in 1 P644

6 in 1 
7 in 1

P636*1*2

P631*1*2

Rating Device qty. 10 A 15 A 25 A 35 A 50 A 75 A 100 A 150 A 200 A 300 A

1,200 V

6 in 1

P639

P638*2 P638*1*2

7 in 1 P644

6 in 1
7 in 1

P636*1*2

*1: Products using high heat dissipating insulating substrate       *2: Products with built-in temperature warning function (6 in 1 only)

(b) Product outline dimensions

Package P639 P629 P626 P644 P636 P638 P630 P631

Outline  
dimensions

 D × W × H  
(mm)

36.0 × 70.0 × 
12.0

49.5 × 70.0 × 
12.0

50.2 × 87.0 × 
12.0

50.2 × 87.0 × 
12.0

55.0 × 90.0 × 
18.5 or 17.0

55.0 × 90.0 × 
22.0

84.0 × 128.5 × 
14.0

110.0 × 142.0 
× 27.0

P629

P629

P626*2

P626*2

P630*2

P630*2

P630*1*2

P630*1*2

P631*1*2

P631*1*2

New package Conventional package Rated current expansion
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the trade-off is further improved.  Figure 3 shows the 
trade-off between the collector-emitter saturation volt-
age V CE(sat) and the turn-off loss E off.  At the same 
turn-off loss, the 7th-generation IGBT-IPM has 0.25 V 
lower on-voltage than the 6th-generation IGBT-IPM 
and 0.15 V lower on-voltage than the 7th-generation 
IGBT for modules.  However, the reduced on-voltage 
achieved through miniaturizing the surface structure 
facilitates current flow, and this, in turn, increases cur-
rent of short circuit.  Therefore, the trade-off has been 
improved by speeding up short-circuit protection.

In addition, the X-Series IPM comes with a turn-
on drive-current switching function on the IGBT drive 
circuit in order to reduce turn-on loss during switch-
ing.  This function increases the current driving the 
IGBT at high temperatures and reduces turn-on losses 
at high temperatures.  Moreover, IGBT chip tempera-
ture is detected in real time to enable switching at 
optimum timings.  The drive current value has also 
been optimized so that there is no impact on the emis-
sion noise related to the trade-off with switching loss.  
Figure 4 shows the effect of reducing turn-on loss using 
the drive-current switching function of the IGBT gate 

drive circuit.  The function has reduced turn-on loss by 
approximately 24%.

Figure 5 shows the result of simulating the power 
loss during PWM inverter operation at the product rat-
ing of 650 V/150 A.  The improvement in the charac-
teristics described above has improved the total power 
dissipation of the X Series IPM by approximately 11% 
at a carrier frequency of 5 kHz and by approximately 
7% at a carrier frequency of 10 kHz, compared with the 
V Series IPM.

3.2  Protective function characteristics
Table 2 shows a comparison of the protective 

functions of X Series IPMs and conventional V Se-
ries IPMs.  The features of X Series IPMs include a 
high-speed short-circuit protection function, improved 
alarm output function, built-in temperature warning 
output function and standalone brake operation during 
alarms.

As mentioned in Section 3.1, the miniaturized sur-
face structure of IGBT chips can improve IGBT trade-
off and maximize chip performance.  However, since 
the short-circuit current of the IGBT chip increases, it 
is necessary to speed up short-circuit protection with-

(a) 7th-generation IGBT 
     (X Series) 

(b) 6th-generation IGBT 
     (V Series)

Collector

Gate

n− field stop 
layer

p+ collector 
layer

n− drift layer

p

n+

Collector

Emitter

Emitter

Fig.2  IGBT chip cross-sectional structure

7th-generation IGBT
(for modules)

7th-generation IGBT
(for IPM)

6th-generation IGBT
(for IPM)0.15 V

0.25 V

Rating: 150 A/650 V
VDC = 300 V, V cc = 15 V, I c = 150 A, T vj = 125ºC
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Fig.3    Collector-emitter saturation voltage and turn-off loss 
trade-off

Rating: 650 V/150 A
VDC = 300 V, V cc = 15 V, I c = 150 A, T vj = 125ºC

0 A
0 V

VCE: 100 V/div
IC: 50 A/div
E on: 8.2 mJ → 6.2 mJ
t : 200 ns/div

VCE

IC

With function

Without function

Fig.4    Effect of turn-on loss reduction via drive-current  
switching function

Rating: 650 V/150 A
VDC = 300 V, V cc = 15 V, T vj = 125ºC, I o(rms) = 50 A, f o = 50 Hz
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33.3

Approx. 11% reduction
37.5
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Fig.5  Comparison of power loss simulations
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3.3  Temperature warning output function (applicable to 
some models)
The X Series IPMs are the industry’s first IPMs 

to come with a temperature warning output function.  
This output function monitors the temperature of the 
IGBT chip and alerts IPM users of the chip’s overheat-
ing state when the temperature exceeds the specified 
temperature.  Figure 6 shows the operating waveforms 
of the temperature warning output function.  The chip 
over-temperature protection function operates when 
the chip temperature of the IGBT exceeds 175 °C in 
order to output an alarm and stop the switching op-
eration.  In contrast to this, the temperature warning 
output function enables the switching operation of the 
IGBT to continue while outputting the temperature 
warning.  In particular, if an equipment such as a ma-
chine tool or elevator has a cooling failure (fin clogging, 
fan failure, compound depletion, etc.), a temperature 
warning signal will be output to the equipment side 
if the IGBT chip temperature inside the X Series IPM 
exceeds 150 °C.  The equipment receiving the signal 
avoids stoppage by preventing the chip temperature of 
the IGBT from exceeding 175 °C by reducing the load 
current applied to the IPM.  By doing this, operation 
can continue and equipment maintenance can be per-
formed at an appropriate time.

out producing false positives.  Therefore, in addition to 
speeding up the suppression of peak current in short-
circuit currents, the shutdown delay time has also 
been optimized to prevent malfunctions due to false 
positives.

Furthermore, the X Series IPM utilizes the in-
dustry’s first alarm-cause identification function that 
expands the identification range of each alarm cause 
from 0.1 ms to 1.1 ms or more, thereby increasing iden-
tifiability for the alarm-cause identification function.  
This facilitates and accelerates factor analysis at the 
time of alarm output and the investigation of causes.

In addition, the X Series IPM comes with a new 
alarm output function that is capable of standalone 
operation for the brake IGBT during lower-arm protec-
tion.  In conventional IPMs, when an alarm is output 
after detecting an abnormality with the lower arm, 
circuit logic would be activated to stop all lower-arm 
operation.  In such a case, the brake IGBT would also 
stop, and this would prevent the brake circuit from re-
generating energy created in the rotating motor and 
cause P-N voltage to increase.  In X Series IPMs, the 
brake IGBT remains operable even when the inverter 
of the lower arm detects an abnormality and outputs 
an alarm.  As a result, the X Series resolves the above 
mentioned problem.  Furthermore, this suppresses 
the increase in P-N voltage in the main power sup-
ply caused by power regeneration from the motor and 
prevents overvoltage breakdown of semiconductor de-
vices.  Moreover, it is designed so that the brake IGBT 
and inverter of other lower arm are protected as usual 
when an abnormality occurs in the brake IGBT.

Table 2  Comparison of protective functions

Protective function X Series
IPM

V Series
IPM

Overcurrent protec-
tion ○ ○

Short-circuit protec-
tion

◎
Shorter shutdown 

time (1 µs)

○
(3 µs)

Chip overheat pro-
tection
(Minimum protec-
tive temperature)

◎
(175ºC)

○
(150ºC)

Power supply volt-
age drop protection ○ ○

Alarm output

◎
2 ms, 4 ms, 8 ms

Identification width 
= 1.1 ms or more

○
2 ms, 4 ms, 8 ms

Identification width 
= 0.1 ms

Temperature warn-
ing output

◎
(Specific type) ×

During alarm
Brake IGBT stand-
alone operation

◎ ×

○: With function ×: Without function
◎: Improvements over conventional V Series IPM

Operating conditions: VDC = 300 V, V cc = 15 V

Alarm output voltage:
10 V/div

Temperature warning 
output voltage: 10 V/div

Temperature warning 
output

Output continuance

Output stoppage

t : 10 ms/div

Alarm output voltage:
10 V/div

Temperature warning 
output voltage: 10 V/div

Output: 100 A/div

Output: 100 A/div

Chip overheat protection 
output

t : 10 ms/div8 ms

(a) At temperature warning operation (T vj = 150ºC or higher)

(b) At chip overheat protection operation (T vj = 175ºC or higher)

Fig.6    Operating waveforms of the temperature warning output 
function
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control IC also enables operation at high temperatures 
by implementing a layout design that takes into ac-
count a circuit design not susceptible to temperature 
and electromigration at high temperatures.  As a re-
sult, it can be applied in power conversion equipment 
under more severe load conditions and lower heat dis-
sipation designs.

Figure 7 shows a comparison of the inverter output 
current and chip junction temperature when the IPM 
is mounted to an inverter acting as a typical power 
conversion equipment.  The X Series IPM can increase 
output current by approximately 31% compared with 
the V Series IPM by expanding the IGBT chip junction 
temperature during continuous operation and reducing 
the power loss.

5. Postscript

In this paper, we introduced our 7th-generation 
“X Series” IGBT-IPMs.  In addition to the utilizing 
the most recent X Series IGBT, FWD and control IC, 
this IPM simultaneously achieves miniaturization, 
less heat dissipation and high performance by using 
a package characterized by its high heat dissipation 
and high reliability.  By replacing conventional prod-
ucts with the 7th-generation “X Series” IGBT-IPMs, 
it is possible to achieve higher efficiency, miniaturiza-
tion and cost savings for power conversion equipment, 
and thereby contribute to the further spread of power 
conversion equipment and significantly help resolve 
worldwide energy problems.

Fuji Electric plans to continue to develop products 
that meet market requirements.
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4. Effect of High Temperature Operation and 
Loss Reduction

Table 3 shows a comparison of the operating tem-
perature of the X Series IPMs and V Series IPMs.  The 
X Series IPM expands T vjop during continuous opera-
tion from 125 °C to 150 °C compared with the V Series 
IPM, while improving the maximum chip junction tem-
perature T vjmax from 150 °C to 175 °C compared with 
the V Series.  In order to achieve high temperature op-
eration, the X Series IPM utilizes 7th-generation pack-
aging technologies such as high heat resistant gel and 
high reliability solder.  Furthermore, the IPM’s built-in 

Table 3  Comparison of operating temperatures

Item X Series
IPM

V Series
IPM

Maximum case  
temperature T cmax

125ºC 110ºC

Chip junction tempera-
ture during continuous 
operation T vjop

150ºC 125ºC

Maximum chip junction 
temperature T vjmax

175ºC 150ºC

31% increase

X Series T vjop

X Series IPM

V Series IPM

V Series T vjop
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Output current I (rms) (A)

200

175

150

125

100

75

50

IG
B

T
 c

h
ip

 ju
n

ct
io

n
 t

em
pe

ra
tu

re
 T

vj
 (º

C
)

Rating: 150 A/650 V
V DC = 300 V, V cc = 15 V, f c = 10 kHz, f o = 50 Hz

Fig.7    Inverter output current and IGBT chip junction  
temperature
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1. Introduction

Fuji Electric is offering various types of power elec-
tronics equipment for the market in order to contribute 
to the creation of a low-carbon society.  Currently, en-
vironmental regulations are being strengthened world-
wide.  As a result, the demand for power semiconduc-
tors is growing and is expected to grow further in the 
future.  Silicon (Si) has been conventionally used as 
a power semiconductor material, but expectations for 
silicon carbide (SiC) have been increasing year by year 
due to its excellent properties.  Since SiC has a large 
band gap and blocking capability approximately 10 
times higher than that of Si, it has the advantage of 
being able to significantly reduce loss in applications 
where a blocking voltage of 600 V or higher is required.

Fuji Electric has been mass producing SiC based 
Schottky barrier diodes (SBDs), planar-gate metal- 
oxide-semiconductor field-effect transistors (MOS-
FETs) and trench-gate MOSFETs.  They are used in 
solar power conditioning systems (PCSs) and inverters 
in industrial use(1)-(5).

Moreover, we have also been mass producing 
1st-generation SiC trench-gate MOSFETs.  Recently, 
we have developed 2nd-generation SiC trench-gate  
MOSFETs capable of further contributing to energy 
savings in power electronics equipment.  Compared 
with planar-gate MOSFETs, trench-gate MOSFETs 
reduce junction field effect transistor (JFET) resistance 
and increase cell density.  This significantly reduces 
device resistance.  Furthermore, its ability to increase 
the channel concentration makes it possible to achieve 
a high threshold value and low on-resistance.

In this paper, we describe our characteristic- 
enhanced 2nd-generation SiC trench-gate MOSFETs.

OKUMURA, Keiji *   KINOSHITA, Akimasa *   IWAYA, Masanobu *   

2nd-Generation SiC Trench Gate MOSFETs

Fuji Electric is offering various types of power electronics equipment for the market in order to contribute to the 
realization of a low-carbon society.  To achieve further energy savings, we have developed the 2nd-generation SiC 
trench gate MOSFETs.  As a result, on-resistance has been reduced by 23% compared with the 1st-generation SiC 
trench gate MOSFETs through the application of smaller design rules for the devices, a thinner SiC substrate and 
higher channel mobility.  Furthermore, usability has improved because recommended gate drive voltage changed to 
15 V.  We have also confirmed that there were no gate threshold voltage fluctuation due to gate bias and no charac-
teristic degradation (increase in on-resistance) due to body diode conduction, both of which cause reliability issues for 
SiC-MOSFETs.

2. Structure of the 2nd-Generation SiC Trench-
Gate MOSFETs

Figure 1 shows the structure of a 1,200-V 1st- and 
2nd-generation SiC trench-gate MOSFETs.  The 1st- 
generation SiC trench-gate MOSFETs adopt a struc-
ture that covers the gate oxidation film at the bot-
tom of the trench with a p-well in order to reduce the 
high electric field applied to the gate oxide film at 
the bottom of the trench(6).  The structure of the 2nd-
generation has remained unchanged and the cell pitch 
is refined to approximately two-thirds through process 
optimization.  In order to reduce board resistance, the 
thickness of the SiC substrate is reduced to approxi-
mately one-fourth by grinding the back surface.  In 
addition, in order to reduce channel resistance, the 
interface of the gate oxidation film has been improved 
and channel mobility has been increased by 20%.  As 
a result, on-resistance per unit area is reduced by ap-

Drain electrode

Source electrode

p-base

SiO2

n+ substrate

n− drift layer

n+p+ n+ p+
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(b) 1st-generation(a) 2nd-generation
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Fig.1    Structure of 1st-generation and 2nd-generation SiC 
trench-gate MOSFETs
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proximately 23% while maintaining the gate threshold 
voltage at 5 V, as shown in Table 1.  The device struc-
ture is also optimized so that the gate recommended 
drive voltage could attain +15 V in order to simplify 
replacement with the Si-IGBT (insulated gate bipolar 
transistor).

3. Characteristics of the 2nd-Generation SiC 
Trench-Gate MOSFETs

3.1      Current-voltage characteristics of 2nd-generation SiC 
trench-gate MOSFETs
Figure 2 shows a comparison of the forward char-

acteristics of the drain current I D-drain voltage V DS 
during conduction of 1,200-V 1st- and 2ng-generation 
SiC trench gate MOSFETs.  The applied gate voltage 
V GS is the recommended drive voltage of each device.  
Even though V GS = 15 V, it can be seen that the on-
resistance of the 2nd-generation SiC trench-gate  
MOSFETs is lower.

Figure 3 shows a comparison of the characteris-
tics of the third quadrant during reverse conduction.  
When the trench gate MOSFET is turned ON and 
current flows from the source to the drain, the JFET 
resistance is suppressed and the resistance falls below 
the forward characteristic because the PN junction is 
positively biased.  Similar to the forward character-
istic, it can be seen that the on-resistance of the 2nd- 
generation SiC trench-gate MOSFET is lower.

Figure 4 shows the comparison results of the char-

acteristics of the body diode of the MOSFET when the 
gate is OFF.  Current begins to flow when the source-
drain voltage reached approximately 2.5 V or higher 
for both the 1st- and 2nd-generation products due to 
the built-in potential of SiC.  The differential resis-
tance of the body diode after the current starts to flow is 
lower for the 2nd-generation SiC trench-gate MOSFET  
due to the effect of thinning the SiC substrate.

These results show that the resistance of the 2nd-
generation SiC trench-gate MOSFET is lower in both 
the forward and reverse directions.  It can be said that 
it is a device capable of reducing conduction loss dur-
ing actual use.  With regard to third quadrant char-
acteristics, since the built-in potential of the body di-
ode is higher than Si, turning the gate ON can lower 
loss even more when current flows from the MOSFET 
source to the drain during commutation.

3.2  Temperature characteristics of the 2nd-generation SiC 
trench-gate MOSFETs
Figure 5 shows the temperature dependence of 

the threshold voltage and on-resistance.  The thresh-
old voltage decreases by approximately 8.6 mV/K as 

Table 1    Characteristics of 1st-generation and 2nd-generation 
trench-gate MOSFETs

Item 2nd-generation 1st-generation

On-resistance (assuming 
1st-generation is 1) 0.77 1.00

Gate threshold voltage 5.0 V 5.1 V

Gate recommended drive 
voltage +15 V/-3 V +20 V/-3 V

Gate absolute maximum 
rated voltage +20 V/-7 V +25 V/-7 V

2nd-generation
VGS = +15 V

1st-generation
VGS = +20 V

0 0.5 1.0 1.5 2.0 2.5
VDS (V)

2.0

1.8

1.6

1.4

1.0

0.6

0.2

1.2

0.8

0.4

0

I D
 (

a.
u

.)

Fig.2    1st-generation and 2nd-generation SiC trench-gate 
MOSFET I D-V DS characteristic (first quadrant)

2nd-generation
VGS = +15 V

−2.5 −2.0 −1.5 −1.0 −0.5 0
VDS (V)

0

−0.2

−0.4

−0.6

−1.0

−1.4

−1.8

−0.8

−1.2

−1.6

−2.0

I D
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u

.)

