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To help prevent global warming, the 
popularization of clean energy such as solar 
power and wind power, as well as the ap-
plication of power electronics technology 
that effi ciently utilizes this energy, are 
highly anticipated worldwide.  

To response to this heightened antici-
pation, Fuji Electric has developed various 
types of power semiconductors having high 
energy conversion effi ciencies and that are 
environmentally friendly.  These devices 
are utilized in many products in a wide 
range of fi elds, including the environment, 
power generation, automotive, industrial 
machine, public infrastructure and con-
sumer electronics fi elds, and are making 
positive contributions worldwide.  

The cover photo is of automotive-use 
insulated gate bipolar transistor (IGBT) 
modules that are installed in eco-friendly 
vehicles such as electric vehicles or hybrid 
vehicles.  Featuring a direct water-cooling 
structure, these IGBT modules achieve sig-
nifi cant reductions in thermal resistance 
and size in comparison to previous models.  
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  1. Introduction
  
  In recent years, initiatives to reduce CO 2  emissions 

in order to protect the environment have been imple-
mented in countries throughout the world.  The shift to 
clean energy, such as to wind power and solar power, 
which does not rely on conventional fossil fuels, is be-
coming increasingly prominent.  

  The use of power electronics devices to conserve 
energy can be found in a wide variety of applications, 
from consumer electronics to electric railways, FA sys-
tems and the like.  Moreover, power electronics are 
used not only in power-consuming applications, but 
their use has also spread to the fi elds of power gen-
eration, transmission and supply such as in uninter-
ruptible power supplies (UPS), wind power generators 
and solar power generators.  In particular, multi-level 
inverters have been proposed as an effi cient way to 
increase the power conversion effi ciency of a UPS or 
power generation system (1) , and neutral-point-clamped 
(NPC) inverters have been put into practical use.  A 
3-level inverter*1 having a simpler circuit confi guration 
than this NPC inverter has also been proposed, but 
when confi gured with typical insulated gate bipolar 
transistor (IGBT) and diode, an increase in conduction 
loss and a high surge voltage due to the wiring induc-
tance were problems. 

  Fuji Electric has developed circuit systems for in-
verters and converters, which are power electronics 
devices, and has contributed to energy conservation 
mainly in devices in the industrial fi eld.  Additionally, 
by adopting a custom low inductance package using 

  Kosuke Komatsu †   Takahito Harada †   Yoshiyuki Kusunoki †   

   IGBT Module Series for Advanced-NPC Circuits

  A series of insulated gate bipolar transistor (IGBT) modules has been developed to enable advanced neutral-
point-clamped (A-NPC) inverters.  Modules in this series integrate A-NPC circuits for three phases with thermistors in 
a single package.  Loss is minimized by the adoption of 6th-generation IGBT, free wheeling diode (FWD) and reverse 
blocking IGBT (RB-IGBT) devices.  Power dissipation is reduced by 51% compared to conventional two-level invert-
ers and by 33% compared to conventional NPC three-level inverters.  Two types of pin confi guration are available, 
and selectable according to customer requirements.

a reverse-blocking IGBT (2)  (RB-IGBT), a proprietarily 
developed power semiconductor, Fuji Electric has de-
veloped an IGBT module for use in advanced NPC 
(A-NPC) circuits that solves the aforementioned prob-
lems (3) .  A UPS that utilizes this module has been in-
troduced to the market. 

  Presently, Fuji Electric is aiming to expand its 
series of IGBT module for A-NPC circuits, and is de-
veloping an IGBT module for A-NPC circuits that in-
tegrates a three-phase A-NPC 3-level inverter circuit 
and a thermistor into a single package.  This paper 
presents an overview of these efforts. 

  
  2. Characteristics of IGBT Modules for Advanced 

NPC Circuits
  

  2.1 Overview
  An overview of the ratings, dimensions and the 

like of Fuji Electric’s IGBT module series for A-NPC 
circuits is shown in Table 1.  The rated voltage of the 
main switches is 1,200 V, the rated voltage of the inter-
mediate bidirectional switches is 600 V, and the rated 
current is 100 A.  The modules have the following char-
acteristics. 

  (a) Integration of a 3-phase A-NPC circuit and a 
thermistor into a single package 

  (b) Selectable pin shape according to the inverter 
production line

  Figure 1(a) shows the appearance and Fig. 1(b) 
shows the equivalent circuit of the IGBT modules.

  
  2.2 Electrical characteristics of the device
  (1) Main switches

  For the main switches T1 and T2 (see Table 2), the 
new “V Series” IGBT and free wheeling diode (FWD) 
having a rated voltage of 1,200 V were used.  The V 
Series has the following characteristics. 

*1: 3-level inverter technology; See supplemental explana-
tion 1 on page 87.
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  (a) Lower on-state voltage  V  CE   (sat)  and less switch-
ing loss due to optimized fi eld stop (FS) and 
trench gate structures

  (b) Improved controllability of turn-on d i  /d t  with 
gate resistance  R  g 

  (2) Bidirectional switches
  For the bidirectional switches T3 and T4 (see Table 

2), RB-IGBTs having a rated voltage of 600 V were 
used.  The RB-IGBT characteristics are as follows. 

  (a) RB-IGBT has reverse blocking voltage capabil-
ity, and can therefore be connected in a anti 
parallel confi guration to enable bidirectional 
switching.

  (b) When a forward gate bias voltage is applied 
to cause the chip to exhibit reverse recovery 
switching as a FWD, the reverse recovery char-
acteristics are the same as that of a convention-
al FWD.

  (3) Conduction loss
  An A-NPC inverter circuit, as compared to a con-

ventional NPC inverter circuit, has half the number 

of conducting elements throughout its entire current 
path.  As a result, conduction loss can be reduced by 
approximately 30% compared to a conventional NPC 
inverter.  Table 2 compares the current paths and on-
state voltages of the conventional NPC inverter and 
the A-NPC inverter. 
  (4) Switching loss

  An IGBT module for use in A-NPC circuit differs 
from a conventional IGBT module in that it has the fol-
lowing three switching paths as shown in Fig. 2.  

  (a) Path in which the main IGBTs operate as 
switches and the main FWDs operate in reverse 
recovery (Mode A)

  (b) Path in which the RB-IGBTs switch and the 
main FWDs operate in reverse recovery (Mode 
B)

Table 1 Overview of IGBT modules for A-NPC circuits

Model Package dimensions Rated voltage Rated current

12MBI100VN-120-50
(Solder pin type)

L122.5×W62.5×H17 (mm) 1,200 V (M10Aain switch part)
   600 V (Bidirectional switch part)

100 A (Main switch part)
100 A (Bidirectional switch part)12MBI100VX-120-50

(Press-fi t pin type)

Fig.1 Appearance and equivalent circuit of IGBT module for 
A-NPC circuits
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Fig.2 Example of current paths in each switching mode

Mode A Mode CMode B

Table 2 NPC inverter and A-NPC inverter on-state voltage  
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  (c) Path in which the main IGBTs switch and the 
RB-IGBTs operate in reverse recovery (Mode C)

  For the 3-level inverter operation, basic operation 
is in mode B and mode C.  Figure 3 shows the turn-on, 
turn-off and reverse recovery waveforms in mode B 
for a module at  V  CC =300 V,  I  C =100 A,  R  g =24  Ω  and 
 T  j =125  ° C. 

  The switching loss is 3.0 mJ at turn-on, 4.1 mJ at 
turn-off, and 1.67 mJ at reverse recovery, and no turn-
off surge that exceeded the rated voltage was found.

  Figure 4 shows the current dependence of the 
switching loss, and Fig. 5 shows the gate resistance 
dependence of the switching loss.  As described above, 
the reverse-recovery loss characteristics when the RB-
IGBT is in reverse-recovery mode C are no different 
from when a conventional FWD is in reverse-recovery 
mode B. 

  

  2.3 Package
  A conventional compact package (EconoPIM™*2 3/

*2: EconoPIMTM is a trademark or registered trademark of 
Infi neon Technologies AG.

Fig.4 Current dependence of switching loss
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Fig.5 Gate resistance dependence of switching loss
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Fig.6 Main terminal arrangement 

U

P

M

N

V W

Fig.3 Switching waveform (mode B)

(a) Turn-on waveform
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conduction loss accounts for a higher percentage of to-
tal power dissipation. 

  With an A-NPC 3-level inverter, because an RB-
IGBT has larger conduction loss than an ordinary 
IGBT, the conduction loss is 8.7% larger than that of 
a 2-level inverter, but can be reduced to about 37% 
less than an NPC 3-level inverter.  On the other hand, 
the switching loss is smaller as in the case of the NPC 
3-level inverter.  As a result, in contrast to the loss in 
the NPC 3-level inverter, the percentages of conduction 
loss and switching loss become equal, and even if the 
carrier frequency changes, the power dissipation never 
exceeds that of the NPC 3-level inverter. 

  Figure 9 shows the carrier frequency dependence of 
power dissipation.  In the region of carrier frequencies 
of 5 kHz or higher, the power dissipation is less for a 
3-level inverter than a 2-level inverter.  In the region 
of carrier frequencies lower than 5 kHz, the 2-level in-
verter appears to have less power dissipation, but the 
noise fi lter attached to the inverter apparatus is larger 
for the 2-level inverter than a 3-level inverter, and as a 
result, the total loss (power dissipation including fi xed 
loss and fi lter loss) generated by the entire inverter ap-
paratus, the 3-level inverter has less power dissipation. 

PC-Pack3) was selected for the newly developed IGBT 
module for A-NPC circuits.  As a result, the package 
has the following characteristics. 

  (a) Main terminals P, M, N
  Layout allows for easy placement of snubber 

capacitors (between P-M, between M-N) to reduce 
surge voltage (see Fig. 6)
  (b) Terminal shape

  2 types of terminal shapes (solder pin, press-fi t 
pin) can be selected according to customer needs 
(see Fig. 7)
  (c) Environmentally friendly

  Lead-free and compliant with RoHS directive*3

  
  3. Power Dissipation

  
  Figure 8 compares the power dissipation per phase 

of a conventional 2-level inverter, an NPC 3-level in-
verter and an A-NPC 3-level inverter when operating 
under the same conditions. 