1st-generation
VGS = +20 V

Fig.3    1st-generation and 2nd-generation SiC trench-gate 
MOSFET I D-V DS characteristic (third quadrant)

2nd-generation
VGS = −3 V

−7 −6 −5 −3 −1−4 −2 0
VDS (V)

0
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−0.4
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I D
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u

.)
1st-generation
VGS = −3 V

Fig.4   1st-generation and 2nd-generation SiC trench-gate 
MOSFET body diode I D-V DS characteristic 
(third quadrant)
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the temperature increases in the range of -50 °C to 
+200 °C.  The on-resistance is almost unchanged be-
tween -50 °C and -25 °C.  It increases in the range 
of -25 °C to +200 °C and approximately doubles at 
175 °C compared with 25 °C.  The on-resistance of the 
2nd-generation SiC trench-gate MOSFETs shows a 
positive temperature coefficient.  This means that cur-
rent imbalance can be effectively suppressed when 
multiple chips are connected in parallel.  It is difficult 
to increase chip size for the SiC.  Therefore, multiple 
small chips are often connected in parallel in the mod-
ule to secure the required current for the module.  In 
such a case, thermal runaway rarely happens because 
the positive temperature coefficient contributes to 
increased temperature and resistance, and thus sup-
presses current even when current concentrates in a 
specific chip.

Figure 6 shows the blocking voltage characteristic 
between the drain and source when it is OFF.  The 
blocking voltage is 1,600 V at 25 °C and 1,670 V at 
175 °C.  This secures a sufficiently high blocking volt-
age for devices rated at 1,200 V.  Moreover, similar to 
1st-generation SiC trench-gate MOSFETs, blocking 
voltage increases as temperature rises.

3.3  Switching characteristics of the 2nd-generation SiC 
trench-gate MOSFETs
Figure 7 shows the switching test circuit.  Figures 

8 and 9 show switching loss of 1st- and 2nd-generation 
SiC trench-gate MOSFETs at turn-on and turn-off.   
di /dt , dv /dt  change by changing the gate resistance.  
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-50 0 50 100 150 200
Temperature T vj (ºC)

2.5

2.0

1.5

1.0

0.5

0

7.0

6.0

5.0

4.0

3.0

2.0

O
n

-r
es

is
ta

n
ce

 (
a.

u
.)

T
h

re
sh

ol
d 

vo
lt

ag
e 

(V
)

Fig.5    Temperature dependence of on-resistance and threshold 
voltage of 2nd-generation SiC trench-gate MOSFETs
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Fig.6    I D-V DS characteristic during 2nd-generation SiC trench-
gate MOSFET off-state
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trench-gate MOSFETs.  We discovered that the 2nd- 
generation SiC trench-gate MOSFETs display very 
little fluctuation in the threshold voltage of the gate, 
regardless of positive-negative bias.  This enables it to 
have stable characteristics.

One of the challenges facing SiC-MOSFET reli-
ability has been that on-resistance increases when 
current flows to the body diode of the SiC-MOSFET.  
When current flows through the body diode, stacking 
faults expand from the basal plane dislocation existing 
in the SiC substrate.  This impedes the current path-
ways of the device and increases on-resistance.  2nd-
generation SiC trench-gate MOSFETs use proprietary 
technology in the SiC substrate and processes in order 
to prevent increase in on-resistance due to current 
flowing to the body diode.  Figure 12 shows the results 
of investigating the rate of increase in on-resistance 
when the current flowing to the body diode is gradually 
increased.  At each current, T vj = 175 °C was applied 
for 10 minutes.  The results of N = 162 investigations 
showed that on-resistance did not increase even when 
a current twice the value of the rated DC current was 
applied.

4. Postscript

In this paper, we described our 2nd-generation 
SiC trench-gate MOSFETs.  By applying smaller de-
sign rules, thinning the SiC substrate and improv-
ing mobility, we have decreased on-resistance by 23% 
compared with the 1st-generation SiC trench-gate 
MOSFETs.  We confirmed that there was no fluctua-
tion in gate threshold voltage due to gate bias and that 
on-resistance did not increase when applying current 
to the body diode.  In FY 2019, we plan to develop 2nd-
generation SiC trench-gate MOSFETs with ratings of 
650 V and 1,700 V.

The gate drive voltages are V GS = +20 V/-3 V for the 
1st-generation product and V GS = +15 V/-3 V for the 
2nd ones, which are respective recommended ones.  
Switching loss is the same for both turn-on and turn-
off at the same di /dt  and dv /dt .  These characteristics 
show that there is no significant differences.

3.4  Reliability of the 2nd-generation SiC trench-gate 
MOSFETs
We will now describe the reliability of the 2nd- 

generation SiC trench-gate MOSFETs.  Since con-
ventional SiC-MOSFETs have a high interface state 
density with respect to the gate oxide film, a prob-
lem arises in that gate threshold voltage will fluctu-
ate when voltage is applied to the gate.  Figures 10 
and 11 show the results of a high-temperature gate 
positive and negative bias test for 2nd-generation SiC 

Threshold voltage measurement conditions:
T vj = 25ºC, ID = rated current / 1,000 A, VDS = 20 V
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Fig.10    Fluctuation rate of threshold voltage after high-temper-
ature gate positive bias test (Application conditions: T Vj 
= 175 °C, V GS = 20 V)

On-resistance measurement conditions:
T vj = 25ºC, IDS = rated current, VGS = 15 V
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Fig.12    Fluctuation rate of on-resistance after body diode con-
duction test (Application conditions: T Vj = 175 °C, V GS = 
-3 V, Time = 10 min)

Threshold voltage measurement conditions:
T vj = 25ºC, ID = rated current / 1,000 A, VDS = 20 V
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Fig.11   Fluctuation rate of threshold voltage after high-tempera-
ture gate negative bias test (Application conditions: T Vj 
= 175 °C, V GS = -7 V)
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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 perfor-
mance 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 alterna-
tive to Si.  SiC devices possibly can offer a significantly 
lower loss compared to Si devices, and therefore a sig-
nificant 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 Fac-
tory, Japan since 2013.  In addition, new concept 
resin-molded packages realizing high reliability and 
low thermal inductance were developed to take ad-
vantage of the low-loss and high-temperature op-
eration of SiC devices.  A 1,200-V/100-A rated All-SiC  
chopper module with a planer gate metal-oxide- 
semiconductor 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 high-
est PCS conversion efficiency of 98.8%, and a size 
reduction of approximately 60% compared to conven-
tional systems.

The 1,200-V/35-A rated All-SiC 2-in-1 module was 
developed for a totally enclosed type of inverter (IP65 

IWASAKI, Yoshinori *   OKUMURA, Keiji *   KANEKO, Satoshi *   

All-SiC Modules with 2nd-Generation SiC Trench 
Gate MOSFETs

All-SiC modules can achieve significantly lower loss than Si-IGBT modules.  Fuji Electric has been releasing All-
SiC 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 mod-
ules have compatibility with conventional Si-IGBT modules in respect to external dimensions and terminal arrange-
ment.  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.

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 com-
pared 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 struc-
ture 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 be-
cause 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 shrink-
age 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 1st-
generation trench gate SiC MOSFETs.
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3. New Structure Package

MOSFETs can conduct fast switching compared to 
IGBT, because they are unipolar devices in general.  In 
addition, SiC is a semiconductor material that can con-
duct 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 electromag-
netic mutual induction, and it is compatible with con-
ventional 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.

4. Electrical Performance

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 volt-
age V DS of an All-SiC module was reduced to under 
300 A of the module rated drain current I D in com-
parison 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 rat-
ing 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 sys-
tems.

4.2 Switching characteristics
(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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Fig.3    Switching waveforms of All-SiC module comparison  
between T vj = 25 °C and 150 °C
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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 mod-
ule.  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 signifi-
cantly reduced at turn-off and reverse recovery com-
pared 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 charac-
teristics 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 character-
istics 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 struc-
ture package described above.  Thus, the low internal 
inductance of the new structure package could be uti-
lized 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 condi-
tion that the switching speed of the All-SiC module is 
almost the same as that of the Si-IGBT module by se-
lecting an appropriate R G.  As a result, total switching 
loss was reduced by 78%.

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 condi-
tion 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-

Table 1  Turn-off dv /dt  at Tvj = 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

Table 2  Turn-on di /dt  at Tvj = 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

E off = 98.2 mJ

E off = 37.1 mJ
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(c) Reverse recovery waveform

Fig.4    Switching waveforms comparison between 1,700-V/300-A 
rated All-SiC module and Si-IGBT module
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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 signifi cant PWM dissipa-
tion 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 var-
ious 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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1.  Introduction

In recent years, CO2 emission regulations have 
been strengthened mainly in Europe, China, North 
America and Japan in order to mitigate global climate 
change due to increased greenhouse gas emissions.  As 
a result, the market size for electric vehicles, such as 
hybrid vehicles, plug-in hybrid vehicles, and electric 
vehicles, has been rapidly expanding.

Unlike conventional internal combustion engine 
vehicles, the air-conditioning systems mounted in 
electric vehicles use the electric motor to drive the 
compressor.  Although the air-conditioning volume is 
smaller than that of residential air conditioners, the 
heat insulation performance of vehicles is not high.  
Therefore, it is necessary to utilize a compressor that 
operates at several kilowatts.  In order to secure the 
power needed, the system needs to be connected di-
rectly to the same high-voltage battery as the driving 
power supply for the drive motor, while also making 
sure to achieve the required amount of energy savings 
and safety.

From such a background, we have recently devel-
oped an intelligent power module (IPM) for automotive 
air conditioning systems based on 2nd-generation small-
IPM technology(1),(2).  The IPM integrates a 3-phase 
inverter bridge circuit, control circuit and protection 
circuit into a single package to achieve the energy 
savings, safety, high output frequency, high carrier 
frequency drive and low noise required of the electric 
compressors for the air conditioners of electric vehicles.  
In this paper, we will introduce the features of this 
IPM.
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IPM for Automotive Air Conditioning Systems

Fuji Electric has developed an IPM that integrates a 3-phase inverter circuit, a control circuit and a protection 
circuit for the electric compressor in automotive air conditioning systems.  This IPM is based on “X Series” IGBT chip 
and FWD chip technologies and utilizes low-loss and low-noise devices especially suited for automotive use.  By 
applying this 600-V/30-A product to control the electric compressor in automotive air conditioning systems, it sup-
pressed surge voltage during turn-off and reduced total loss by about 2% during operation at a carrier frequency of 
20 kHz.

2.  Product Overview

The electric compressor system is responsible for 
driving a brushless DC motor using the same 3-phase 
inverter circuit as residential air conditioners.  How-
ever, since the compressor and inverter circuits are 
mounted at a location closer to the passengers in the 
vehicle, they need to achieve low noise and vibration.  
Therefore, power devices are being required to support 
a high output frequency and carrier frequency drive.

At the same time, suppression of noise interference 
to automotive devices such as the vehicle control com-
puter and radio also needs to be achieved.

In 2015, Fuji Electric commercialized a 2nd- 
generation small-IPM for residential air conditioners 
and industrial inverters.  The IPM utilizes “X Series” 
insulated gate bipolar transistor (IGBT) chip technol-
ogy(3) to achieve low loss and energy savings.

Figure 1 shows the external appearance of the IPM 
for automotive air conditioning systems developed on 
the basis of these technologies, and Table 1 provides 
the main characteristics.  The product dimensions are 
W43.0 × D26.0 × H4.0 mm.  It utilizes a compact pack-
age to contribute to electric compressor miniaturiza-

Fig.1  IPM for automotive air conditioning systems
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tion.  The product is rated 600 V/30 A and has various 
built-in protection functions.

Figure 2 shows the internal equivalent circuit for 
the recently developed IPM for automotive air condi-
tioning systems, and Fig. 3 shows the cross-sectional 
structure of the package.  The IPM for automotive air 
conditioning systems utilizes an optimized low-loss 
IGBT and low-noise free wheeling diode (FWD) based 
on X Series IGBT chip technology and FWD chip tech-

nology.  A 3-phase inverter bridge circuit consisting of 
these devices has been mounted on an insulated alumi-
num substrate.  A single low-voltage integrated circuit 
(LVIC) is utilized as the control circuit for driving the 
low-side IGBT of the 3-phase inverter bridge circuit, 
and three high-voltage integrated circuits (HVIC) chips 
are utilized as the control circuit for driving the high-
side IGBT.  Each of these chips is mounted on the lead 
frame.

3.  Product Design

3.1  Device design
In order to improve energy savings, this product 

has been designed to dissipate less power and reduce 
the switching noise that causes interference noise.
(1)  IGBT loss and noise reduction

Figure 4 shows the cross-sectional structure of the 
X Series IGBT chip installed on the IPM for automo-
tive air conditioning systems.

X Series IGBT chip technology combines wafer 
thinning and smaller design rules based on the field-
stop structure.

The chip was designed to reduce conduction loss by 
optimizing the specific resistance and thickness of the 
n- drift layer, as well as the placement of the surface 
n+ cell pitch and concentration of the channel p layer 
in order to ensure that it was a device suitable for IPM 
for automotive air conditioning systems.

In addition, it also minimizes increases in turn-off 
loss and reduces -dIc/dt by optimizing the back sur-
face structure of the IGBT to support high carrier fre-
quency driving and suppress surge voltage at turn-off.
(2)  Reduction of forward voltage VF at FWD turn-on

The surge voltage at turn-off consists of the su-
perimposing of not only the voltage generated by the 
IGBT -dIc/dt, but also the forward voltage VF of the 
diode transiently generated at FWD turn-on.

VF of the FWDs of this IPM at turn-on is reduced 
by approximately 67% by optimizing the diode struc-
ture compared with that of the standard X Series 
FWDs, while maintaining the blocking voltage of 
600V, as shown in Fig. 5.

Table 1  Main characteristics

Item Characteristic values

VCE 600 V

IC 30 A

VCE(sat) 1.27 V (typ)

VF 2.00 V (typ)

Tvj 150ºC

Viso 2.5 kV(rms) AC*

Protection  
function

Over current protection, Under voltage  
protection, Temperature sensor output  
function, Fault signal output function

*   When the creeping distance and clearance between the lead pin and heat sink 
is 2.5 mm or more

HVIC
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IGBT × 6

FWD × 6
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Fig.2  Internal equivalent circuit

IGBT FWD
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resin

HVIC, LVIC Aluminum wire
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Fig.3  Package cross-sectional structure
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n− drift layer

n+

Emitter
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Fig.4  “X-Series” IGBT chip cross-sectional structure
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(3)  Effect of lower loss and noise
Figure 6 shows the switching waveform at turn-off 

when -dIc/dt at IGBT turn-off and VF at FWD turn-
on are reduced.  As shown in Fig. 7, the turn-off loss 
is suppressed to an almost similar level and surge 
voltage is reduced by approximately 53%.  As shown 
in Fig. 8, total loss is the same or lower than previous 
levels.

3.2  Control circuit design
The input pins of the IPM for automotive air con-

ditioning systems can receive 3.3-V and 5-V input 
signals, because they receive signals from a microcom-
puter called an electronic control unit (ECU) that con-
trols the inverter circuit of the electric compressor for 
the automotive air conditioning system.

The high-side drive circuit consists of HVICs.  
Since this eliminates the need for an external power 
supply for the drive circuit, the 3-phase inverter circuit 
can be configured with only a small number of external 
components.

Protection functions built into the IPM for automo-
tive air conditioning systems include overcurrent pro-
tection, under voltage protection, temperature sensor 
output function and fault signal output function.

With regard to temperature sensor output func-
tion, the LVIC’s built-in temperature sensor can mea-
sure temperatures ranging from approximately 0 °C 
to 150 °C with high accuracy.  Information on the case 
temperature of the IPM is output for control, it can be 
used for safety design.

3.3  Package design
(1)  Reliability design for automotive applications

Since automotive electric air conditioning systems 
use the same high voltage batteries as a power supply 
that drive motors use, they are required to have the 
same high reliability as the drive inverter.

The package of the IPM for automotive air condi-
tioning systems uses the same insulated aluminum 
substrate as our previously developed DC-DC converter 
module for automotive applications, thereby ensuring 
the isolation voltage and a low thermal resistance.

Table 2 shows the reliability test results of the 
main items.  By optimizing the package design, it has 
achieved compliance with AEC-Q101 or its equivalent, 
the reliability standard for automotive electronic com-
ponents.
(2)  Support for automatic mounting

VDC = 300 V, VCC = 15 V, L  = 100 µH
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tive air conditioning systems.
This product is capable of improving energy sav-

ings in the inverter circuits of electric compressors by 
utilizing optimized design principles for automotive 
applications based on “X Series” IGBT and FWD chip 
technology.  Furthermore, the quality demanded of au-
tomotive applications is ensured through the use of an 
optimally designed package.

In the future, we plan to continue developing prod-
ucts that help improve the energy saving performance 
of electrical equipment systems and reduce noise and 
ensure quality for automotive components as products 
suitable for not only automotive air conditioning sys-
tems, but also for the electrical equipment drive mod-
ules of electric vehicles (xEV).

References
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ELECTRIC REVIEW. 2015, vol.61, no.4, p.242-246.
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In order to support the automatic mounting of 
the IPM for automotive air conditioning systems, we 
changed the screw fastened component in the resin 
part of the case from an oblong hole shape to a notched 
structure (see Fig. 1).  When making this change, the 
case and notched structure needed to be designed so as 
to ensure sufficient strength.

4.  Application Effects of the Product

Figure 8 shows the results of testing the effect of 
using a 600-V/30-A product for controlling the electric 
compressor of an automotive air conditioning system.  
Surge voltage at turn-off was suppressed and total loss 
was reduced by approximately 2% compared with the 
standard X Series IGBT and FWD when driving at a 
carrier frequency of 20 kHz.

5.  Postscript

In this paper, we introduced our IPM for automo-

Table 2  Reliability test results (main items)

Test item Test conditions Guaranteed 
value Result

Tempera-
ture cycle

Low temperature side = 
-40 °C

High temperature side = 
+125 °C

30 minutes at each tem-
perature

(Reference standard: 
JESD 22 A-104)

1,000 
cycles 77/77 OK
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1. Introduction

Reducing CO2 emissions and conserving energy 
to mitigate global warming are becoming increasingly 
important around the world as initiatives to achieve 
the United Nation’s Sustainable Development Goals 
(SDGs).  The spread of electric vehicles (xEVs), such 
as hybrid electric vehicles (HEVs) and electric vehicles 
(EVs), which run on electric motors is accelerating.  
Inverter units used to control these motors must be 
mounted in a location with limited space, and they 
need to be compact, have a high degree of mounting 
flexibility and be lightweight and highly efficient in 
order to facilitate low fuel and power consumption.  
We have been developing compact, high-output power 
modules to meet these needs.

2.   Development History of Fuji Electric’s Direct 
Liquid Cooling Modules for automotive appli-
cations

Figure 1 shows the 3rd- and 4th-generation alumi-
num direct liquid cooling modules for automotive ap-
plications, and Fig. 2 shows the power density trend 
in direct liquid cooling modules for automotive appli-
cations.  Fuji Electric has developed an aluminum di-
rect liquid cooling module for automotive applications, 
equipped with a lightweight, corrosion-resistant alu-
minum cooling unit.  Power density has improved at 
least 20% with each generation starting with the 1st- 
generation in 2012, 2nd-generation in 2015 and 3rd-
generation in 2017.(1)  To achieve this, we have been 
developing semiconductor chips, such as a reverse- 
conducting insulated gate bipolar transistor (RC-IGBT)(4) 
that integrate an IGBT and free wheeling diode 
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4th-Generation Aluminum Direct Liquid Cooling 
Package Technology for xEV

In recent years, the automotive industry has accelerated the development and spread of hybrid electric vehicles 
(HEVs) and electric vehicles (EVs).  As a result, power modules need to be more compact and lightweight while 
achieving lower loss and higher output in order to improve fuel efficiency.  Fuji Electric has developed a design tech-
nology for heat-dissipating cooling units, as well as a technology for replacing the aluminum wires in the main circuits 
of semiconductor devices with lead frames.  4th-generation direct liquid cooling modules for automotive applications 
use the lead frame wiring technology, as well as the enhanced design technology for heat-dissipating cooling units.  
They also reduce the footprint and height, thus improving power density per volume by 36% compared with 3rd- 
generation direct liquid cooling modules.

(FWD).  We have also developed various technologies, 
such as high heat-dissipating cooling design technol-
ogy(1)-(3), high reliability solder technology(1), ultrasonic 

(b) 3rd-generation(a) 4th-generation

Fig.1   Aluminum direct liquid cooling modules for automotive 
applications

* Output power density ratio:  Power density ratio for each generation 
when the 1st-generation aluminum direct liquid cooling module is set 
to 1 as the reference point.
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bonding technology(2),(3) and 175 °C continuous opera-
tion guarantee technology(2),(3).

In order to achieve a higher power density and 
output, the 4th-generation not only improved the high 
heat-dissipating cooling unit design technology, but 
also changed the chip’s main circuit wiring from alu-
minum wires to a lead frame.  As a result of these en-
hancements, the power density of the 4th-generation 
module is 36% higher than that of the 3rd-generation.

3. Challenges Surrounding Direct Liquid Cooling 
Package Technology

High power density requires both high output and 
compactness.  In order to achieve both, it is neces-
sary to reduce the size of components, starting with 
the chip, and achieve high-density mounting.  Figure 3 
shows the analysis results of the effect of the chip size 
on the chip junction temperature T vj when using a 
direct liquid cooling module under constant current 
conditions.  As the chip area decreases, the chip tem-
perature rises.  When the chip area is reduced by 25%, 
T vj increases by 8 °C.  In order to reduce the size of the 
chip, either of the following is required.

(a)  Improve heat dissipation performance and re-
duce chip temperature.

(b)  Raise the guaranteed operating temperature by 
improving the heat resistance (improve reliabil-
ity).

Therefore, we have developed an aluminum direct 
liquid cooling package as a cooling technology that im-
proves heat dissipation performance.

4. Development of an Aluminum Direct Liquid 
Cooling Package

The heat dissipation performance of the power 
module depends on the thermal conductive perfor-
mance, which expresses the performance of heat gener-
ated by the chip to the cooling fins (thermal conductiv-
ity/heat transfer distance), and the heat transmissi-
bility, which expresses the heat transfer performance 
between the cooling fins and refrigerant (heat transfer 

coefficient × surface area/module heat transfer area).  
In other words, to improve cooling performance, it is 
important to increase heat dissipation, focusing on the 
heat conductivity of the cooling unit itself and the heat 
transfer performance of the refrigerant.

4.1  Low thermal resistance
By changing the material of the cooling unit from 

copper to aluminum, the mass was reduced to approxi-
mately one-third.  In regard to the thermal conductive 
performance of the cooling unit, the thermal conduc-
tivity of aluminum (170 to 210 W/mK) is lower than 
copper (393 W/mK).  Therefore, it is essential to thin 
the base that joins the device to the cooling unit to im-
prove the performance of the aluminum cooling unit.  
Thermo-fluid analysis was performed to analyze this 
effect.  Figure 4 shows the analysis model of direct liq-
uid cooling when the insulating substrate and simple 
cooling unit are joined together with solder.  The cool-
ing fins were 1 mm thick, spaced 1 mm apart, and 10 
mm high.  The refrigerant was set to flow evenly to the 
refrigerant inlet and the flow velocity at the central 
part of the cooling fin cross section was adopted as the 
representative flow velocity.

Figure 5 shows the results of the analysis.  Ther-
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mal resistance R th is an indicator of the heat dissipa-
tion performance of the power module.  It is the value 
obtained by dividing the temperature difference gener-
ated between T vj and the location of comparison by the 
power dissipation.  As the base becomes thinner, the 
thermal resistance R th(j-w) between T vj and the refrig-
erant temperature T w at the representative flow veloc-
ity extraction point decreases and the heat dissipation 
performance increases.  When thinning from 5 mm to 
0.5 mm, it is expected that Rth(j-w) can be improved by 7%.

4.2  Improvement in heat transfer coefficient
As a second parameter that influences the perfor-

mance of the cooling unit, we will consider heat trans-
fer coefficient that expresses the heat exchange perfor-
mance between the cooling fins and the refrigerant.  As 
the refrigerant circulates in the cooling unit, the heat 
generated by the power module is dissipated from the 
radiator to the outside through the refrigerant.  At 
such a time, the heat exchange performance between 
the cooling unit and the refrigerant determines the 
heat dissipation capacity.

In particular, heat dissipation capacity (heat trans-
fer) is determined by the refrigerant flow rate and the 
shape of the cooling fins.

The effect of the refrigerant flow rate on heat 
transfer coefficient can be determined from Equations 
(1) and (2).(5)  The heat transfer coefficient h  is ex-
pressed by Equation 1 using the surface area A of the 
surface in contact with the refrigerant and the thermal 
resistance value R th.

h = 1
RthA

 ............................................................... (1)

 h   : Heat transfer coefficient
 R th : Thermal resistance
 A  :   Surface area of the surface in contact 

with the refrigerant

Furthermore, heat transfer coefficient can be ex-
pressed by Equation (2) using the characteristics of the 
refrigerant, length L of the surface in contact with the 
refrigerant, the Nusselt number N u and the thermal 
conductivity λ  of the structural components.

h = λ
L

Nu  ............................................................... (2)

 L  :   Length of the surface in contact with the 
refrigerant

 N u : Nusselt number
 λ  : Thermal conductivity

The Nusselt number can be calculated by Equation 
(3) from the Reynolds number R e and Prandtl number 
P r using the shape parameters.  At such a time, the 
Reynolds number is expressed by Equation (4) using 
the refrigerant density ρ , speed ν  and viscosity η .  The 
Prandtl number is expressed by Equation (5) using the 

specific heat C p and the thermal conductivity λ  of the 
refrigerant.

 = 0.664 1/2 1/3Nu Re Pr ................................................ (3)

 R e : Reynolds number
 P r : Prandtl number

= ρ ν L
ηRe  .............................................................. (4)

 ρ  : Density of refrigerant
 ν  : Speed
 η  : Viscosity

=
η

λPr
Cp  .............................................................. (5)

 C p : Specific heat

By combining these equations, the relationship 
between the thermal conductivity h  and flow velocity 
ν  can be obtained as shown in Equation (6).  It can be 
seen that the thermal conductivity is proportional to 
the square root of the flow velocity.

1
6 1

2h = 0.664 η L3

ρ 2Cp ν
3 4λ  .................................... (6)

Figure 6 shows the results of estimating the heat 
transfer coefficient for the velocity using this equation.  
This graph shows that the faster the refrigerant flow 
velocity is, the greater the thermal conductivity will 
be.  With respect to the heat exchange from the cooling 
fins to the refrigerant, the faster the refrigerant flow 
velocity on the surface of the cooling fins is, the more 
effective the improvement in heat dissipation perfor-
mance will be.

4.3  Refrigerant flow between cooling fins
The flow of the refrigerant flowing inside the cool-

ing unit changes depending on the friction, surface 
shape and viscosity of the refrigerant when it flows.  
As cooling performance improves inside limited spaces, 
cooling fins inevitably become more complex.  Figure 7 
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4.4  4th-generation direct liquid cooling package
We designed the 4th-generation aluminum direct 

water cooling package on the basis of the results de-
scribed from sections 4.1 to 4.3.  In particular, we op-
timized the base thickness on the basis of the cooling 
structure that integrates a heat sink and jacket, which 
had been used since the 2nd-generation.  Furthermore, 
the 3rd-generation had a two-dimensional cooling fin 
shape, but the 4th-generation has a three-dimensional 
one.  By forcibly refracting the refrigerant flow in three 
dimensions and generating a flow toward the cooling 
fin surface, we have improved the refrigerant flow rate 
on the surface of the cooling fins to reduce the thick-
ness of the boundary layer.

Figure 9 shows the thermal resistance of each 
structure.  In the new structure, the thermal resis-
tance is reduced by 15% compared to conventional 
structures by improving the thermal conductive perfor-
mance of the base and heat transfer performance of the 
cooling fins.

Furthermore, the cooling unit in the direct liquid 
cooling package needs to secure not only heat dissipa-
tion performance but also airtightness when mounting 
the inverter.  The cooling unit has a high coefficient 
of thermal expansion (23 ppm) relative to other struc-
tural parts, making it necessary to devise a method 
for suppressing deformation.  The direct liquid cooling 
structure used in the 2nd- and 3rd-generations is ca-

shows the refrigerant flowing inside the closed space.  
If we assume that the flow velocity of the refrigerant 
inside the parallel flat plate between the cooling fins 
is uniform upstream, then the flow velocity distribu-
tion will be faster in the central part and slower on the 
surface of the flat plate as it moves downstream.  This 
is due to the friction of the surface of the flat plate and 
the viscosity of the refrigerant and because of the de-
velopment of the velocity boundary layer(6),.

When comparing the flow velocity on the surface of 
the cooling fins with that of the central part of the flow 
path, the flow velocity on the surface of the cooling fins 
significantly reduces as the flow moves from upstream 
to downstream, while the difference of the flow velocity 
at the central part increases.  Since the heat dissipa-
tion performance depends on the flow velocity on the 
surface of the refrigerant’s cooling fins, heat dissipa-
tion performance can decrease downstream where dif-
ferences in the flow velocity distribution increase.

When considering heat exchange performance, it is 
important to determine how much the flow velocity on 
the surface of the cooling fins can be maintained, while 
also suppressing the development of the boundary 
layer in order to improve cooling performance.

Fuji Electric has developed straight and wave-
shaped fin shapes as shown in Fig. 8 to achieve optimal 
cooling fin shapes in consideration of the above men-
tioned matters.  As a result, we have improved heat 
dissipation performance of each generation by approxi-
mately 10%.

Temperature
boundary layer

Velocity boundary layer

Cooling fin

Cooling fin

Temperature distribution

Velocity distribution

Main
stream

Inlet Outlet

Fig.7   Relationship between flow path length and velocity 
boundary layer

(a) Straight fin (b) Wave-shaped fin

Fig.8    Cooling fin shape for aluminum direct liquid cooling 
structure
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5.2  High-density mounting with lead frame wiring
Figure 13 shows the internal layout of aluminum 

wiring and lead frame wiring.  In lead frame wiring 
structures, copper terminals and insulating substrate 
copper circuits are joined by solder in the same way as 
the bonding between the chip and the copper circuit.  
This simplifies manufacturing and ensures robust 
bonding.

By solder bonding the highly conductive copper 
terminals, the lead frame wiring structure has reduced 
the footprint area by 15% compared with aluminum 
wire bonded wiring structures.  This can reduce the 
module size and increase the power density.

In addition to improving the heat dissipation per-
formance of direct liquid cooling packages, the adop-
tion of lead frame wiring technology has enabled 4th-
generation aluminum direct liquid cooling modules to 
achieve a reduced footprint and lower profile than 3rd-
generation modules.  This has increased power density 
by 36% per unit volume.

6. Postscript

In this paper, we discussed our 4th-generation 
aluminum direct liquid cooling package technology for 
xEV.

We will continue to pursue technological develop-
ment based on these technologies to provide products 
with high customer satisfaction and contribute in ef-
forts to reduce CO2 emissions and achieve energy con-
servation as measures for mitigating global warming.
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pable of limiting and reducing the area that ensures air-
tightness by integrating a water jacket for forming the 
flow path.  This has simplified the airtightness design.(3)

By treating the cooling fins as a stress relief layer, 
this integrated structure can suppress thermal defor-
mation even when thinning the base plate, thereby en-
suring heat dissipation performance and airtightness 
(see Fig. 10).

5. Lead Frame Wiring Structure

Aluminum direct liquid cooling packages up to the 
3rd-generation have used aluminum wires for the in-
ternal chip’s main circuit wiring.  When using alumi-
num wires, it is necessary to ensure the bonding area 
needed to route the optimal number of wires corre-
sponding to the current capacity.  In order to increase 
the density (make it more compact and lightweight), 
the 4th-generation module uses lead frame wiring for 
the internal main circuit wiring.

5.1  Thermal diffusion effect
Lead frame wiring has a broad bonding area with 

the chip and uses highly-conductive copper material.  
The reduction in chip temperature due to the heat-
diffusion effect from the lead frame bonding surface 
enables the lead frame wiring structure to secure a 
uniform chip temperature, as shown in Fig. 11. As a re-
sult, the maximum chip temperature has been reduced 
by approximately 16 °C compared with the aluminum 
wiring structure (see Fig. 12).(7)
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Fig.12    Chip temperature distribution for aluminum wiring  
structure

Temperature
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Low

Fig.11   Chip temperature distribution for lead frame wiring 
structure
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(a) Lead frame wiring

P N
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Fig.13  Internal layout
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1.  Introduction

The market for electric vehicles (xEVs), such as 
hybrid vehicles and plug-in hybrid electric vehicles, is 
rapidly expanding worldwide with the strengthening of 
zero emission vehicle (ZEV) regulations in the United 
States and CO2 emission regulations in Japan, Europe 
and China.  Fuji Electric has developed a DC-DC con-
verter module for xEVs, which we will introduce in this 
paper.

2.  xEV Power Conversion Equipment

xEVs utilize numerous types of power conver-
sion equipment, such as boost converters that supply 
power to inverters by boosting high-voltage batteries, 
inverters that convert DC to AC to drive motors, and 
DC-DC converters that step down high voltages to sup-
ply power needed for devices, including a low-voltage 
vehicle-mounted electronic control unit (ECU), electric 
power steering, lamps, wipers, and car navigation sys-
tems (see Fig. 1).

Fuji Electric has been mass producing power semi-
conductors used in boost converters and traction motor 
drive inverters for xEVs.

In addition, we have also been mass producing 
products such as discreet metal-oxide-semiconductor 
field-effect transistors (MOSFETs) and diodes for the 
conversion circuit of DC-DC converters and electric 
power steering devices.

In recent years, electrical components have become 
increasingly used to improve vehicle safety, conve-
nience and comfort.  At the same time, it has become 
necessary to miniaturize power conversion circuits in 
order to secure the crushable zones*1 and indoor cabin 

KUSAKARI, Nobuharu *   KITAMURA, Shoji *   KATSUKI, Takashi *   

DC-DC Converter Module for xEV

The market for electric vehicles (xEVs), such as hybrid vehicles, is rapidly expanding worldwide in response to 
the zero emission vehicle (ZEV) regulations in the United States and the strengthening of CO2 emission regulations 
in Japan, Europe and China.  Fuji Electric has developed a DC-DC converter module for xEVs by applying the tech-
nology developed in small capacity modules for industrial applications.  This newly developed product is designed for 
a full-bridge circuit and uses power MOSFETs with a super-junction structure on the primary side and SBDs on the 
secondary side.  They are used for automotive applications with high reliability while reducing the footprint of a DC-
DC converter system by 40%.

space.  Furthermore, since these power conversion cir-
cuits are directly connected to high-voltage batteries, 
high insulation performance is also needed to ensure 
safety.

Fuji Electric has developed a DC-DC converter 
module for xEVs by applying the technology it has 
developed in small-capacity modules for industrial ap-
plications (see Fig. 2).  For conventional DC-DC con-
verters, multiple discrete products are used, and  high 
voltage part is covered with insulating sheet for insula-
tion from the car body and to ensure safety during in-
spection.  Our newly developed DC-DC converter mod-
ule densely mounts multiple semiconductor devices in 
a plastic molded package with ensuring insulation of 

Drive

AC input

DC input

Electrical outlet

Regeneration

Drive motor/
generatorInverterBoost

converter

High-voltage
auxiliary equipment

(Air conditioner compressors, etc.)

12-V loads
(ECU, etc.)

Low-voltage
(12 V)

battery
DC-DC

converter

High-
voltage
battery
(100 to
400 V)

In-
vehicle

charger*

Utility
charger

* HEVs are not equipped with in-vehicle chargers.

Fig.1  xEV block diagram

*1:   Crushable zone:  This is a part of a vehicle that has a 
slightly more flexible structure than the passenger cabin, 
such as the front hood, which crushes in the event of a 
collision and absorbs the shock.