  The power dissipation was computed with the V 
Series ratings of 100 A/1,200 V (EconoPIM™ 3) for the 
conventional 2-level inverter and using the V Series 
ratings of 100 A/600 V (EconoPIM™ 3) for the NPC 
3-level inverter.  Operating conditions for the 20 kVA 
inverter were  f  c =7 kHz, DC voltage=700 V, and output 
current=30 A (rms).  As a result, the A-NPC 3-level in-
verter exhibited the least power dissipation, 51% less 
than the conventional 2-level inverter and 33% less 
than the NPC 3-level inverter.  Viewed individually, 
these inverters have the following characteristics. 

  The 2-level inverter has the smallest conduction 
loss since it has only one device that conducts current.  
However, because the DC voltage is twice that of a 
3-level inverter, switching loss accounts for 76.6% of 
the total power dissipation. 

  The NPC 3-level inverter has the largest conduc-
tion loss since there are two conducting devices in each 
current fl ow path.  With three levels, however, the DC 
voltage is halved and the switching loss is less than 
half that of a 2-level inverter.  Consequently, the con-
duction loss accounts for 54.8% of the power dissipa-
tion per phase.  As the carrier frequency decreases, 

*3: RoHS directive: European Union (EU) directive on re-
striction of the use of certain hazardous substances in 
electrical and electronic equipment

Fig.7 Terminal shape

(b) Press-fit pin(a) Solder pin

Fig.8 Comparison of power dissipation for various inverters
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  4. Postscript

  
  This paper has presented an overview and de-

scribed characteristics of Fuji Electric’s IGBT module 
series for advanced-NPC circuits.  This product sup-
ports applications of several tens of kVA, and will sure-
ly satisfy customer requests for high effi ciency, small 
size and ease of use.

  In the future, Fuji Electric will expand the product 
lineup of this IGBT module series for advanced-NPC 
circuits, and intends to develop modules in response to 
requests for higher effi ciency in UPSs and the like. 



† Fuji Electric Co., Ltd.
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A B S T R A C T

  1. Introduction
  
  Hybrid electric vehicles (HEVs), currently the most 

prevalent type of fuel-effi cient cars, have the dual pow-
er sources of a internal combustion engine and an elec-
tric motor.  During acceleration, the motor assists the 
engine, while during deceleration, regenerative brak-
ing acts to charge the battery to improve the fuel ef-
fi ciency.  Because a gasoline engine is used, HEVs can 
be operated without reliance on quick charger or other 
infrastructure, and their further popularization in the 
future is anticipated. 

  This paper introduces an automotive insulated 
gate bipolar transistor (IGBT) module suitable for 
use in drive system inverters in HEVs and electric 
vehicles (EVs).  In order to meet many diverse needs, 
Fuji Electric plans to create a series of products having 
specifi c output power classes, suitable for motor output 
ratings of up to about 100 kW, and to contribute to the 
development of fuel-effi cient systems for customers 
such as automobile manufacturers and electric equip-
ment manufacturers. 

  
  2. Background

  
  Types of hybrid systems include a 2-motor type 

equipped with both a drive motor and a generator mo-
tor, and a 1-motor type that assists the engine and 
performs regenerative braking.  The 2-motor type is 
installed mainly in mid-size or large passenger cars 
and results in a relatively large improvement in fuel 
effi ciency.  The 1-motor type is installed mainly in 
compact cars and although a dramatic improvement 
in fuel effi ciency is not expected, is a small lightweight 
and relatively low-cost system.  In a 2-motor type hy-

  Takahisa Hitachi †   Hiromichi Gohara †   Fumio Nagaune †

   Direct Liquid Cooling IGBT Module for 
Automotive Applications

  A compact insulated gate bipolar transistor (IGBT) module with low thermal resistance and direct liquid cooling,  
system has been developed to contribute to reducing the size of user systems.  Thermal fl uid simulations were used 
to optimize the liquid cooling fi n shape.  Square pin fi ns were selected because of their overall outstanding perfor-
mance, including heat dissipation performance, cooling liquid fl ow velocity, and pressure loss.  Under optimized liquid 
fl ow conditions, measured values of chip temperature were within 2% of simulation values, confi rming the accuracy 
of the simulations.  From these results, this IGBT module for direct liquid cooling realizes a 30% reduction in thermal 
resistance and allow a 40% reduction in size compared to the conventional confi guration.

55

brid system, motors having a relatively large output of 
50 kW or greater are used, while for the 1-motor type, 
motors with output power of 20 kW or less are often 
used. 

  Electric vehicles have a battery and a motor as 
their power source, and do not generate harmful ex-
haust gas since they do not use fossil fuels when being 
driven.  Additionally, because they have a high well-
to-wheel effi ciency (effi ciency from the primary energy 
source to actual driving of the vehicle), electric vehicles 
exhibit a large energy-saving effect and are thought to 
be the ultimate fuel-effi cient car.  Motors installed in 
electric vehicles range from 50 kW to 100 kW according 
to the body size.  A signifi cant reduction in the cost of 
their batteries, however, is needed in order for electric 
vehicles to achieve wide-spread adoption.  In the mean-
time, plug-in hybrid electric vehicles (PHEVs) that 
have been developed to realize higher fuel effi ciency 
performance are being commercialized.  Batteries can 
be charged from household AC power sockets, and 
through using electric vehicles for short-distance travel 
and hybrid vehicles that combine an electric motor 
with engine output for long-distance travel, a dramatic 
reduction in CO 2  emissions and an increase in cruising 
distance are anticipated. 