236 FUJI ELECTRIC REVIEW vol.65 no.4 2019

high-voltage components, thereby achieving significant 
miniaturization while improving safety.

3.  Product Overview

A DC-DC converter is a device that either steps up 
or steps down or performs both operations for DC with 
different voltages.  Depending on the output power, 
there are different types of circuit configurations, such as 
forward and bridge types.  Our newly developed DC-DC  
converter module makes use of a circuit configuration 
designed for full-bridge types that can accommodate 
relatively large capacities of several kW (see Fig. 3).  
Full-bridge types need to use a transformer to electri-
cally insulate the primary side with the high voltage 
battery from the secondary side.  Therefore, the pri-
mary and secondary side modules are in separate mod-

ules.
The primary side module utilizes a full-bridge 

circuit configuration employing super-junction power 
MOSFET (SJ-MOSFET) chips, while also integrating 
snubber capacitors to suppress noise on the input ter-
minal side.

The secondary side module utilizes a cathode com-
mon circuit configuration employing Schottky barrier 
diode (SBD) chips.  The product has the following fea-
tures:

(a)  The thickness of these products is as thin as dis-
crete products with lead terminals arranged on 
the left and right sides of the package.
™  Primary side module: W42.0 × D33.0 × H4.7 mm
™  Secondary side module: W54.0 × D35.4 × 

H4.7 mm
(b)  Tin plated lead terminal can be soldered directly 

to a printed circuit board.
(c)  Assembly processes is simplified through the 

use of a metal insulating substrate that elimi-
nates the need for additional components like 
insulating sheets that were previously required 

(a) Primary side module (b) Secondary side module

Fig.2  DC-DC converter modules

High-
voltage
battery
(100 to
400 V)

Low-
voltage
battery
(12 V)

Primary side module

Secondary side module

Fig.3  Equivalent circuit diagram of the DC-DC converter module

Table 1  Line-up and main features of the DC-DC converter modules

Item Primary side module Secondary side module

Dimensions (mm) W42.0 × D33.0 × H4.7 W54.0 × D35.4 × H4.7

Mounted chip SJ-MOSFET SBD

BV DSS (V) 600 —

V RM (V) — 120

I D (A) 15 23 —

I F (A) — 120 150

R DS(on) (mΩ) 125 max. 70 max. —

I R (at µA, V R = 14 V) — 15 30

V F (at V, I F = rating) — 0.96 max. 0.91 max.

V iso (V) 3.0 k 1.7 k

Lead frame

Terminal 
case

Metal insulating 
substrate

Terminal 
case

Aluminum substrate

Aluminum substrate

Lead frame

SJ-MOSFET

Insulating layer
Copper foil

Copper foil
Insulating layer

Solder

Capacitor

SolderSBD

Aluminum wire

Aluminum wire

Molded plastic

(a) Primary side module

(b) Secondary side module

Molded plastic

Metal insulating 
substrate

Fig.4  Cross-sectional structure of the DC-DC converter module
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when mounting discrete products.
Table 1 shows the line-up and main characteristics.  

Two types of primary and secondary side modules are 
available to accommodate differences in rated current 
corresponding to the output capacity of DC-DC con-
verters.

Figure 4 shows the cross-sectional structure of the 
DC-DC converter module.  The primary side module is 
equipped with SJ-MOSFET chips on the metal insulat-
ing substrate and noise-reducing snubber capacitors. 
The secondary side module utilizes SBDs.

4.  Supporting Technologies

4.1  Metal insulating substrate technology
In the DC-DC converter module, thermal resis-

tance reduced by about 10% compared with previous 
products by optimizing the filler in the insulation layer 
of the substrate so as to ensure the high heat dissipa-
tion and insulation reliability needed for achieving the 
miniaturization required in automotive applications.

Furthermore, high insulation reliability is secured 
by using polymer-based resin insulation materials as 
the base material for the insulation layer since they 
have better insulation properties than general epoxy-
based organic insulation materials (see Fig. 5).

Moreover, we use aluminum for the heat sink by 
using metal insulating substrate technology utilized in 
industrial modules.  The optimization of the thickness 
of the aluminum plate suppresses heat sink warpage 
and achieves target heat dissipation performance.

4.2  Primary side module technology
The SJ-MOSFET mounted on the full-bridge cir-

cuit of the primary side module has improved break-
down voltage characteristics by optimizing the impu-
rity concentration of the super-junction structure.  By 
reducing the on-resistance R on·A per unit area, the 
module achieved 600 V/70 mΩ with a chip size that 
can be mounted in the limited space of the primary 
side module.

Furthermore, by integrating a snubber capacitor, 
which is normally mounted on a printed circuit board, 

the module greatly reduces the radiation loop area be-
tween the switching device and the snubber capacitor, 
while also facilitating snubber capacitor cooling.  This 
has had the effect of reducing emission noise and im-
proving reliability.

4.3  Secondary side module technology
The secondary side module is equipped with SBDs 

that realize low reverse current I R and low forward 
voltage V F by optimizing barrier metal materials.  This 
improves the loss during operation and suppresses the 
natural discharge of the low-voltage battery while not 
working.

In the secondary module using conventional SBDs, 
local electric field concentration in the breakdown volt-
age structure occurred and could be destroyed due to 
surge voltage during switching.  Therefore, it has been 
necessary to lay out a surge clamp circuit that absorbs 
surge voltage in parallel with a SBD (see Table 2).

Our recently developed module optimizes the 
breakdown voltage structure in order to mitigate elec-
tric field concentrations due to surge voltage applied 
during switching (see Fig. 6).

As a result, allowable peak current value for the 
recovery avalanche capability (as an alternative char-
acteristic of surge voltage capability during switch-
ing) is increased to approximately 3 times its previous 

10% reduction

Developed product

Conventional product

200%

Thermal resistance (ºC/W)

In
su

la
ti

on
 b

re
ak

do
w

n
 v

ol
ta

ge
 (

kV
)

(General epoxy-based organic material)

(Polymer-based resin material)

Fig.5  Comparison of insulating layers

Channel stopper

Front electrode

Active part Edge part

Epitaxial
layer

Si substrate

Polyimide
(Protective film) Guard ring 

diffusion layer

Back electrode Oxide film

Fig.6  SBD cross-sectional image

Surge clamp circuit

IN1

SBD 
breakdown 
voltage

Surge absorption 
with surge clamp 
circuit

I F
VR

SBD1

0

SBD 
breakdown 
voltage

Surge absorption 
with SBD

I F
VR

0

IN1

SBD1

Table 2    Circuit configuration and waveform image of secondary 
side module

Item Developed product Conventional product

Circuit 
configu-
ration

Wave-
form
image
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sures the reliability of the DC-DC converter module 
when used for automotive applications and reduces the 
footprint of the DC-DC converter system by 40% (see 
Fig. 8).

6.  Postscript

In this paper, we introduced our DC-DC converter 
module for xEVs.

In the future, we will continue to pursue technolog-
ical innovation and contribute to energy conservation 
and size reductions for the entire system.
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value (see Fig. 7), thereby eliminating the need for the 
surge clamp circuit.

5.  Application Effects

The use of the above mentioned technologies en-

40% size reduction
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Fig.8  Footprint ratio of a DC-DC converter system
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1.  Introduction

Recently, renewable energy such as photovoltaic 
and wind power generation have been gaining popular-
ity since they do not create greenhouse gases, such as 
CO2, and have the ability to be produced domestically.  
In addition, decentralization of energy has been pro-
gressing and demand for power conversion equipment 
has been increasing.  As a result, there has been in-
creased demand for higher effi ciency in power conver-
sion equipment such as power conditioning systems 
(PCSs), which convert DC generated by photovoltaic 
power generation into AC.

Advancements in information and communication 
systems have led to the spread of cloud technologies to 
utilize the Internet of Things (IoT), big data, and ar-
tifi cial intelligence (AI), and have increased the use of 
data throughout the world.  For data handling servers 
and data centers, it is also very important to increase 
the effi ciency of uninterruptible power systems (UPSs), 
which are used to supply high-quality power.

In order to improve the effi ciency of PCSs and 
UPSs, it is extremely important for semiconductor 
switching devices in such equipment to reduce loss.

Fuji Electric has been mass producing the “XS 
Series” 650-V discrete insulated gate bipolar transis-
tors (IGBTs) that improve the trade-off characteristics 
between the on-voltage and the switching loss and
contribute to increasing the effi ciency of UPSs and 
PCSs(1).  In this paper, we will describe the features 
and application effects of our newly developed 1,200-V 
XS Series IGBTs.

HARA, Yukihito *   KATO, Yoshiharu *   TAMURA, Takahiro *   

“XS Series” 1,200-V Discrete IGBTs

Fuji Electric has developed and released a discrete IGBT for photovoltaic power generation PCSs and UPSs 
with a switching frequency of about 20 kHz.  This device has enhanced trade-off characteristics of conductive loss 
and switching loss.  It comes with ratings of 1,200 V/40 A, 75 A.  Compared with conventional products, it reduces 
the turn-off switching loss by about 6% and collector-emitter saturation voltage by 0.55 V and improves the trade-off 
characteristics by 20% or more.  The temperature of the discrete IGBT case in the simulated circuit of a T-type three-
level inverter was 2.4 °C to 3.4 °C lower than conventional products.

2. Overview of the “XS Series”

Figure 1 shows the main applications of discrete 
IGBTs.  The newly developed 1,200-V XS Series has 
been designed for PCSs and UPSs that are operated 
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Fig.1  Main applications of discrete IGBTs

Fig.2  “XS Series” (TO-247 package)
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at a switching frequency of around 20 kHz.  The XS  
Series utilizes an IGBT and free wheeling diode (FWD) 
chip mounted on the industry-standard discrete pack-
age TO-247.  Figure 2 shows the external appearance of 
the XS Series, and Table 1 shows the main maximum 
ratings and electrical characteristics.  The line-up in-
cludes models with high current rating of 40 A and 
75 A, intended for use in UPSs and PCSs rated at sev-
eral kVA to several tens of kVA.

3.  Challenges Surrounding Discrete IGBTs

PCSs and UPSs rated at several kVA or higher 
generally use a 3-level inverter to improve the power 
conversion efficiency of the inverter component.  Figure 
3 shows the circuit diagram of the T-type circuit of a 
3-level inverter.

PCSs and UPSs often operate the IGBT switching 
frequency at around 20 kHz.  Figure 4 shows the de-
tails of IGBT loss in the main switch (T1 and T2) of a 
T-type that uses 1,200-V rated products.  IGBT power 
loss in T-types is characterized by conduction loss P sat 
of approximately 40% and switching loss of approxi-
mately 60%, consisting of on-state switching loss P on 
and off-state switching lossP off.  It is important to re-
duce both conduction and switching losses.  In contrast 
to this, FWD power loss is only approximately 3% of 
the total loss of the IGBT + FWD device.  However, 
reducing switching loss P rr is also necessary because 
P rr at reverse recovery occupies approximately 90% of 

FWD power loss.

4.  Features of the 1,200-V “XS Series”

On the basis of 7th-generation “X Series” IGBT 
and FWD chip technology, the 1,200-V XS Series has 
been designed especially for discrete products used at a 
drive frequency of approximately 20 kHz.

4.1  IGBT chip
Figure 5 shows the cross-sectional structure of the 

IGBT chip.  The conventional “high-speed W Series” 
products are based on the 6th-generation “V Series” 

Table 1  “XS Series” main maximum ratings and electrical characteristics

Type Built-in
FWD Package

Maximum ratings Electrical characteristics

IGBT FWD IGBT FWD

V CES
I C

T vj =  100 ºC I CP
I F

T vj =  100 ºC

V CE(sat)
T vj =  25 ºC

(typ.)

V CE(sat)
T vj =  125 ºC

(typ.)

V F
T vj =  25 ºC

(typ.)

V F
T vj =  125 ºC

(typ.)

(V) (A) (A) (A) (V) (V) (V) (V)

FGW40XS120C Yes TO-247 1,200 40 160 40 1.60 1.85 2.90 2.95 

FGW75XS120C Yes TO-247 1,200 75 300 75 1.60 1.85 2.90 2.95 

FGW40XS120 No TO-247 1,200 40 160 - 1.60 1.85 - -

FGW75XS120 No TO-247 1,200 75 300 - 1.60 1.85 - -

T1

T2

T4 T3

Fig.3  Circuit diagram of the T-type circuit of a 3-level inverter
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Fig.4  Device loss analysis result (f C = 20 kHz)

(a) “XS Series” (b) “High-Speed W Series” 
     (Conventional product)
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Fig.5  IGBT chip cross-sectional structural diagram
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IGBTs designed for module products and are distin-
guished by their high-speed switching characteristics.  
We achieved this characteristics by significantly reduc-
ing parasitic capacitance through optimization of the 
surface structure and field stop (FS) layer and thinning 
of the Si substrate and collector layer for suppressing 
hole injection(2).  In contrast to this, the XS Series is 
based on 7th-generation X Series IGBTs and has been 
designed as a discrete IGBT for UPSs and PCSs.  We 
have designed them to have the better trade-off char-
acteristics between the collector-emitter saturation 
voltage V CE(sat) and the turn-off switching loss E off 
than the 6th-generation products by optimizing surface 
structure and thinning the FS layer, Si substrate, and 
collector optimal layer that suppresses hole injection.  
As a result, as shown in Fig. 6, E off is reduced by ap-
proximately 6% compared with conventional products, 
while V CE(sat) is reduced by 0.55 V and trade-off char-
acteristics improved by at least 20%.

4.2  FWD chip
Figure 7 shows the cross-sectional structure of the 

FWD chip.  The FWD is based on 7th-generation X 
Series FWD technology, which features the most ad-
vanced the trade-off characteristics between the for-
ward voltage V F and reverse recovery switching loss 

E rr.  It is distinguished by its thinned Si substrate and 
optimized lifetime control.  Figure 8 shows the trade-
off characteristics between the V F and E rr.  Compared 
with the high-speed W Series, E rr has been improved 
by about 60% and switching loss decreased in order to 
optimize the product for PCSs and UPSs.

4.3  Package
The XS Series uses the industry-standard TO-

247 package.  Lead-free solder has been used for the 
die solder connecting the chip and lead frame.  It also 
complies with the revised RoHS (RoHS2) Directive*1 
(2011/65 /  EU) whereby the number of regulated sub-
stances has been expanded from 6 to 10.

5.  Application Effects of the “XS Series”

5.1  Device loss simulation results
Figure 9 shows the power dissipation simulation 

results for 3-level inverter T-type discrete IGBTs.  We 
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(Conventional product)
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IC = 40 A, T vj = 125ºC

1.6 1.8 2.0 2.2 2.4 2.6
VCE(sat) (V)

2.0

1.8

1.6

1.4

1.2

E
of

f
(m

J)

Fig.6  Trade-off characteristics (IGBT)
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Fig.7  FWD chip cross-sectional structural diagram
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Fig.8  Trade-off characteristics (FWD)

*1: RoHS Directive:  EU (European Union) Directive con-
cerning restrictions on the use of certain hazardous sub-
stances contained in electrical and electronic equipment

f c = 20 kHz, VDC = 400 V, IO(rms) = 20 A
VGE = +15/−8 V, RG = 20 Ω, T vj = 125ºC, PF = 0.9

T1 : FGW40XS120C
T4 : FGW40XS65C

“XS Series”

P sat + P f (T4)

P on (T1)

P rr (T4)

P sat (T1)

T1 : FGW40N120WE
T4 : FGW40N65WE

“High-Speed W Series”
(Conventional product)

40

30

20

10

0

T
1,

 T
4 

lo
ss

 (
W

)

P off (T1)
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6.  Postscript

In this paper, we introduced the XS Series 1,200-V 
discrete IGBT.  We confirmed that it is effective to 
use the 1,200-V XS Series for the main switch and the 
650-V XS Series for the AC Switch in 3-level inverter 
T-type circuits.

Although this product is developed mainly for 
PCSs and UPSs, it can also be used in a wide range 
of switching power supply PFC circuits and industrial 
equipment.

In the future, we plan to continue contributing to 
increasing power conversion efficiency and achieving 
energy savings by further reducing device loss and 
supplying products that meet market needs.
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(1) Hara, Y. et al. “XS Series” 650-V Discrete IGBTs. FUJI 

ELECTRIC REVIEW. 2018, vol.64, no.4, p.211-214.
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no.4, p.280-284.

compared the XS Series with the conventional high-
speed W Series when they are used for the main switch 
T1 that uses a 1,200-V device and AC switch T4 that 
uses a 650-V one.  Compared with the high-speed W 
Series, we confirmed that the 1,200-V XS Series im-
proves the V CE(sat) and E off trade-off characteristics 
and reduces T1 loss.

The XS Series also reduces loss more than the 
high-speed W Series for the AC switch that uses a 
650-V device.  Moreover, using the XS Series for both 
the main switch and AC switch will further reduce 
loss.

5.2  Actual operation evaluation results
Figures 10 and 11 show the measured tempera-

tures of the case of a IGBT in a simulated 3-level in-
verter T-type circuit when using a 1,200-V device for 
the main switch T1 and 650-V one for AC switch T4.  
The IGBT switching frequency was 20 kHz.

We confirmed that the case temperature of the XS 
Series was 2.4 °C to 3.4 °C lower than that of the con-
ventional High-Speed W Series in all load ranges.
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1.  Introduction

The switching power supplies used in electronic 
devices need to achieve not only cost savings, but 
also high efficiency and low noise.  Therefore, high-
efficiency and low-noise LLC current resonant circuits 
have been widely utilized in switching power supplies 
with an output power of 75 to 300 W.

Up until recently, their power consumption in 
standby mode has been less than a few hundred mil-
liwatts.  However, due to the spread of the Internet of 
Things (IoT), various electronic devices are now con-
nected to the Internet, and this has increased power 
consumption in standby mode to the extent that it is 
now considered a light load ranging from several watts 
to several tens of watts.  As a result, it has been neces-
sary to improve the efficiency of power supplies at light 
loads.

Fuji Electric has launched  LLC current resonant 
control ICs, such as the “FA5760,” which is suitable for 
a small power supply, supporting a wide range of input 
voltages of 85 to 264 V AC; the “FA6A00,” which con-
sumes low standby power; and the “FA6B20,” which 
featurs a built-in funcrion of automatic switchng to the 
standby mode, contributing to reducing the number of 
components of a switching power supply.