  In this way, many types of systems are equipped 
with a motor to save energy, and their output capaci-
ties vary from small to large.  Accordingly, IGBT mod-
ules of various current capacities and voltage classes 
are used in the inverters in these systems. 

  A hybrid system is confi gured from such compo-
nents as a power control unit (PCU) that controls the 
power converting function, a motor, a battery and so 
on.  Inside the PCU, IGBTs play a major role in acting 
as the main switch of an inverter that outputs three-
phase alternating current. 

  Many varieties of IGBT modules have been devel-
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oped for industrial and consumer applications, and 
their product lineup is also diverse in terms of current 
capacity.  Because the specifi cations concerning dura-
bility of these IGBT modules were not entirely suitable 
for automotive applications, however, they could not 
be used as-is, and instead, custom products were often 
developed and installed.  In the future, as electric drive 
technology becomes indispensible for reducing fuel con-
sumption and various customer requirements for IGBT 
modules are received, their use is expected to increase 
further. 

  
  3. Product Concept and Specifi cations

  
  3.1 Product concept

  While meeting diverse customer requirements, We 
have also considered products that incorporate ideas of 
its own.  With the goal of “contributing to miniaturiza-
tion of the customer’s system,” Fuji Electric has sig-
nifi cantly improved the heat dissipation performance 
of IGBT modules while maintaining the required basic 
performance in order to enhance the power density. 

  To reduce the size of the module, a direct liquid-
cooling structure was adopted and thermal fl uid simu-
lations were carried out in order to optimize the fi n 
shape and the liquid fl ow.  A 30% reduction in thermal 
resistance, compared to a module with a conventional 
structure, was confi rmed.  Additionally, reducing the 
active area of the power chip (die shrink) was also 
studied.  As a result, We determined that a module 
size 40% smaller than that of a module with a conven-
tional structure could be realized, and began product 
development.  Use of the latest version “V-series” chip, 

which has already begun to be mass-produced for in-
dustrial applications, as the power chip provides an 
even greater effect. (1)  

  Next, the design of a module that conforms to the 
usage conditions (battery voltage: 300 V, max.  current 
(RMS value): 200 A, carrier frequency: 10 kHz) actu-
ally requested by customers was examined, and the 
results of evaluation of prototypes will be described 
below. 

  
  3.2 Product specifi cation

  Figure 1 shows the appearance of the IGBT module 
and Fig. 2 shows its equivalent circuit diagram. 

  This product is characterized by low thermal re-
sistance as a result of a direct liquid cooling structure, 
and the high current density has enabled the package 
size to be reduced signifi cantly.  The module has ex-
ternal dimensions of 105×108 (mm), which is approxi-
mately 40% smaller than our previous comparable 
product having a conventional structure.  Figure 3 com-
pares cross-sections of the conventional structure and 
the liquid cooling structure, and Fig. 4 compares their 
thermal resistances. 

  In the conventional structure, thermal grease is 
used to reduce the contact thermal resistance between 
a copper base and the cooling fi n surface.  Thermal 
grease has a large thermal resistance even at thick-

Fig.2 Equivalent circuit of the module
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Fig.4 Thermal resistance comparison of conventional struc-
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nesses of several tens of  μ m, and was unable to con-
duct waste heat effi ciently from the module to the cool-
ing fi ns.  Additionally, an adequate cooling effect could 
not be obtained since the fl uid fl ow path of the cooling 
fi ns did not match the distribution of heat generated 
by the mounted device.  With the newly developed di-
rect liquid cooling structure, the cooling effect was 
improved by integrating the copper base and the cool-
ing fi ns so as to eliminate the thermal grease layer.  
Moreover, by arranging the fi ns in a high density con-
fi guration directly beneath the power chip, which is a 
heat-generating body, the capacity for heat dissipation 
between the fi ns and the cooling liquid is increased.  
The result is that the thermal resistance between the 
power chip and the cooling liquid was reduced by ap-
proximately 30% compared to that of the conventional 
structure.  By improving the cooling effi ciency, the de-
vice can be made with higher current density so that 
more current can fl ow through a single chip (see Fig.5). 

  
  4. Direct Liquid Cooling Technology

  
  4.1 Investigation of heat dissipation performance

  With the direct liquid cooling structure, the heat 
dissipation performance changes according to such fac-
tors as the fi n shape and the fl ow direction of the cool-
ing liquid.  Fluid simulations were performed for vari-
ous fi n shapes and fl ow paths in order to optimize the 
cooling system, and details are presented below. (2)   

  The IGBT module in an inverter system fulfi lls the 
function together with connected smoothing capacitor, 
circuit board, harness, current sensor and the like.  So 
as to accommodate different system designs from many 

customers, the fi n shape was selected to be a pin-type 
fi n through which cooling fl uid could fl ow in either the 
width or depth direction.  (see Fig.6) Selection of the 
pin fi n cross-sectional shape necessitated a comprehen-
sive examination of the heat dissipating performance, 
cooling liquid fl ow velocity and pressure loss, and Fuji 
Electric investigated the cross-sections of typical round 
and square pin fi ns. 