Recently, we have developed the “FA6C00 Series” 
as a 4th-generation LLC current resonant control IC 
capable of further improving power supply efficiency at 
light loads and reducing the number of power supply 
components (see Fig. 1).

In this paper, we will provide an overview of the 
“FA6C00 Series” while also describing its features and 
application effects.

KOBAYASHI, Yoshinori *   TANAKA, Kiminori *     MORIMOTO, Toshimitsu *   

“FA6C00 Series” 4th-Generation LLC Current 
Resonant Control ICs

Switching power supplies for electronic devices are being required to improve efficiency and reduce system 
costs.  Fuji Electric has developed the “FA6C00 Series” 4th-generation LLC current resonant control ICs, which 
improve efficiency at light loads and help reduce the number of power supply components.  This series uses high- 
frequency burst control at light loads, several watts to several tens of watts, thereby improving efficiency by about 
10% compared with conventional products.  Furthermore, it utilizes resonant current phase ratio control to improve 
output response characteristics, reducing seven phase compensating parts.  Using these ICs allows users to improve 
the efficiency in 75- to 300-W equipment, such as LED lighting power supplies, standard industrial power supplies, 
and consumer power supplies for LCD TVs, while reducing their system costs.

2.  Product Overview and Features

In addition to inheriting the low standby power 
features of conventional products, this series of ICs 
utilizes high-frequency burst control to reduce noise at 
light loads and improve efficiency over a wide range of 
loads.

Furthermore, by adopting a new method of reso-
nant current phase ratio control and improving output 
response characteristics, it facilitates cost savings for 
power management systems by reducing the number of 
phase compensation components necessary for stable 
operation.

It also makes it possible to increase efficiency and 
save system cost for various types of power supplies 
with 75 to 300 W, such as power supplies for LED 
lighting, standard power supplies for industrial ap-
plications, and consumer power supplies for LCD TVs.  
Figure 1 shows the external appearance of the “FA6C00 
Series,” and Fig. 2 the block diagram, and Table 1 the 
main specifications.

The FA6C00 Series consists of a control circuit for 

Fig.1  4th-generation LLC current resonant control IC
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controlling the LLC current resonant circuit, a drive 
circuit with a breakdown voltage of 780 V capable of 
directly operating the metal-oxide-semiconductor field-
effect transistor (MOSFET) employed as a high-side 
switching device for the half-bridge circuit, and a start-
up device with a breakdown voltage of 650 V for start-
ing the IC at low power consumption.

The package adopts a JEDEC compliant 16-pin 
small outline package (SOP).

Both the high-side and low-side outputs operate al-
ternately at a 50% duty ratio, while typically operating 
at frequencies up to approximately 250 kHz.
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Fig.2  Block diagram of “FA6C00 Series”

Table 1  Main specifications

Item Rating

High side floating absolute voltage -0.3 to +780 V

High side floating supply voltage 
(V BS =  V B -  V S) -0.3 to +30 V

Low-side power supply voltage V CC -0.3 to +40 V

VH pin input voltage -0.3 to +650 V

Light-load efficiency (P o =  11 W) 78.9%

Operating junction temperature (Depends 
on the series)

-40 to +150 °C

-60 to +150 °C
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The function of pin 9 can be selected from the power 
good signal output (PGS pin), protection by external- 
signal input (MODE pin) or thermistor connection 
(OTP pin).

3.  Main Functions and Characteristics

3.1  High-frequency burst control
Conventional types of operation include normal op-

eration for continuous switching control and standby 
operation for burst control during intentional switch-
ing stoppage periods.  It also has an automatic standby 
function for monitoring input current and automati-
cally switching between these two operations.  In par-
ticular, this function detects the resonant current of 
the primary-side LLC current resonant circuit using 
the IS pin and smooths the voltage from the CA pin 
with a capacitor to detect secondary-side load amounts, 
thereby switching operations.  However, there was also 
a problem in that efficiency lower due to the excitation 
current of the transformer when performing continu-
ous switching control at a load range between approxi-
mately 5 to 30 W.  At the same time, when burst control 
is performed to improve efficiency, output voltage ripple 
increases as the resonant current peak value rises.  As 
a result, unstable operation would occur on a load side 
equipment.  Moreover, another problem existed in that 
the faster burst cycle would generate audible noise from 
the power supply transformer.  Therefore, the FA6C00 
Series utilizes a new high-frequency burst control 
method in between the load regions with continuous 
switching control and burst control (low-frequency burst 
control) in order to achieve high efficiency while sup-
pressing output voltage ripple and transformer audible 
noise at light loads.

Figure 3 shows the operating principle of high-
frequency burst control.  This control method monitors 
resonant voltage and resonant current and controls 
turn-off timing with three pulses.  The first pulse (LO) 
creates a state in which the second pulse (HO) can res-
onate and turns off at the resonant voltage threshold 
voltage V Pth1.  The second pulse (HO) transmits power 
and turns off at the resonant voltage threshold voltage 
V Pth2.  The third pulse (LO) turns off at the resonant 
current threshold voltage I Crth3.

Figure 4 shows the external circuit configuration 
for detecting resonant voltage and resonant current.  
The resonant voltage is detected using auxiliary wind-
ing wire (VW pin), and the resonant current is detected 
using a shunt circuit (IS pin).  Since this is the same 
detection method as that of the forced turn-off func-
tion, high-frequency burst control can be performed 
using the existing circuit without needing to add a new 
external circuit.

Figure 5 shows the operating waveform of high-
frequency burst control.  Current flows to the second-
ary diode only when the second pulse is on.

Controlling the on-width of the second pulse will 

determine the peak value of the current, thereby con-
trolling the amount of power to be transmitted, and 
then burst frequency is determined.  Since the on-
width and burst frequency are controlled optimally 
based on the load amount, power can be transmitted 
without waste while also improving efficiency.  Fur-
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Fig.3  Operating principle of high-frequency burst control
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Figure 7 shows the resonant waveform, and Fig. 8 
shows the relationship between the resonant phase 
ratio K CPR and the output power P o.  When the time 
ratio before and after the polarity of the resonant cur-
rent I Cr is reversed is defined as the resonant current 
phase ratio, the resonant phase ratio K CPR at which 
the polarity of the resonant current is reversed is given 
by Equation (1).

= TBH

TAHKCPR = TBL

TAL  ................................................... (1)

 K CPR : Resonant phase ratio
 T B* :   The time from when the MOSFET on one 

side of the bridge is turned off until the 
resonant current reaches zero

 T A* :    Time until the MOSFET opposite the 
bridge turns off

 “*” component of the T A*, T B* is as follows:
 “H” : High side
 “L” : Low side

thermore, the burst frequency is limited to 25 kHz or 
higher, thereby exceeding the audible frequency.  This 
suppresses both transformer noise and output voltage 
ripple.

Figure 6 shows the operation and efficiency of the 
IC when using high-frequency burst control.  Control 
method at a load range of 10 to 22 W to reduce trans-
former audible noise was changed from continuous 
switching control to high-frequency burst control in 
which switching is performed at 25 kHz or higher, also 
improving efficiency.

3.2  Resonant current phase ratio control
Fuji Electric’s LLC current resonant control ICs 

have conventionally provided feedback control for the 
output voltage by inputting the secondary-side output 
voltage of the power supply into the FB pin and modu-
lating the oscillation frequency during normal opera-
tion according to the input voltage.

The FA6C00 Series utilizes a new resonant cur-
rent phase ratio control method.  This control reduces 
phase lag to enable high-speed response by using not 
only conventional secondary-side output voltage feed-
back (FB), but also the primary-side resonant current 
I Cr when performing control, reducing the number of 
phase compensation circuit components.

IO_D (secondary-side diode) 10 µs/div

F sw > 25 kHz
VS

HO

LO

Fig.5  Operating waveform of high-frequency burst control
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be increased in efficiency further by combining Fuji  
Electric’s “FA1B00 Series” critical-mode PFC control 
ICs.

Table 2 and Fig. 10 show the effect on the reduc-
tion of the number of power supply components.  The 
use of resonant current phase ratio control has reduced 
the number of phase compensation circuit components 
by 7, and this has helped reduce power management 
system costs.  Moreover, by changing the PFC-LLC in-
terconnection signal, the number of components in the 
interconnection circuit has been reduced by one.

Figure 11 shows the sudden load change response 
characteristic.  The resonant current phase ratio con-
trol described above improves the responsiveness of 
the power supply and keeps the output voltage ripple 
ΔV o at sudden load changes to within 5%.

4.2  Improved light-load efficiency
Figure 12 shows the efficiency of the actual power 

supply.  The use of new high-frequency burst opera-
tion control has increased the efficiency of light loads 

There is a linear relationship between the resonant 
phase ratio K CPR and the output power P o.  On the ba-
sis of this relationship, the output power P o can be con-
trolled independently of the input voltage and output 
voltage by controlling the resonant phase ratio K CPR.  
Resonant current phase ratio control controls the 
on-width by calculating the resonant phase ratio cor-
responding to the feedback voltage V FB.  The relation-
ship between V FB and the resonant phase ratio K CPR 
can be determined by Equation (2).  From Equations 
(1) and (2), the time T A* after the polarity of the reso-
nant current I Cr is reversed can be obtained as shown 
in Equations (3) and (4).  By measuring the time T B* 
before resonant current I Cr polarity reversal, the turn-
off point can be determined since it is possible to cal-
culate the time T A* after polarity reversal according to 
V FB at that time.

= AV BFB

KCPR +  ....................................................... (2)

 V FB : Feedback voltage
 K CPR : Resonant phase ratio
 A, B : Constant

T ( )AH = A・・−V BFB TBH
 ........................................... (3)

T ( )AL = A・・−V BFB TBL
 ............................................ (4)

4. Application Effects on Power Supply Circuits

4.1  Reduction in number of circuit components and faster 
response
Figure 9 shows an application circuit diagram 

that uses the FA6C00 Series.  This series ICs can 

Table 2  Effect on the reduction of power supply components

Function Component
Component number

Reduction 
numberNew Conven-

tional

Phase compen-
sation circuit

Transistor 0 1 -1

Capacitor 1 3 -2

Resistor 0 4 -4

Total 1 8 -7

PFC-LLC in-
terconnection 
circuit

Transistor 1 1 0

Capacitor 3 3 0

Resistor 3 4 -1

Total 7 8 -1
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Fig.9  Example of application circuit
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high-frequency burst control at loads of approximately 
6 to 10 W, although efficiency does suffer slightly.  
High-frequency burst control is effective in improv-
ing light load efficiency and reducing audible noise in 
transformers.

5.  Postscript

In this paper, we introduced the “FA6C00 Series” 
4th-generation LLC current resonant control ICs.  By 
configuring power supplies with this IC, it is possible 
to improve light load efficiency and reduce the number 
of power supply components.

In the future, Fuji Electric plans to continue in-
novating new technologies that can further improve 
efficiency and reduce components, while developing 
products that meet the increasingly strict standards 
and market requirements that emerge year after year.
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(11-W loads) by approximately 10%.  The use of con-
ventional continuous switching control and low fre-
quency burst control lower efficiency at operation mode 
switching loads, but by providing high-frequency burst 
control between continuous switching control and low-
frequency burst control, efficiency has improved at 
light loads of approximately 10 to 22 W.  Furthermore, 
transformer audible noise can be reduced when using 
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1.  Introduction

In recent years, in addition to achieving better 
fuel efficiency, safety, and comfort, automobiles are 
being strongly required to reduce their environmental 
load through compliance with air pollutant emissions 
regulations and CO2 emissions regulations.  In order 
to meet these increasingly stringent regulations, the 
accuracy of various automotive systems is being en-
hanced.  Sensing devices are essential for improving 
the accuracy of systems.  In particular, there has been 
increased market demand for various sensors, such as 
acceleration sensors, rotation sensors and the pressure 
sensors introduced in this paper.

Fuji Electric started mass production of automo-
tive intake pressure sensors in 1984, and has since ex-
panded its business mainly in the low-pressure equip-
ment field, which has a rich variety of automotive ap-
plications, and has commercialized products that meet 
the high accuracy and reliability demands of the mar-
ket.  In 2005, we provided improved detection accu-
racy with our 5th-generation of digital trimming type  
pressure sensors based on complementary metal ox-
ide semiconductor (CMOS) processes.  Since 2010, we 
have been mass producing 6th-generation pressure 
sensors that are miniaturized and improved in noise 
resistance.  Furthermore, in 2018, we started mass 
producing 6.5th-generation pressure sensors featuring 
improved output characteristics at high temperatures.  
They have been utilized in the internal combustion 
engines of passenger vehicles and heavy construction 
equipment, trucks and motorcycles, as well as passen-
ger vehicles, and have helped reduced environmental 
loads.

In order to achieve better fuel efficiency and lower 

ASHINO, Kimihiro *   NISHIKAWA, Mutsuo *   UENO, Fumiya *   

7th–Generation Automotive High-Pressure Sensors

Automobiles are being strictly required to improve fuel efficiency and comply with environmental and safety regu-
lations.  Fuji Electric has developed 7th-generation automotive high-pressure sensors to help meet these stricter reg-
ulations.  Since the sensors are used in high-temperature and high-pressure environments, they have new package 
structure using stainless-steel diaphragm system to improve pressure resistance and combined with a sensor chip 
that has better temperature characteristics through utilization of a newly developed dual gate MOS transistor.  This 
expands the applicable pressure range, ensuring operation at 150 °C and increasing accuracy.

emissions, it has been necessary to improve efficiency 
not only for internal combustion engines, but also for 
the drive transmission systems of vehicles .

In this paper, we will introduce our new 7th- 
generation automotive high-pressure sensors devel-
oped especially for transmission hydraulic pressure 
control systems.

2.  Role of Automotive High-Pressure Sensors

Automobiles are equipped with sensors that mea-
sure various pressures.  They can be broadly divided 
into low-pressure sensors for measuring approximately 
300 kPa from vacuum pressure and high-pressure sen-
sors for measuring larger pressures of 1 MPa or higher.  
Low-pressure sensors include intake pressure sensors 
used in electronic fuel injection systems as one of the 
essential engine control systems for improving fuel ef-
ficiency and lowering emissions, as well as pressure 
sensors for detecting exhaust gas pressure used in the 
exhaust gas recirculation (EGR) and diesel particulate 
filter (DPF) systems to comply with emissions regula-
tions (see Fig. 1).

High-pressure sensors contribute to improved fuel 
efficiency, environmental performance and safety in 
the same way as low-pressure sensors:  controlling the 
coolant pressure of air conditioners (1- to 5-MPa sen-
sors); measuring the fuel pressure of direct fuel injec-
tion systems (GDI) that increase engine combustion 
efficiency and improve fuel efficiency (13- to 26-MPa 
sensors); controlling electronic hydraulic pressure of 
suspensions designed to increase comfort (1- to 10-MPa 
sensors); and measuring brake hydraulic pressure, 
such as those for ABS and side-slip prevention func-
tions for electronically controlling the brakes (1- to 
10-MPa sensors)(1).  In addition, they are used in au-
tomatic transmissions that transmit engine power to 
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the drive wheel, as well as for measuring hydraulic 
pressure for continuously variable transmission (CVT) 
control functions capable of determining the optimal 
gear ratio while maintaining the most efficient engine 
speed.

The transmission mechanism of the CVT consists 
of two pulleys with V-shaped grooves and a metal belt 
sandwiched between the pulleys.  The transmission is 
operated by moving the metal belt closer to or farther 
away from the rotation shaft of the pulleys by chang-
ing the groove width of the pulleys after increasing or 
decreasing the hydraulic pressure generated by the 
oil pump according to conditions related to accelerator 
opening and vehicle speed.  Furthermore, engine power 
is transmitted by friction generated between the pul-
leys and metal belt, and transmission loss occurs when 
slipping occurs due to excessive engine power.  To pre-
vent slippage, it is necessary to increase the pulling 
load of the pulleys by increasing the working hydraulic 
pressure in such a manner that increases frictional 
force.  At the same time, however, increasing friction 
leads to loss of power and degrades fuel efficiency.  
To solve these issue, it is necessary to control the hy-
draulic pressure so that it does not push the metal 
belt more than necessary or cause slippage, while also 
improving fuel efficiency by minimizing transmission 
loss.  The pressure sensor used to control the hydraulic 
pressure needs a compact package that contributes to 
reducing the weight of the transmission, in addition to 
high precision.

Moreover, since automotive electrical control sys-
tems are becoming increasingly large scale, high preci-
sion, and miniaturization, techniques to achieve high-
density mounting of components have been progress-
ing.  Therefore, the pressure sensor needs to operate 
properly in a transmission-mounted environment and 
is required to secure high-temperature operation, vi-

bration resistance, pressure resistance, oil resistance 
and corrosion resistance.  Furthermore, it also needs 
to have electromagnetic compatibility to be resistant 
to electromagnetic noise generated from various elec-
tronic devices.

In order to meet these demands, we have devel-
oped an automotive high-pressure sensor utilizing sin-
gle chip technology, which combines sensing elements 
and a signal processing circuit, and a small package 
technology.

3.  Overview of the 7th-Generation Automotive 
High-Pressure Sensor

Since this sensor is used in high-temperature, 
high-pressure environments, it utilizes a new package 
structure and a newly designed sensor chip.

In particular, it uses the combination of the struc-
ture that uses a stainless steel diaphragm for the 
pressure receiving part of the pressure medium with 
a sensor chip with improved high-temperature charac-
teristics.

3.1  Package structure with a stainless diaphragm 
Figure 2 shows the external appearance of the 

7th-generation pressure sensor, and Fig. 3 shows a 
comparison diagram of the cross-sectional structures 
of pressure sensors.  Up until now, Fuji Electric’s 
high-pressure sensors have used an adhesive to bond 
the sensor chip to the metal base and the pressure 
is applied to the back surface of the chip through the 
metal hole.  As a result, a force would be applied in 
the direction for detaching the sensor chip when ap-
plying a pressure.  This would limit the measurement 
pressure range according to the adhesive strength fix-
ing the chip, resulting in it not being suitable for high- 
pressure measurements.  The double diaphragm struc-

Desi Ashino

(b) High-pressure sensor (1 MPa or more)(a) Low-pressure sensor (up to 300 kPa)

Engine oil pressure 
sensor (1 to 3 MPa)

Suspension hydraulic 
sensor (1 to 10 MPa)

Transmission hydraulic 
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(7) Atmospheric pressure sensor
     (Altitude detection)
     60 to 130 kPa

(2) Fuel gas pressure sensor
     (Gas leak detection)
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Fig.1  Example of a sensor application system
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ture used by our recently developed sensors comes 
equipped with a chip mounted inside a glass hermetic 
package.  Furthermore, a stainless-steel thin fi lm 
functioning as a pressure receiving part is sandwiched 
between the screwed part and hermetic part, with the 
three parts then being seam welded together at the 
same time.  By sealing the space formed between the 
hermetic and stainless-steel thin fi lm with silicone oil, 
the pressure received by the stainless-steel diaphragm 
is applied to the silicon diaphragm with micro electro 
mechanical systems (MEMS) structure formed on the 
sensor chip through silicon oil and distorts the dia-
phragm to enable pressure detection.  This structure 
provides a better pressure resistance performance than 
conventional structures because it is a structure that 
receives pressure from all structural parts whose pres-
sure resistance performance does not depend on the 
bonding strength of the chip adhesive.  This has ex-
panded the pressure range applicable to the system, as 
well as the application range.

This sensor is used for performing hydraulic mea-
surements for transmissions and is designed to mea-
sure a maximum pressure of 6 MPa and destructive 
pressure resistance of 20 MPa.  To design a package 
capable of withstanding this pressure, it was neces-
sary to secure pressure resistance for the hermetic 
part and increase the pressure resistance strength of 

the seam welded part.  Our basic concept for improv-
ing the strength involved the relationship “pressure × 
pressure receiving area = load,” whereby the load in-
creases as the pressure receiving area increases.  The 
pressure resistance is secured by using a structural 
part whose strength does not succumb to the gener-
ated load.  In order to achieve this package, it is nec-
essary to increase the thickness of the hermetic part, 
use a high-strength material and improve the strength 
of the seam weld.  However, doing so was not feasible 
cost wise.  To solve this problem, our recently devel-
oped sensor reduces the load (stress) generated on the 
package by decreasing the area of the pressurized part 
(i.e., decreasing the diameter) and ensuring overall 
pressure resistance performance.  To achieve miniatur-
ization for the sensor, we developed a glass hermetic 
part and incorporated special specifi cations into the as-
sembly technology, such as those related to the mount-
ing technology and equipment design.  In addition, we 
have optimally designed the shape of the stainless-
steel diaphragm waveform that needs thin-walled pre-
cision press working technology.

3.2  Optimized design for stainless-steel diaphragm
The diaphragm is capable of avoiding internal 

pressure rise even when the size of the stainless-steel 
diaphragm is reduced.  In this section, we will describe 
the optimized design for diaphragm.

The stainless-steel diaphragm has the following 
main functions:

(a)  Function to protect internal elements from mea-
surement medium (corrosion resistance)

(b)  Function to alleviate internal pressure rise due 
to temperature

For (a), stainless-steel materials with excellent cor-
rosion resistance are selected.  The materials are also 
used for the measurement equipment.

For (b), changes in the oil temperature or ambi-
ent temperature cause sensor temperature change ΔT 
to occur as shown in Fig. 4.  The silicone oil sealed in-
side the sensor causes volume change ΔV to occur due 
to the thermal expansion coeffi cient α  of the silicone 
oil. It is capable of absorbing the volume change us-
ing the springiness k possessed by the stainless-steel 

Pressure sensor cell

(a) External appearance
(b) Package arrangement 
     example

M8

20
m

m

Fig.2  7th-generation pressure sensor

Glass hermetic seal
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Fig.3   Comparison of cross-sectional structure of pressure 
sensors
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Fig.4  Internal pressure rise mechanism
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characterized by the diaphragm (which was formed 
by molding some of the silicon into the thin film using 
Fuji Electric’s proprietary etching technology) creating 
deformation according to the applied pressure.  When 
this happens, the resistance values of the 4 piezo re-
sistors composed of the diaphragm’s diffusion wiring 
change respectively, and this causes the balance of the 
Wheatstone bridge circuit consisting of the piezo resis-
tors to collapse, resulting in a potential difference at 
the output.  By amplifying and outputting this poten-
tial difference, the applied pressure is then converted 
to an electrical signal.  Figure 6 shows an overview of 
the pressure sensor chip.

Our 7th-generation automotive high-pressure sen-
sors make use of a newly developed dual-gate MOS 
transistor designed to provide better accuracy than 
conventional mass-produced products while increas-
ing the working guarantee temperature to 150 °C.  As 
shown in Fig. 7, dual-gate is technique employed to re-
duce the leak current in the channel directly below the 
gate by using different types of gate poly silicon forma-
tions for the negative-channel metal oxide semiconduc-
tor (NMOS) and positive channel metal oxide semicon-
ductor (PMOS) of the MOS transistor.  We developed 
a manufacturing process for our 7th-generation auto-
motive high-pressure sensors that uses this dual-gate 
MOS while maintaining the same performance as 

diaphragm.  At the same time, however, it serves as 
a mechanism for causing pressure change in the sili-
cone oil through the springiness.  These challenges 
are solved by optimizing the wave-shape processed 
into the stainless-steel diaphragm and the thickness 
of the diaphragm.  Figure 5 shows an optimal analysis 
example.  In order to achieve high accuracy, it is neces-
sary to control the silicone oil pressure that is gener-
ated simultaneously with the volume change due to the 
temperature.  We carefully considered the output char-
acteristics of the sensor chip and created a 3D model of 
the diaphragm shape for various patterns.  After this, 
we performed thermal deformation analysis (b) for the 
diaphragm.  On the basis of the data obtained from the 
analysis, we developed a package that maximizes the 
performance of the 7th-generation pressure sensor chip 
by adjusting the linearity of the internal pressure rise 
and the internal pressure change characteristics re-
quired for the stainless steel diaphragm.

3.3  Sensor chip for high-temperature operation
Fuji Electric’s pressure sensor chip is designed on 

the basis of the concept of being an “All in one chip” 
that integrates all basic functionality, such as pres-
sure detection, characteristic compensation, signal pro-
cessing, a protection circuit and fault diagnosis.  In 
addition, we have been developing next-generation 
products that not only maintain these basic functions, 
performance and EMC protection, but also include cost 
reduction and accuracy technologies.

The basic operation of the pressure sensor chip is 

Shape A

Shape B

(a) Diaphragm characteristic (temperature and generated pressure)

(b) Thermal deformation analysis
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Fig.5   Optimal analysis example (diaphragm shape and internal 
pressure transition)
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Fig.6  Overview of pressure sensor chip
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4.  Postscript

In this paper, we introduced our 7th-generation 
automotive high-pressure sensors.  As the demand for 
high-pressure sensors increases, it is expected that 
the number of stringent requirements on product per-
formance will also increase in order to improve fuel 
efficiency and comply with environmental and safety 
regulations.  We intend to continue developing prod-
ucts that meet the demands of various sectors in the 
market.

References
(1) Sato, E. et al. 6.5th-Generation Automotive High Pres-

sure Sensors. FUJI ELECTRIC REVIEW. 2018, vol.64, 
no.4, p.215-220.

conventional mass-produced products for devices other 
than MOS transistors.  As a result, we have been able 
to improve the leak current in the high-temperature 
region using the same circuit configuration and cir-
cuit size as conventional mass-produced products.  In 
particular, as shown in Fig. 8, the leak current of the 
PMOS transistor at 150 °C was able to be reduced to 
approximately one-fifth of that of the conventional 
process, thereby significantly contributing to improv-
ing the working guarantee and accuracy in the high- 
temperature region.

Figure 9 shows the temperature dependence of the 
output tolerance.  The characteristic tolerance at high 
temperatures is reduced by approximately 40% com-
pared with the 6.5th-generation product.

Table 1 shows the main performance of the re-
cently developed 7th-generation automotive high- 
pressure sensors.
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Table 1    Main performance of the 7th-generation automotive 
high-pressure sensor

Item Main performance and  
specifications

Product size (overall view) φ15 × H20 (mm)

Pressure interface M8 × 1.0

Operating temperature range -40 °C to +150 °C

Operating pressure range 0.1 to 6.1 MPa (absolute pressure)

Destructive pressure 20.1 MPa

Rated pressure 9.1 MPa

Power supply voltage 5 ± 0.25 V
Output voltage (at 5-V power 
supply voltage) 0.5 to 4.5 V

Sink source capability Sink 1 mA, source 0.1 mA

Clamp function Clamp voltage
0.35 V/4.62 V (typ.)

Method Surface pressure (absolute pressure)

ESD (external interface pin)

MM (0 Ω, 200 pF) ±1 kV or higher

HBM (1.5 kΩ, 100 pF) ±8 kV or higher

Transient voltage surge
ISO 7637 (2011) standard

Pulse1, 2, 3a, 3b
LEVEL-III cleared
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1.  Introduction

4H silicon carbide (SiC) single crystal wafers need 
to be analyzed carefully because they still have a crys-
tal defect density that is higher than the single crys-
tal silicon (Si) wafers used for power devices.  There-
fore, the evaluation of crystal defects is important in 
terms of device characteristic degradation and quality 
control.  X-ray topography is mainly used as a non-
destructive method for evaluating crystal dislocation*1 
in single crystal wafers.  However, X-ray topography 
apparatus that uses normal X-ray sources do not pro-
vide enough sensitivity to detect all dislocations due to 
insufficient X-ray strength and resolution.  Therefore, 
for more detailed analysis, synchrotron radiation X-ray 
topography using large synchrotron radiation facilities 
is used so that higher brightness and parallelisms can 
be obtained.  However, large-scale synchrotron radia-
tion facilities require an enormous amount of energy. 
Therefore, they are limited in terms of usage period 
and are not easy to use.  Therefore, it has been neces-
sary to develop a simpler and more convenient method 
for evaluating crystal defects.

In this paper, we discuss the results of studied 
about evaluating crystal defects in a non-destructive 
and simple single crystal SiC wafer using transmission 
polarization microscopy as an alternative method to 
synchrotron radiation X-ray topography.

TAKENAKA, Kensuke *   TAWARA, Takeshi *   KATO, Tomohisa⁑

Crystal Defect and Dislocation Analysis of SiC 
Wafers by Transmission Polarization Microscopy

4H-SiC single crystal wafers need to be analyzed carefully because they still have a higher crystal defect density 
than silicon wafers.  As a method for non-destructive evaluation of crystal defects, synchrotron radiation x-ray topog-
raphy is mainly used in a large synchrotron radiation facility, where is, however, not easily used.  Therefore, as a non-
destructive and convenient method for evaluating crystal defects in SiC wafers, we examined a technique for observ-
ing strain inside crystals caused by crystal dislocation using transmission polarization microscopy.  This method is 
expected to be used in the detailed analysis of crystal dislocation that has been difficult by synchrotron radiation x-ray 
topograph alone, in acceptance inspections of commercially-available SiC epitaxial wafers, and in inspections of SiC 
device manufacturing processes.

2.      Technological Background of Evaluation 
Method for SiC Crystal Defects by Using 
Transmission Polarization Microscopy

X-ray topography captures the X-ray diffraction 
strain caused by the elastic strain created by crystal 
dislocation as an X-ray topograph.  The resolution of 
synchrotron radiation X-ray topography is around 1 µm 
due to the limitation of two-dimensional detectors such 
as nuclear emulsion plates.

On the other hand, birefringence (i.e., double refrac-
tion) occurs when stress is applied to a material possess-
ing optical anisotropy or to an optically isotropic mate-
rial.  It is commonly recognized that when birefringence 
is observed in a single crystal material using a polarizing 
microscope, the phase differential (which is a function of 
the thickness) is observed as a strain field.  Single crystal 
gadolinium gallium garnet (GGG:  Gd3Ga5O12), a mate-
rial used in the field of optics, has a large birefringence 
due to photoelasticity.  As a result, it is recognized that 
the strain field due to crystal dislocation of GGG is easy 
to observe using a polarizing microscope.  Furthermore, 
it has been reported that the birefringence pattern ob-
tained by simulating threading screw dislocation (TSD) 
and threading edge dislocation (TED) coincides with the 
actual transmission polarization image of GGG(1).

However, since single crystal SiC only has a small 
birefringence due to its hardness, only transmission 
polarization images of birefringence patterns due to 
the large defects such as micropipes (MP) had been re-
ported(2)-(3).  Subsequently, Ma, et al.  reported in 2003 
the results of comparing the transmission polarization 
images of a single crystal 6H-SiC bulk wafer*2 with 

*1: Crystal dislocation:  Atoms are arranged regularly in 
crystals. Crystal dislocation is a crystal defect in which 
deviation in the atoms is linear.

*2: Bulk wafer:  An SiC single crystal ingot is obtained in 
the low-temperature region by sublimating raw-material 
SiC with heat. The wafer is cut out of this ingot.
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synchrotron radiation X-ray topographs(4).  However, 
the method for evaluating SiC crystal dislocation using 
transmission polarization observations did not spread.  
Although Blasi, McGuire et al.  referred to the research 
of Ma et al.  in their work, they mainly utilized the po-
larization microscopy for only MP examination meth-
ods(5).  This tendency is considered to be due to the fact 
that the observation conditions under which SiC crystal 
dislocations are easily observed, or the correlation be-
tween the birefringence pattern due to the SiC crystal 
dislocation and the simulation was not sufficiently dis-
cussed.

3.  Effect of Diffusion Light from Source in 
Transmission Polarization Observation

Typical transmission type optical microscopes use 
an optical system that condenses white light with a 
condenser lens, and then irradiates the sample with 
radial diffused light and also receives transmitted light 
radially on the objective lens side.

However, when optically observing the strain field 
due to crystal dislocation in material with small bire-
fringence due to the photoelasticity like single crystal 
SiC, the light source itself becomes a cause of signifi-
cant reduction of image quality when irradiating radi-
ally diffused light.  Figure 1(a) shows a transmission 
simplified polarization image when observing a high 
quality n-type 4H-SiC bulk wafer with an MP density 
of <1/cm2 with an optical microscope using a general 
optical system.  Almost no other small strain fields are 
observed around the MP defect(6).

In contrast, the crystal dislocation detector micro-
scope XS-1 manufactured by Mipox Corporation uses 

a monochromatic UV-LED light source with a central 
wavelength of 405 nm.  Additionally, XS-1 irradiates 
the sample with collimated linearly polarized light by 
passing it through a polarizer via a 405 ±10 nm band-
pass filter.  As shown in Fig. 1(c), high-sensitivity is 
achieved by controlling the diffusion light from the 
source.  Figure 1(b) shows the transmission polariza-
tion image captured by this apparatus(6).  Many small 
strain fields are observed around the MP defect.  Con-
sidering the MP density of SiC wafer, it is considered 
that these small strain fields originate from crystal 
dislocations.

4.      Effect of the Roughness of the Polarized 
Light Incidence Surface and Back Surface in 
Transmission Polarization Observation

In transmission polarization microscopy, fine ir-
regularities on the front and back surfaces reduce in 
image quality if the surface state of wafer is roughly 
finished.  Table 1 shows the results of evaluating the 
effect of the surface roughness of the polarized light in-
cidence surface at approximately the same position on 
the wafer.  An n-type SiC bulk wafer with a chemical 
mechanical polishing (CMP) finished on the Si-face and 
a mirror finished on the C-face has a clear transmis-
sion polarization image when linear polarization is ir-
radiated from the Si-face side.  However, it can be seen 
that the image quality of transmission polarization im-
age is reduced when incidence occurs from the C-face.  
On the basis of this result, it can be seen that the effect 
of the surface roughness on the incidence surface side 
of linearly polarization light tends to be larger.  How-
ever, if the C-face has a matte finished surface, it be-
comes completely noisy and nothing can be observed as 

4H-SiC wafer

: Region distorted by crystal internal strain 
  due to crystal dislocation

Signal detection

XS-1 with collimated
linearly polarized light

Noisy

Conventional 
polarizing microscope

MP defect

(a) Transmission simplified 
polarization image by 
conventional optical 
microscope

(b) Transmission polarization 
image by XS-1

(c) Conceptual diagram of increased sensitivity by 
controlling diffusion light from source

100µm

Fig.1   Effect of diffusion light from source in transmission  
polarization observation

Table 1    Effect of the roughness of the polarized light incidence 
surface and back surface in transmission polarization 
observation

Surface 
finish

Incidence surface of 
polarization 

Si-face

Incidence surface of 
polarization 

C-face

Si-face
CMP

C-face
mirror

(a) (b)

Si-face
CMP

C-face
matte

(c) (d)

Double-
sided CMP

(e) (f)
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shown in Table 1(c).
Furthermore, the degree of haze [= scattered light/

total optical transmitted light × 100 (%)] was examined 
for another n-type SiC bulk wafer with an Si-face CMP 
finished and C-face mirror finished by using JASCO 
Corporation’s V-770 UV-visible-near infrared spec-
trophotometer with ISN-923 integrating sphere unit.  
The degree of haze at Si-face incidence and C-face 
incidence were measured to be about 0.04% at wave-
lengths of 200 to 850 nm.  On the basis of this result, 
we found that there was not enough difference in dif-
fusion transmission to detect the CMP finished surface 
and mirror finished surface and that just a very little 
amount of light scattering reduce the quality of trans-
mission polarization image.