  
  4.2 Optimization of fl ow path

  The fl ow path was investigated using a thermal 
fl uid simulator (Icepak*1), and the junction tempera-
ture, fl ow velocity of the cooling liquid and pressure 
loss were computed and compared.  Class 2 antifreeze 
coolant (LLC) 50% is used as the cooling liquid, and 
the model of the IGBT module shown in Fig. 6 is used 
as the analysis model.  The fi ns are formed on the un-
derside of the insulated substrate where the heat-gen-
erating chip is located.  One IGBT chip and one FWD 
chip are provided in each arm.  A single output phase 
(half bridge) is provided on each insulated substrate.  
In consideration of the inverter system commonly used 
and so that the cooling liquid will fl ow evenly to the fi n 
area, the depth direction shown in Fig. 6 was selected 
as the direction of fl uid fl ow.  Figure 7 shows the struc-
ture of a cooling liquid jacket that compares the fl ow 
velocities of the cooling liquid. 

   With the fl uid fl ow direction shown in Fig. 6, the 
fl ow of cooling liquid in the fi n area becomes nearly 
constant and uniform.  A fl ow velocity distribution that 
is uniform, from the liquid inlet to below the insulated 
substrate, is obtained for each phase, and the cooling 
performance in each phase is predicted to be equal.  
Moreover, in order to reduce the pressure loss, because 

*1: Icepak is a trademark or registered trademark of US-
based ANSYS, Inc. and its subsidiaries.Fig.6 Thermal fl uid simulator model
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sure loss was 4.8 kPa for round pin fi ns and 6.0 kPa for 
square pin fi ns.  Figure 9 compares the IGBT junction 
temperature and pressure loss for round pin fi ns and 
square pin fi ns.  The round pin fi ns have a smaller fi n 
volume density, and therefore the pressure loss is less.  
On the other hand, because the square pin fi ns have a 
larger surface area, the junction temperature decreas-
es, but the fi n volume density increases and the pres-
sure loss becomes greater.  The difference in pressure 
loss was determined to be about 1 kPa, which is not 
considered to be a signifi cant difference, and therefore 
square pin fi ns were selected so as to fully utilize the 
cooling performance of direct liquid cooling. 

  
  4.4 Actual measurement results of junction heat genera-

tion
   To confi rm   the validity of the   simulation of the  

 cooling performance , the rise in junction temperature 
of an actual sample was verifi ed.  So that the measure-
ment conditions matched those of the simulation, the 
following conditions were used. 

  ™ Loss: IGBT 258 W, FWD 31 W
  ™ Cooling liquid: LLC 50%
  ™ Flow rate: 5 to 15 L/min
  ™ Cooling liquid temperature: 65  ° C
  In consideration of the aforementioned results, the 

water jacket used for the measurements was fabricated 
based on the model of Fig. 7.  (see Fig. 10)

  A comparison of the square pin fi n simulation 
and measurement results in the case of a fl ow rate of 
10 L/min is shown in Table 1.  Columns A through 
F in Table 1 show the junction temperatures of each 

the cooling liquid traverses a short distance in passing 
through the fi n area, and the fl ow velocity of the cool-
ing liquid must be constant in the fi n area, the fl ow 
path of Fig. 7 is found to enable effi cient cooling.  

  
  4.3 Selection of the fi n shape

  Using the cooling liquid jacket of Fig. 7, thermal 
fl uid simulations were performed to select the fi n 
shape in consideration of its effect on junction temper-
ature and pressure loss.  The analysis conditions as-
sumed loss at the time of inverter operation, heat gen-
eration of 258 W by the IGBT and 31 W by the FWD, 
a cooling liquid of LLC 50%, a cooling liquid fl ow rate 
of 10 L/min, and a cooling liquid temperature of 65  ° C. 

  Figure 8 shows the simulation results of the rise in 
junction temperature.  The junction temperature was 
verifi ed and compared for each fi n shape.  The maxi-
mum junction temperature was 141.6  ° C for round pin 
fi ns and 136.0  ° C for square pin fi ns, while the pres-

Fig.9 Flow rate dependence of round pin fi n and square pin fi n 
IGBT junction temperature and pressure loss (simula-
tion)
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Fig.10 Prototype of cooling liquid jacket

Table 1 Comparison of junction heat generation by simulation  
  and actual measurement (IGBT) 

(Units: °C)
A B C D E F

Actual
measurement 133.6 137.6 138.4 139.1 136.6 137.7

Simulation 136.7 137.4 137.1 137.6 136.9 136.9

Difference 2.3% 0.1% 0.9% 1.1% 0.2% 0.6%

Fig.8 Simulation results of junction temperature rise
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hibited a decrease in thermal resistance by about 10% 
at 15 L/min, and that by increasing the fl ow rate, the 
heat dissipation performance was found to improve.  
Increasing the fl ow rate, however, results in a greater 
loss of pressure, and therefore optimization of the 
pump performance during use and of the fl ow path de-
sign are needed. 