5.      Comparison of Synchrotron Radiation X-ray 
Topograph and Transmission Polarization 
Image About SiC Bulk Wafer

Figure 2(a) shows the C-face side synchrotron radi-
ation X-ray topograph of a high quality n-type SiC bulk 
wafer with a thickness of 350 µm and MP density of 
<1/cm2, double-sided CMP finished. Nuclear emulsion 
plate was used for the two-dimensional detector. X-ray 
wavelength was 0.15 nm and diffraction condition of 
g =  112̄8̄.  Figure 2(b) shows the transmission polar-
ization image by the XS-1 at approximately the same 
position.  The strain by the six TSDs X-ray diffraction 
observed in the upper right corner of the synchrotron 
radiation X-ray topograph was generally consistent 
with the position of the strain field in the transmis-
sion polarization image.  It is assumed that the TSD 
periphery becomes optically strained due to the crystal 
internal strain caused by the stress of TSD.  There-
fore, by controlling the diffusion light from the source, 
we found that the transmission polarization micro-
scope can observe with a sensitivity comparable to 
synchrotron radiation X-ray topography.  Synchrotron 
radiation X-ray topography observes the crystal inter-
nal strain as an X-ray topograph only based on the dif-
fracted beam satisfying the X-ray diffraction conditions 
in the region of synchrotron radiation incidence.  In 
contrast, transmission polarization images are seemed 

to provide a greater amount of information since all 
crystal internal strain in the depth direction of the 
wafer is observed.  If the information in the depth di-
rection of transmission polarization images becomes 
able to analyze, it must be helpful to improving failure 
analysis technology of SiC devices.

6.      Identification of Crystal Dislocation by Using 
SiC Self-Standing Epitaxial Wafers*3,*4

6.1  Experimental production of SiC self-standing epitaxial 
wafer
We tried to identify crystal dislocation types more 

closely by comparing synchrotron radiation X-ray topo-
graph and XS-1 transmission polarization images.  
When doing so, we considered that an n-type SiC 
bulk wafer would not necessarily be suitable for de-
tailed comparison since it is susceptible to complicated 
crystal internal strain in the depth direction due to 
high-speed crystal growth.  Furthermore, we consid-
ered that light absorption loss originating from highly 
doped nitrogen will be unfavorable because it inter-
feres with transmission polarization observations.

In consideration of the issues of n-type SiC bulk 
wafers into account, we investigated the identification 
method of crystal dislocation types by using a higher 
quality, low carrier concentration SiC self-standing 
epitaxial wafer.  At first, we grew n+ buffer layer and 
n- thick layer with target carrier concentration of  
4 × 1014/cm3 and target thickness 275 µm in continuity 
on the Si-face of a commercially available 4°-off 350 µm 
thick n-type SiC bulk wafer. Next, all n-type SiC bulk 
wafer and n+ buffer layer were removed by grinding 
and polishing, as shown in Fig. 3(a), we experimentally 
produced a double sided CMP finished SiC self-standing  
epitaxial wafer with a residual thickness of about  
240 µm. Figure 3(b) shows the photograph of 15 mm 
square SiC self-standing epitaxial wafer.  Due to the 
low carrier concentration, it was almost colorless and 
translucent.

6.2  Comparison of the synchrotron radiation X-ray topo-
graph and transmission polarization image
Figure 3(c) shows the synchrotron radiation X-ray 

topograph of the SiC self-standing epitaxial wafer, 
and Fig. 3(d) shows the transmission polarization im-
age at almost the same position.  About TSD and TED, 
the positions of dislocation contrasts of synchrotron 
radiation X-ray topograph are almost identical with Laser 

mark
Laser 
mark

Laser 
mark
Laser 
mark

(b) XS-1 transmission 
polarization image

(a) Synchrotron radiation 
X-ray topograph

100 µm100 µm

Fig.2    Example of comparative evaluation n-type SiC bulk 
wafer

*3:   Epitaxial wafer:  This is a wafer in which a thin film is 
formed (epitaxial growth) on a bulk wafer, etc. in align-
ment with the crystal surface of the wafer.

*4: Self-standing epitaxial wafer:  This is a wafer consisting 
entirely of epitaxial film obtained by forming an epitaxial 
film of sufficient thickness in the epitaxial wafer and 
then removing the bulk wafer component through grind-
ing and polishing.
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ers vector b.  In particular, Type-A had the similar 
shape as the TED birefringence pattern shown in the 
simulation of single crystal GGG.  Note that the XS-1 
performs phase differential signal processing with 
black and white inversion of the birefringence pattern.  
Therefore, the fast and slow birefringence vibration 
directions are displayed inversely against commonly 
used transmission polarization microscopy images.  As 
result, the direction of dislocation lines become the di-
rection shown in the schematic diagram of the birefrin-
gence pattern of Fig. 3(d).

In addition, the birefringence pattern of Type-B 
TED is seemingly different from the TED birefringence 
pattern shown in single crystal GGG simulation. But  
when observing the SiC self-standing epitaxial wafer 
tilted in a direction that eliminates the off-angle, we 
have confirmed a phenomenon in which the Type-B  bi-
refringence pattern approaches the Type-A birefringence 
pattern shape with appearances.  From this result, we 
considered that the birefringence pattern of Type-B TED 
differing due to the influence of the off-angle.

On the other hand, various birefringence patterns 
were observed for TSD as shown in Table 2.  Type-C 
had the same shape as the TSD birefringence pattern 
shown in the simulation of single crystal GGG.  But 
Type-D was inverted 180° relative to Type-C.

In addition, we also confirmed that there are 
dislocations containing TED components in the bi-

the positions of birefringence pattern of transmission 
polarization image.  In the SiC self-standing epitaxial 
wafer, threading dislocations can be observed in a 
more well-ordered state.  Furthermore, the TED bi-
refringence pattern of the transmission polarization 
images was roughly classified into Type-A or Type-B.  
The TED dislocation contrast in SiC epitaxial film has 
been reported to be classified into six categories based 
on the orientation of the Burgers vector b(7).  Therefore, 
we considered that the difference between Type-A and 
Type-B is based on the orientation of the TED Burg-

g = 1128

Laser markLaser mark

Si-face
Polishing removal

Si-face CMP finished
n− thick SiC

epitaxial layer
Target thickness

240 µm

n− thick SiC
epitaxial layer

Target thickness
275 µm

C-face CMP finished

Grinding and 
polishing removal

Tweezers

Si-face CMP finished

350 µm thickness
n-type SiC bulk wafer

C-face mirror finished

Proximity 
sublimation 
layer

SiC thick
epitaxial wafer

SiC self-standing
epitaxial wafer

n+ buffer layer

(a) Schematic diagram of the experimental production 
process of SiC self-standing epitaxial wafer

(b) 15-mm square SiC self-standing epitaxial wafer

(d) XS-1 transmission polarization image

Type-AType-AType-BType-B

Laser markLaser mark

(c) Synchrotron radiation X-ray topograph

g g

b b

Type-AType-AType-BType-B

Type-AType-A

Type-AType-A

100 µm

Fig.3    Evaluation of dislocations by using SiC self-standing 
epitaxial wafer

Table 2    Comparison of SiC dislocation contrast and birefringence 
pattern about SiC self-standing epitaxial wafer

Synchrotron 
radiation X-ray 

topograph

XS-1 transmis-
sion polarization 

image Remarks
Dislocation  

contrast
Birefringence  

pattern

Large

Type-C

This type is similar to the 
TSD shown in the single 
crystal GGG computer sim-
ulation.

Type-D

This type is similar to the 
TSD shown in the single 
crystal GGG simulation, 
but it inverts the Type-C 
180°.

Type-E

This is a TSD type that 
also has a edge dislocation 
component. It has the pos-
sibility of demonstrating 
threading mixed disloca-
tion (TMD).

Type-F

These are examples of TSD.  
It is difficult to evaluate.  
It shows various birefrin-
gence patterns.

Medium Type-G

This type has clearly 
smaller dislocation con-
trast than TSD, but shows 
a different birefringence 
pattern than TED.
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tion surface in Fig. 4(b).  This tendency is considered to 
be due to the effect of the extinction level at 45° angle 
against the analyzer in the transmission polarization 
images.

7.2  Comparison of single crystal SiC and sapphire about 
optical properties
Figures 4(c) and 4(d) show the transmission spec-

trum and reflection spectrum measured with the 
V-770 UV-visible-near infrared spectrophotometer 
with ARMN-920 absolute reflectance measurement 
unit.  Note that the external transmittance (%) is the 
relative transmittance when the air transmittance is 
100%.  Furthermore, total reflectance (%) is measured 
as relative reflectance when the reflectance of an alu-
minum mirror is 100%.  In addition, the value of to-
tal reflectance is obtained by correcting the measured 
value of reflection spectrum by the theoretical reflectiv-
ity of aluminum.

The external transmittance at a center wavelength 

refringence pattern of the transmission polarization 
image, although it is clearly observed as TSD in the 
synchrotron radiation X-ray topograph.  We consider 
that these dislocations are threading mixed dislocation 
(TMD) that have both characteristic of TSD and TED(6).  
It is difficult to identify TMD with synchrotron radia-
tion X-ray topograph alone, but by using the transmis-
sion polarization observation method together, it may 
be probably possible to analyze the detailed of the TSD 
dislocation contrast of the synchrotron radiation X-ray 
topograph.

On the other hand, the TSD shown in Type-F 
showed a variety of birefringence patterns.  It is con-
sidered that it is necessary to further increase the 
number of evaluations and introduce simulation analy-
sis.  Furthermore, medium-sized dislocations clearly 
smaller than the TSD shown in Type-G did not corre-
spond with the birefringence pattern of TED and were 
difficult to identify by using synchrotron radiation X-
ray topograph alone.  From this result, it would be nec-
essary to consider the introduction of another evalua-
tion method for identifying Type-G.

7.  Evaluation of Basal Plane Dislocation by 
Transmission Polarization Observation

7.1  Evaluation of basal plane dislocation using by single 
crystal sapphire wafer
As can be seen from Fig. 2, because the dislocation 

line extends in the horizontal direction of the wafer 
and the phase difference is small, the basal plane dis-
location (BPD) has a problem that the detection sensi-
tivity by transmission polarization observation is low.  
The 15-mm square SiC self-standing epitaxial wafer 
that we experimentally produced was characterized 
by low light absorption loss and was suitable for BPD 
observation.  However, BPD was not observed in the 
synchrotron radiation X-ray topograph.  We estimated 
that all BPDs were converted to TED by the epitaxial 
growth of the n+ buffer layer.

Therefore, we performed a comparison with trans-
mission polarization images (see Fig. 4 for an ex-
ample) for a single crystal sapphire wafer [Surface 
orientation:  c-face (0001); thickness 350 µm; double-
side CMP finished] that is considered suitable for 
BPD observation due to the higher transmittance 
in the ultraviolet band than single crystal SiC wa-
fers.  We used Rigaku Corporation’s XRT-300 X-ray 
topography system (Mo kα  ray, diffraction condi-
tion of g =  112̄0) for imaging the transmission X-ray 
topograph of sapphire wafer.  The curved pattern 
observed in the transmission polarization image in 
Fig. 4(b) corresponded with the curved strain due to 
BPD observed in the transmission X-ray topograph 
in Fig. 4(a).  However, BPD from left to right was 
not observed for the observation surface in Fig. 4(b), 
although it was observable when the wafer was rotated 
by 45° counterclockwise with respect to the observa-

Sapphire (350 µm)

XS-1 observation band: 
Wavelength 405 ±10 nm
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Fig.4   Evaluation of basal plane dislocation(BPD) by using  
sapphire wafer
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  Therefore, transmission polarization observation 
may be useful as an acceptance inspection method for 
SiC epitaxial wafers and as an inspection method dur-
ing SiC device manufacturing processes.

9.  Postscript

In this paper, we described crystal defect and dis-
location analysis for SiC single crystal wafers using 
transmission polarization microscopy.  In particular, 
we evaluated crystal dislocation in single crystal SiC 
wafers that affect the reliability of SiC devices by us-
ing commercially available n-type SiC bulk wafers, SiC 
self-standing epitaxial wafers and commercially avail-
able SiC epitaxial wafers. As a result, we proposed 
a nondestructive and simple crystal defect evalua-
tion method using transmission polarization micros-
copy. If a wafer inspection system is developed that is 
equipped with a polarization optics system supporting 
this evaluation method, it may be possible to perform 
crystal defect inspection with ease at manufacturing 
facilities and laboratories having the same accuracy as 
large synchrotron radiation facilities.

The SiC-wafer crystal defect evaluation method 
by using transmission polarization microscopy and 
synchrotron radiation X-ray topographs described in 
this paper were obtained through the cooperation of 
Dr. Yoshiyuki Yonezawa, Dr. Hirotaka Yamaguchi 
and Dr. Hajime Okumura in National Institute of  
Advanced Industrial Science and Technology (AIST).  In  
addition, the XS-1 SiC crystal dislocation detector mi-
croscope used in this paper was developed for this re-
search by Mr. Seiji Mizutani in Vision Psytec with the 
cooperation of Mr. Kenji Nakagawa in Mipox Corpora-
tion.  Part of this research was supported by Council 
for Science, Technology and Innovation(CSTI), Cross-
ministerial Strategic Innovation Promotion Program 
(SIP), “Next-generation power electronics/Consistent 
R&D of next-generation SiC power electronics” (fund-
ing agency: NEDO)
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In recent years, it has become necessary to im-
prove energy efficiency and reduce CO2 emissions as 
measures against global warming.  As a result, power 
conversion equipment that utilizes power semiconduc-
tors is being increasingly used in a wide range of fields.  
In particular, this kind of equipment has been under-
going capacity improvements and size reductions in 
the fields of railcars and renewable energy, including 
wind power generation and photovoltaic power genera-
tion.  Therefore, the large-capacity insulated gate bipo-
lar transistor (IGBT) modules in the equipment need 
to be installed easily for large-capacities with parallel 
connection and downsized through further increased 
current density.

To meet these market demands, we have devel-
oped the HPnC (High Power next Core), which is high-
current power module with a 7th-generation “X Series” 
chip in a new package (M292).

1. Features

Table 1 shows the product line-up and features of 
the HPnC.  The HPnC has a 2-in-1 circuit configura-
tion with 7th-generation X Series IGBTs and FWD 
chips.  Furthermore, it also incorporates a thermistor 
to detect temperature rise inside the module.  In order 
to ensure high heat dissipation and reliability, an alu-
minum nitride (AlN) ceramic has been utilized for the 
insulating substrate, while also using high thermal-
conductivity magnesium and silicon carbide composite 
materials (MgSiC) for the base material characterized 
by the equivalent coefficient thermal expansion (CTE) 
as conventional aluminum and silicon carbide compos-
ite materials (AlSiC).  As a result, the module with the 
high reliability demanded by railcars applications has 
been realized.  Figure 1 shows the external appearance 
of the module.  This package ensures mounting com-
patibility with the modules of other companies.

MITOMO, Satoshi *   ICHIKAWA, Hiroaki *   HARADA, Takahito *   

“HPnC” High-Current Power Module for Railcars

2. Features of the New HPnC Package

Table 2 provides a comparison of package charac-
teristics with the conventional HPM (high-power mod-
ule) for railcars.

2.1  Low inductance package
A laminated structure(1) between the collector ter-

minal and the emitter terminal was adopted in order 
to reduce inductance of HPnC, as shown in Fig. 2.  As a 
result, the module inductance is reduced by 76% from 
42 nH for the HPM to 10 nH for the HPnC.

2.2  Enhanced current density
The current density is increased by approximately 

12% from 5.76 A/cm2 for the HPM to 6.43 A/cm for 
conventional HPM.  This enhancement is achieved by 
lowering loss through the use of a 3.3-kV 7th-genera-
tion X Series IGBT chip and reducing thermal resis-
tance of the junction-case temperature through the use 
of a MgSiC base characterized by a thermal conductiv-
ity 1.5 times that of the conventional AlSiC base.

Fig.1  “HPnC”

Table 1  Product line-up

Product type
Rated 

voltage
(V)

Rated 
current

(A)
IGBT FWD Package

type

Circuit 
configura-

tion
Thermistor Insulating 

substrate Base

2MBI1000XVF170-50
1,700

1,000

X Series X Series M292 2 in 1 Built-in AlN MgSiC2MBI1200XVF170-50 1,200

2MBI450XVF330-50 3,300 450
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2.3  Easy assembly in parallel connection and the reduc-
tion of total inductance
In recent years, it has become important that 

IGBT modules installed in high-capacity inverter sys-
tems are easily connected in parallel.

Figure 3 shows an assembly comparison between 
HPM and HPnC modules with parallel connection.  A 
three-layer structure consisting of an overlapped col-
lector busbar, AC busbar and emitter busbar is utilized 
for the HPM.  Therefore, this configuration is compli-
cated to assemble when mounting to the main circuit.  
On the other hand, for the HPnC, a two-layer structure 
consisting of an emitter busbar and collector busbar 
is utilized.  This enables the AC busbar to be flexibly 
configured in the opposite direction. This leads to sim-
plification of power supply line and improvement of as-
semblability.

Furthermore, in the HPnC, the collector termi-
nal and emitter terminal can be mounted close to the 
capacitor.  This arrangement allows the busbar to be 
shorten and reduce the inductance of the main cir-
cuit.  Therefore, total inductance that is the sum of the 
main circuit inductance and the internal inductance of 
the module can be reduced by reducing both the main 

circuit inductance and the internal inductance of the 
module for the HPnC. As a result, further high speed 
switching become possible.

2.4  RoHS-compliance
It was difficult for the conventional HPM to con-

form to RoHS because the terminals and the direct 
copper bond (DCB) insulating substrate are bonded 
with solder.  For the HPnC, adoption of ultrasonic 
bonding and bonded materials with equivalent CTE 
enables the achievement of RoHS-compliance and 
higher reliability than conventional products.