  
  5. Postscript

  
  A direct liquid cooling-type IGBT module for au-

tomotive applications has been introduced.  The 400 A 
rated product introduced in this paper will serve as a 
stepping stone for Fuji Electric’s planned development 
of high-current rated 600 A and 900 A products in the 
future.  We intends to develop a series of products that 
are widely applicable to inverter systems for motor 
outputs up to about 100 kW. 

  We will continue to develop highly reliable, high-
performance modules that facilitate system design for 
an increasing number of users, and to reduce the envi-
ronmental impact of automobiles. 

  
  References
  (1) Nakano, H. et al. 600 V trench-gate IGBT with Micro-P 

structure (Proceedings of the 21th International 
Symposium on Power Semiconductor Devices and ICs). 
2009, p.132-135.

  (2) Nagaune, F. et al. Small Size and High Thermal 
Conductivity IGBT Module for Automotive 
Applications. PCIM Europe 2011, p.785-790.

   

chip in Fig. 6.  The difference for each phase is at most 
about 2%, which confi rms the equivalence of the simu-
lation and the measurement results.  From the mea-
sured results, the thermal resistance was calculated 
to be 0.27 K/W (IGBT average value).  While taking 
the measurements, the fl ow rate was varied in order 
to confi rm the fl ow rate dependence of thermal resis-
tance.  Figure 11 shows the fl ow rate dependence (ac-
tual measured values) of thermal resistance and pres-
sure loss for fl ow rates of 5 to 15 L/min. 

  Comparing the 5 L/min and 15 L/min fl ow rates, 
it can be seen that the IGBT and the FWD both ex-

Fig.11 Flow rate dependence of thermal resistance and pres-
sure loss (actual measured values)
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  1. Introduction
  
  Insulated gate bipolar transistor (IGBT) modules 

are used widely due to their advantages of low loss, 
high breakdown resistance, ease of drive circuit design 
and so on.  In the fi eld of high-voltage and high-power 
device applications, the heretofore widely-used gate 
turn-off (GTO) thyristors are being replaced with IGBT 
modules, and IGBT modules are being applied widely 
to high-power inverters and high voltage inverter 
units.  

  In recent years, for the prevention of global warm-
ing, the market for renewable energy (wind power 
generation, solar power generation) has been grow-
ing rapidly.  In this fi eld, power conversion equipment 
has progressed to higher capacities, and in particular, 
the need for high-power IGBT modules has increased 
greatly.  For applications in this fi eld, Fuji Electric has 
previously developed the high power module (HPM) 
and PrimePACK TM  *1 product series. (1)(2) 

  Recently, in response to diverse customer 
needs, Fuji Electric has expanded the HPM and 
PrimePACK TM  product series.  Equipped with Fuji 
Electric’s 6 th  generation “V-Series” IGBTs (3) , these 
products achieve the industry’s leading level of low 
on-voltage and, at the same time, low switching loss.  
Additionally, the latest package technology is applied 
to realize high power density and high reliability.  

  This paper presents an overview and describes 
the characteristics of Fuji Electric’s “V-Series HPM 
Family” of high-power 6 th  generation IGBT modules.  

  

  Takuya Yamamoto †   Shinichi Yoshiwatari †   Hiroaki Ichikawa †

   Expanded Lineup of High-Power 6 th  Generation 
IGBT Module Families

  To respond to growing demand in the renewable energy sector, including wind and solar power, Fuji Electric has 
expanded the lineup of modules in its high-power insulated gate bipolar transistor (IGBT) module families.  These 
new high-power modules feature 6th-generation “V-Series” IGBTs.  Operation is guaranteed at maximum junc-
tion temperatures up to 175 °C, and the modules deliver industry leading low on-voltage and low switching loss.  
Reliability is higher than conventional products due to the application of the latest packaging technology, including ul-
trasonic welded terminals and highly reliable lead-free solder.

  2. Product Lineup
  
  Figure 1 shows the appearance of the V-Series 

HPM Family packages.  The PrimePACK TM  product 
series consists of 2-in-1 and chopper module circuit 

Fig.1 Appearance of V-Series HPM Family packages

M271

M272

(a) PrimePACKTM

(b) HPM

M152/M156

M151/M155
M256/M278

*1: PrimePACKTM is a trademark or registered trademark of 
Infi neon Technologies AG.
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confi gurations, 1,200 V and 1,700 V class ratings, and 
current capacities of 600 to 1,400 A.  The HPM prod-
uct series consists of 1-in-1 and 2-in-1 module circuit 
confi gurations, 1,200 V and 1,700 V class ratings, and 
current capacities of 600 to 3,600 A.  Table 1 lists the 
lineup of the V-Series HPM Family product series.  

  
  3. Electrical Characteristics

  
  Incorporating a V-Series IGBT, the V-Series HPM 

Family of products guarantees non-continuous op-
eration up to a maximum chip junction temperature 

of  T  jmax =175  ° C for momentary abnormal states, and 
guarantees normal operation at an operating tem-
perature of  T  jop =150  ° C.  By improving reliability 
and breakdown resistance during high-temperature 
operation, each of these temperatures was increased 
by 25  ° C compared to those of the 5 th  generation 
“U-Series” IGBT modules.  