3. Improvement of IGBT Chip Characteristics

Figure 4 shows the improvement of characteristics 

Table 2  Comparison of package characteristics

Item HPnC HPM (conventional product) Improvement rate (%)

External appearance —

Dimensions W×D×H (mm) 100 × 140 × 38 130 × 140 × 38 —

Circuit configuration 2 in 1 1 in 1 —

Rating (typical) 3,300 V /  450 A + 450 A 3,300 V /  1,000 A —

Module inductance 10 nH 42 nH (2-in-1 configuration) 76.2

Inductance during 2-unit  
parallel connection 2.5 nH 21 nH 88.1

Setting area (cm2) 140.0 173.7 19.4

Current density (A/cm2) 6.43 5.76 11.6

RoHS Compliant Not compliant —

Ease of parallel connection Compliant Not compliant —

Collector
terminal

Emitter
terminal

AC
terminalLaminated structure

Current

Base

Insulating substrate 1 Insulating substrate 2

Fig.2  Cross-sectional view of “HPnC” laminated structure

(b) 1-in-1 HPM 2 parallel units (total 2,000 A / 3,330 V)

(a) 2-in-1 HPnC 4 parallel units (total 1,800 A / 3,330 V)

Emitter busbar

AC busbar

AC busbar

Collector busbar

Collector busbar

Emitter busbar

Fig.3    Comparison of assembly ease of modules with parallel 
connection
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of the 3.3-kV X Series IGBT chips compared with con-
ventional ones at junction temperature Tvj = 150 °C.  
Turn-off loss Eoff remained the same as before, but 

collector-emitter voltage VCE(sat) is improved by 1.0 V 
from 3.7 V for the conventional IGBT chips to 2.7 V for 
the X Series IGBT chip. The trade-off between VCE(sat) 
and Eoff for X Series IGBT has been improved by ex-
panding the active area through edge structure optimi-
zation and by thinning the drift layer.

References
(1) Sekino, Y. et al. “HPnC” High-Current SiC Hybrid 

Module. FUJI ELECTRIC REVIEW. 2017, vol.63, no.4, 
p.218-222.

Launch time
June 2020

Product inquiries
Sales Department I, Sales Division, Electronic  
Devices Business Group, Fuji Electric Co., Ltd.
Tel: +81-3-5435-7152

X Series IGBT

T vj = 150ºC

Conventional IGBT

2.0 2.5 3.0 3.5 4.0
Collector-emitter voltage VCE(sat) (V)

1,200

1,100

1,000

900

800

700

600

500

400

T
u

rn
-o

ff
 lo

ss
 E

of
f (

m
J)

Improved by 1.0 V

Fig.4    Characteristics improvement of the 3.3-kV “X-Series” 
IGBT chip



264 FUJI ELECTRIC REVIEW vol.65 no.4 20192019-S08-1

 *   Power Electronics Systems Industry Business Group, Fuji 
Electric Co., Ltd. 

⁑	Sales Group, Fuji Electric Co., Ltd. 

In recent years, deployment of industrial ma-
chinery such as production line robots and automatic 
check-in and check-out machines in the service indus-
try has been accelerating in response to chronic labor 
shortages across all industries.  The increasing num-
ber of various types of machines has required power 
supplies to meet the needs of a wide variety of output 
specifications.

From these backgrounds, Fuji Electric has devel-
oped and released the “FIP06 Series” multi-output 
AC-DC power supply that enables customers to freely 
select the number of outputs and corresponding volt-
ages (see Fig. 1).

1. Product Specifications

Figure 2 shows the internal configuration of the 
FIP06 Series, and Table 1 provides an outline of its 
specifications.  The unit receives 100 to 240 V AC and 
outputs up to 4 DC voltages with a total output of 
600 W (peak of 750 W).

These four outputs can be individually equipped 
with isolated converters called block circuit boards.  
Therefore, three or four block circuit boards utilizing 
12- or 24-V isolated converters can be selected accord-
ing to the user’s application need.  Table 2 provides the 
specifications of the block circuit boards.

TAWADA, Nobuyuki *   OGUCHI, Hiroyuki⁑   HASHIZUME, Shingo *   

“FIP06 Series” AC-DC Power Supply for Industrial 
Equipment

Fig.1  “FIP06 Series”

Table 1  “FIP06 Series” outline specifications

Item Specifications

Input
Rating Single-phase 100 to 240 V AC, 50/60 Hz

Range Single-phase 85 to 264 V AC, 47 to 63 Hz

Output (DC)

Total output 600 W (peak power 750 W,  
3 seconds or less)

The output voltage value depends on the 
selected block circuit board

Output hold time 20 ms

Instantaneous 
voltage drop

SEMI-F47 compliant  
(at single-phase 200 V input)

Operating 
temperature -10 °C to +60 °C

EMI VCCI class A compliant

Protective 
function

Input overcurrent /  Output overvoltage 
Output overcurrent /  Temperature 

protection

Interface

Input M4 screw terminals

Output M3 screw terminals

Signal PUD Series connector (JST) or equivalent

Safety standards CB certification (IEC 60950-1 Edition 2)

Option ◦Backup function
◦Output hold time extension

DC intermediate voltage

85 to 
264 V AC

Noise
filter

Power-
factor

correction
circuit

Isolated
converter
(Block 1)

Isolated
converter
(Block 2)

Isolated
converter
(Block 3)

Isolated
converter
(Block 4)

AUX 12 V

Fuse
L

N
Fuse

Fig.2  “FIP06 Series” internal configuration diagram
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2. Features of the “FIP06 Series”

(1) Overload measures
By increasing the efficiency through the use of 

a current resonant (LLC) circuit as the conversion 
method of the block circuit boards, it is possible to 
supply up to 240 W of power on a single block circuit 
board.  The unit also has two levels of overcurrent pro-
tection function that enables it to instantaneously out-
put up to 180% its ratings.  This allows a single block 
circuit board to correspond to loads that require an in-
stantaneous large power, such as motors and heaters.
(2) Block circuit board output isolating measures

The output of a block circuit board is isolated from 
the AUX output and other block circuit board outputs, 
power can therefore be supplied to multiple loads with-
out considering the load fluctuation of other block cir-
cuit boards or the sneak current from other loads.  For 
example, the power supply can be used for a load in 
which only one of the outputs has a negative potential 
with the plus side being grounded.

Furthermore, the block circuit boards come with 
a built-in current balance function, and multiple 
block circuit boards can be connected in parallel.  This 
makes it possible to handle large loads by simply con-
necting the output terminals.
(3) Various system configurations

Each block circuit board has a remote on-off func-
tion, it is possible to freely set the order of starting and 
stopping the output.  It also has a status notification 
function and various protection functions (overvoltage, 
overcurrent, overheating).  When a malfunction occurs 
to one of the loads, this function makes it possible to 
choose to stop the other non-malfunctioning outputs or 
continue operation.
(4) Overvoltage category III compliance

The power supply is compliant with overvoltage 
category III*1, and it can be directly connected to input 
systems with low protection levels (systems susceptible 
to high transient voltages).

3. Optional Functions

As shown in Fig. 3, the FIP06 Series can be 
equipped with various options to support a stable and 
continuous supply of output even when connecting to 
an unstable input system or when experiencing input 
malfunction due to power outage or other problem.  
Tables 3 and 4 show the options.  The features of each 
option are as follows:
(1) Backup option

This is an option for charging and discharging the 
battery.  When the external battery is properly se-
lected, the required power can be backed up for as long 
as necessary.

Furthermore, this option is connected between 
the DC intermediate voltage and the battery, so that 
it is possible to back up the output of all block circuit 

Table 2  Block circuit board specifications

Item Specifications

Output voltage (rating) 24.0 V 12.0 V

Voltage 
tolerance

Static ±2%

Dynamic ±5%

Output 
current

Rating 10.4 A

Peak 13.0 A (3 seconds) 18.0 A (0.1 
seconds)

Protective 
function

Overvoltage 28.8 to 33.6 V 14.4 to 16.8 V

Overcurrent 13.5 to 18.7 A 13.5 to 18.7 A

Ripple voltage 240 mVpp 120 mVpp

*1:   Overvoltage category III is a 4-stage classification that 
specifies the transient voltage tolerance of equipment 
based on IEC.  Overvoltage category III is the category 
to apply to equipment that requires high reliability and 
effectiveness.

Table 3  Backup specifications

Item Specification

Charg-
ing 
specifi-
cations

Voltage 27.3 V (during CV operation)

Current 1.0 A (during CC operation)

Time Charging complete within 24 hours 
(depending on battery capacity)

Discharge specifica-
tions

Total output 300 W

The output voltage value depends on the 
selected block

Compatible battery 24-V battery (recommended capacity 5 to 
15 Ah)

Standard AC-DC component

Primary
GND

Instantaneous
power interruption

time extension

Hold time extension Backup

Battery charging and discharging

Discharging

Charging Fuse

External
battery

DC intermediate voltage

85 to
264 V AC

Noise
filter

Power-
factor

correction
circuit

Isolated
converter
(Block 1)

Isolated
converter
(Block 2)

Isolated
converter
(Block 3)

Isolated
converter
(Block 4)

AUX 12 V

Fuse
L

N
Fuse

Secondary
GND

Fig.3  Diagram of internal configuration with options
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boards.
(2) Output hold time extension option

This is an option to add extra capacitance to the 
DC intermediate capacitor inside of the power supply.  
When long time backup with batteries is not needed 
but the output is needed to be held for a few hundred 
milliseconds, this option minimizes cost.

The two options mentioned above can also be used 
together, making it possible to construct a suitable 
backup system that corresponds to the input and load 
to be connected.

Launch time
May 2019: AC-DC component
January 2020: With options (scheduled)

Product Inquiries
Business Operation Department I, Automation  
Systems Division, Power Electronics Systems  
Industry Business Group, Fuji Electric Co., Ltd. 
Tel: +81-3-5435-7111

Table 4  Output hold time extension specifications

Item Specifications

Output hold time  
(at 600 W output) 70 ms/120 ms/170 ms

Remarks
◦Adjustable in 3-steps
◦Longer when output power is small 
◦(Inversely proportional to output)
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 *   Power Electronics Systems Industry Business Group, Fuji 
Electric Co., Ltd. 

A monitoring and control system indicates equip-
ment operating status and abnormalities.  On the 
basis of the information on the monitor, a supervisor 
gives instructions to operate equipment and devices 
through a monitoring and control system.  Controllers 
collect various items of information including those to 
be shown on the monitor from equipment and devices 
on site and executes appropriate programs according to 
the instruction from a supervisor.

Infrastructures supporting society, such as water 
treatment facilities, are required to provide continu-
ous 24-hour operation throughout a year.  Even a brief 
operation downtime may disturb the service to be pro-
vided, which may lead to a significant loss to business 
operators.  To avoid facility outage, high reliability is 
required for monitoring and control systems.

In order to meet such a market request, Fuji  
Electric has developed the “MICREX-SX SPH5000H” 
controller (see Fig. 1), which is a new CPU module of 
the integrated controller “MICREX-SX Series.” This 
module has high reliability with a duplex system.

Figure 2 shows the system configuration example of 
the monitoring and control system using the MICREX-SX  
SPH5000H.  Table 1 shows the comparison of perfor-
mance and specifications between the MICREX-SX 
SPH5000H and the “MICREX-SX SPH2000,” the con-
ventional product.

The MICREX-SX SPH5000H has the features de-
scribed in the following sections to enable the construc-
tion of highly-reliable and large-scale monitoring and 

SHIMOKAWA, Takayuki *   TAKAHASHI, Makiko *   

“MICREX-SX SPH5000H”  
Highly Reliable Duplex Controller System

Fig. 1  “MICREX-SX SPH5000H”

PE-link duplex

Equalization
bus

MICREX-SX 
SPH5000H

RU1H
RU1H

RU1H
RU1H

E-SX bus loop
(I/O network 
duplex)

E-SX bus loop
(I/O network 
duplex)

Baseboard 
with station 
No. setup 
function

Baseboard 
with station 
address 
setting

Max. 32 units

Host computer

PEH

PEH

FL-net* V3 compliant 
LAN (1 Gbps)

*FL-net:Industrial open network specified under the leadership of the Japan 
  Electrical Manufacturers’ Association

MICREX-SX 
SPH5000H

Fig. 2    System configuration example of the monitoring and 
control system using the “MICREX-SX SPH5000H”

Table 1    Comparison of the performance and specifications with 
the conventional product

Item MICREX-SX 
SPH5000H

MICREX-SX 
SPH2000

Improve-
ment

Program capacity 512 Ksteps 256  Ksteps 2 times 
larger

Data memory 2,048 Kwords 2,048 Kwords —

I/O memory 4,096 words 512  words 4 times 
larger

Instruction  
execution time

Basic instruction: 6 ns Basic instruction: 
30 ns

5 times 
faster

Applied instruction: 
5 ns

Applied instruction: 
40 ns

8 times 
faster

Equalization  
performance

60 ms/320 Kwords
300 ms/ 

2,048 Kwords

250 ms/ 
320 Kwords

4.4 times 
faster

Built-in  
Ethernet*1

performance and 
function

1 Gbps
Dedicated to Ethernet

100 Mbps
Selective use with  
equalization bus

10 times 
faster

Equalization bus 
performance 1 Gbps 100  Mbps 10 times 

faster

FL-net*2

compliant LAN
performance and 

function

1 Gbps
Built into MICREX-SX 

SPH5000H

100  Mbps
External module

10 times 
faster

Data correction 
function

ECC function for pro-
gram and data memory None —

*1    Ethernet: Trademark or registered trademark of Fuji Xerox Co., Ltd.
*2    FL-net: Industrial open network specified under the leadership of Japan 

Electrical Manufacturers’ Association
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control systems.

1. High Speed, High Capacity and High 
Reliability of Program Execution

To improve the program execution speed, we 
changed the processor with a clock speed of 300 MHz 
to one with a 1 GHz.  We changed the memory with 
130-MHz clock to the one with 1,600 MHz and in-
creased the memory capacity.  The increased heat 
generation due to the faster clock speed has been ad-
dressed with the cooling fin for the processor and the 
heat dissipation structure with enlarged opening in 
the dedicated housing.  As is the conventional product, 
continuous operation is guaranteed in environments 
with an ambient temperature of 55 °C.

To retain parameter values and other data, the 
conventional product used low-speed static random ac-
cess memories (SRAMs), which use a battery backup 
when the power is turned off.  The battery life is 
short (five years), so that the system required peri-
odical maintenance.  We therefore replaced the SRAM 
with a non-volatile memory to eliminate the battery.  
Moreover, the system copies data stored on the non- 
volatile memory to a high-speed dynamic random ac-
cess memory (DRAM) when the power is turned on.  
Since the system uses the DRAM during operation, 
it can execute programs faster.  When the power is 
turned off, the system backs up its data automatically 
by copying it from the DRAM to the non-volatile mem-
ory.  For this copying, the built-in high-capacity super-
capacitor is used as a power supply.

Furthermore, the cache memory inside the proces-
sor and DRAM are provided with the error check and 
correction (ECC) function to improve reliability.  When 
a one-bit error occurs in the memory due to external 
noise, the error is corrected and programs and data are 
read out without affecting the calculation performance, 
which ensures continuous operation.

2. Fast Duplex Control Network

To build a duplex control network, the conven-
tional MICREX-SX SPH2000 has been combined with 
a LAN module compliant with FL-net*1.  The con-
trol data between the MICREX-SX SPH2000 and the  
FL-net compliant LAN module were sent and received 
via the processor bus on the baseboard.  As a result, 
the program execution time increased proportionally to 
the data processing time.

On the other hand, the MICREX-SX SPH5000H 
has a built-in FL-net compliant LAN function to take 
advantage of the communication speed of the FL-net 
compliant LAN that has been improved from 100 Mbps  

to 1 Gbps.  Moreover, two processors are provided, one 
for executing programs and the other for executing 
the FL-net compliant LAN function, and they are con-
nected via the high-speed internal bus.

This has improved the speed of data sending and 
receiving by 50 times and achieved faster control data 
communications without the increase in the program 
execution time.

3. Improved Speed and Capacity of Equalization 
Bus

The redundancy of the program execution sec-
tion has been achieved by sending the data of the pro-
gram execution result from the working system to the 
standby system through the equalization bus at every 
scan of program execution.  Consequently, the equal-
ization time required for sending and receiving equal-
ization data greatly affects the control cycle.

In order to reduce the equalization time of the 
MICREX-SX SPH5000H, we improved the communi-
cation speed of the equalization bus from 100  Mbps 
to 1 Gbps, and modified the equalization process (see 
Fig. 3).  The conventional MICREX-SX SPH2000 re-
peated a process of creating a frame of equalization 
data and then sending the frame.  The MICREX-SX 
SPH5000H has two transmission buffers used for send-
ing equalization data and has a mechanism of creating 
a transmission frame of equalization data and sending 
equalization data in parallel.  As a result, its execution 
speed is 4.4 times as fast as the MICREX-SX SPH2000.

Equal-
ization
data

Trans-
mission

data

Trans-
mission
buffer

Creation of 1 
frame of data 1 frame of data

Commu-
nication

IC

Data is sent after the 
frame is completed.

(b) MICREX-SX SPH2000

Equal-
ization
data

Transmission
data 1

Transmission
data 64

Trans-
mission
buffer

Creation of 64 
frames of data

64 frames 
of data

Commu-
nication

IC

Transmission
data 1

Transmission
data 64

Trans-
mission
buffer

Creation of 64
frames of data 64 frames of data

While a frame is being sent, 
the next frame is created.

Process is repeated.

(a) MICREX-SX SPH5000H

Fig. 3  Comparison of the equalization data sending processes

*1:  FL-net: Industrial open network specified under the 
leadership of Japan Electrical Manufacturers’ Associa-
tion
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4. Complete Duplex I /O Network

The MICREX-SX SPH5000H has incorporated a 
loop function and a duplex function of the E-SX bus to 
improve the reliability of the I/O network.  In addition 
to the loop structure and duplex function of the E-SX 
bus, the interface module (RU1H) supports module du-
plex.  Consequently, when an abnormality is detected in 
the I/O network, the working and standby systems are 
switched automatically to continue operation.  To im-
prove reliability, the I/O network has been designed to 
form a loop.  This enables continuous operation without 
the need of switching the working and standby systems 
even when disconnection occurs at some point in the 
network cable.

5. Compatibility with Conventional Products

As a successor to the conventional MICREX-SX 
SPH2000, the MICREX-SX SPH5000H provides the 

higher performance and reliability as well as ensures 
compatibility with the following items to allow easy 
migration from the MICREX-SX SPH2000.
◦�Application programs
◦�Modules to be mounted onto the SX bus baseboard
◦�The maximum number of usable modules: 8 for Pro-

cessor link modules, 8 for remote I/O master mod-
ules, and 16 for communication modules.

Launch time
April 2019

Product Inquiries
System Sales Engineering Department, Automation 
Systems Division, Power Electronics Systems  
Industry Business Group, Fuji Electric Co., Ltd. 
Tel: +81-3-5435-7021
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