  
  3.1 IGBT chip characteristics

  Because a high-power IGBT module will instan-
taneously cut off a large current, the surge voltage 
generated at turn-off is large.  For the V-Series HPM 

Table 1 V-Series HPM Family product lineup

Product 
lineup Product type

Rated 
voltage 

(V)

Rated 
current 

(A)

Circuit 
confi gu-
ration

Package 
type

Package size
(mm)

Insulating 
substrate

Base material
Base thickness

P
ri

m
eP

A
C

K
T

M

E-type
2MBI600VXA-120E-50

1,200

600

2-in-1

M271 172×89×38

Al2O3
Copper
3 mm

2MBI900VXA-120E-50
900

P-type
2MBI900VXA-120P-50

2MBI1400VXB-120P-50 1,400 M272 250×89×38

E-type

2MBI650VXA-170E-50

1,700

650 M271 172×89×38

2MBI1000VXB-170E-50
1,000

M272 250×89×38 
2MBI1000VXB-170EA-50

2MBI1400VXB-170E-50
1,400

P-type 2MBI1400 VXB-170P-50

E-type

1MBI650VXA-170EH-50
650

Chopper

M271   172×89×38        
1MBI650VXA-170EL-50

1MBI1000VXB-170EH-50
1,000 M272 250×89×38 

1MBI1000VXB-170EL-50

In
du

st
ri

al
-u

se
 H

P
M

TBD*1

1MBI1200VC-120*1

1,200

1,200

1-in-1

M151 130×140×38

Si3N4
Copper
5 mm

1MBI1600VC-120*1 1,600

1MBI2400VC-120*1 2,400

1MBI2400VD-120*1 2,400
M152 190×140×38

1MBI3600VD-120*1 3,600

2MBI600VG-120*1 600

2-in-1 M256 130×140×382MBI800VG-120*1 800

2MBI1200VG-120*1 1,200

E-type

1MBI1200VC-170E

1,700

1,200

1-in-1

M151 130×140×381MBI1600VC-170E 1,600

1MBI2400VC-170E 2,400

1MBI2400VD-170E 2,400
M152 190×140×38

1MBI3600VD-170E 3,600

2MBI600VG-170E 600

2-in-1 M256 130×140×382MBI800VG-170E 800

2MBI1200VG-170E 1,200

T
ra

ct
io

n
-u

se
 H

P
E

1MBI1200VR-170E*2 1,200

1-in-1

M155 130×140×38

AlN Al SiC

1MBI1600VR-170E*2 1,600

1MBI2400VR-170E*2 2,400

1MBI2400VS-170E*2 2,400
M156 190×140×38

1MBI3600VS-170E*2 3,600

2MBI600VT-170E*2 600

2-in-1 M278 130×140×382MBI800VT-170E*2 800

2MBI1200VT-170E*2 1,200

*1 : TBD：To Be Determined
*2 : underdevelopment
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Family, in addition to the previous (E-type) lineup of 
V-Series IGBT chips, an IGBT chip product lineup 
(P-type) having soft switching characteristics was 
newly developed by adjusting the IGBT chip charac-
teristics for applications in the high-power device fi eld.  
Figure 2 shows a comparison of the switching wave-
forms at turn-off for E-type and P-type 1,700 V-IGBT 
chips.  Compared to the E-type, the P-type has a slow-
er d i  /d t  at turn-off, and achieves a lower turn-off surge 

voltage.  Electrical characteristics are described below 
for the example of a 1,700 V/1,400 A module.  

  
  3.2 V-I characteristics

  Figure 3 shows  I  C  vs.   V  CE(sat)  characteristics of the 
module.  Comparing the E-type and the P-type reveals 
that at the rated current of  I  C =1,400 A and  T  j =125  ° C, 
the characteristic of the P-type is about 0.4 V lower.  

  
  3.3 Switching characteristics

  Figure 4 shows the switching loss vs.  current 
characteristic.  In terms of turn-on loss and reverse 
recovery loss, the E-type and the P-type are the same, 
but the turn-off loss is about 1.8 times larger for the 
P-type.

  As described above, the V-Series HPM Family con-
tains two types of product lines with different IGBT 
chip characteristics so that suitable products can be 
provided for the drive conditions of our customers.  

  
  4. Package Structure

  
  Power conversion equipment in the renewable en-

ergy fi eld and elsewhere must have high reliability in 
order to provide a stable supply of electric power. (4)  The 
V-Series HPM Family uses the latest package technol-
ogy to ensure long-term reliability.  

Fig.3 VCE(sat)-Ic characteristics
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Fig.2 Comparison of IGBT turn-off switching waveforms
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pattern.  In a conventional solder joint structure, the 
greatest amount of stress is concentrated in the solder 
layer due to difference in the coeffi cients of thermal ex-
pansion of the solder material and the copper material.  
As a result, failure may result whereby cracks form in 
the solder layer and the copper terminal is pulled out.  
Figure 7 shows a comparison of the results of copper 
terminal tensile strength tests before and after a ther-
mal cycle test (test conditions: −40 to+150  ° C repeated-
ly).  For the conventional solder joint, an approximate 
50% decrease in tensile strength from the initial value 
was confi rmed after 300 cycles.  On the other hand, al-
most no decrease in tensile strength was observed in 
the case of ultrasonic welding.  This is because the cop-
per terminals and the copper circuit pattern are bond-
ed together directly with ultrasonic terminal welding, 
and there is no difference in the coeffi cients of thermal 
expansion at the joint surface.  

  
  4.2 Improved power cycling capability

  As shown in Fig. 5, thermal cycle stress occasion-
ally causes cracks to form in the solder layer between 
the copper base and the copper pattern under the sub-
strate.  With the PrimePACK TM  series, tolerance to 
high temperature cycling is achieved by using highly 

  Figure 5 shows a cross-sectional schematic view 
of an IGBT module.  Connecting a conducting/block-
ing electrical load to an IGBT module causes thermal 
stress is generated in the junction of the IGBT.  The 
use of materials having a low coeffi cient difference of 
thermal expansion in the junction ensures high ther-
mal cycling capability.  Table 2 lists the technologies 
and materials applied to the V-Series HPM Family.  
The PrimePACK TM  series uses ultrasonic welding tech-
nology and highly reliable lead-free solder material to 
achieve higher reliability than in previous products.  
The HPM product line uses a 5 mm-thick base, or an 
AlSiC base for traction applications, to achieve even 
longer term reliability.  

  
  4.1 Application of ultrasonic terminal welding technology

  Figure 6 shows the external appearance and a 
cross-sectional view of an ultrasonically welded ter-
minal.  This product uses ultrasonic terminal welding 
to bond copper terminals directly to the copper circuit 

Fig.6 External appearance and cross-sectional view of 
ultrasonically welded terminal 

(a) External appearance (b) Cross section

Weld layer Copper terminal

Copper circuit pattern

Fig.5 Cross-sectional schematic view of an IGBT module
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Fig.7 Copper terminal tensile strength test results
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Table 2 Technologies and materials applied to the V-Series 
  HPM Family

PrimePACKTM

HPM

Industrial 
use

Traction 
use

Terminal welding 
method

Ultrasonic 
welding

Solder
welding

Solder
welding

Insulating substrate Al2O3 Si3N4 AlN

Solder material under 
insulating substrate Sn-Sb Sn-Pb Sn-Pb

Base material
Base thickness

Copper
3 mm

Copper
5 mm

AlSiC
5 mm
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to be able to block large currents instantaneously.  For 
this purpose, reducing the internal inductance  L  m  of 
the product to reduce the surge voltage is very impor-
tant.  In this product series, the collector and emitter 
terminals, which are main terminals, are located in 
close proximity to one another so as to actively utilize 
the mutual interactions of the magnetic fi eld and re-
duce  L  m .

  
  5. Postscript

  
  This paper has introduced the “V-Series HPM 

Family” which incorporates “V-Series” IGBTs and re-
alizes signifi cantly improved reliability.  Fuji Electric 
is confi dent that these modules will be able to support 
the diverse needs of the high-power device fi eld, as well 
as the needs of the renewable energy fi eld for which a 
rapidly growing market is being formed.

  Fuji Electric will continue to strive to advance the 
level of semiconductor technology and package technol-
ogy so as to respond additional needs, and to develop 
new products that will contribute to the progress of 
power electronics.  
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Ind. Appl. Conf. 36th. 2001. p.1912-1918.

   

crack-resistant Sn-Sb solder.  
  In traction-use HPMs, to ensure even higher reli-

ability, an AlN substrate is used as the insulating sub-
strate and an AlSiC base is used as the base material.  
AlSiC is a composite of Al and SiC, and having a coeffi -
cient of thermal expansion close to that of the AlN sub-
strate, achieves higher  thermal cycling capability and 
power cycling capability than in the case of a copper 
base.  In the simulated tests of actual operation shown 
in Fig. 8, improved thermal cycling ( ΔT  c  power cycling) 
capability was realized.  The V-Series HPM Family has 
a power cycle capability of greater than 10,000 cycles 
at  ΔT  c =80  ° C, and realizes more than twice the  ΔT  c  
power cycling capability as the previous product.  

  
  4.3 Improved environmental durability of molded case

  When the surface of a molded case is placed under 
a high electric fi eld, dust and moisture adhering to 
the molded case surface cause the surface to become 
carbonized, and form a conductive path (track).  This 
degrades the insulating performance and may lead to 
breakdown of the insulation.  Wind and solar power 
generating equipment are often installed in high hu-
midity environments containing large amounts of dust 
and salt.  So that an IGBT module can be used in such 
an environment while maintaining high reliability, the 
development of a molded case on which a carbonized 
conductive path is not easily formed is needed.  This 
product series uses a mold resin having a high com-
parative tracking index (CTI) of  ≥  600 to ensure high 
anti-tracking performance.  

  
  4.4 Reduction of internal inductance 

  The V-Series HPM Family introduced in Section 3 
achieves electrical characteristics suitable for applica-
tion in the high capacity fi eld.  Most power conversion 
equipment used in the high capacity fi eld is required 
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A B S T R A C T

  1. Introduction (1)(2) 
  
  Recently, as essential items for conserving energy 

and reducing CO 2  emissions in the industrial fi eld, 
high effi ciency power converting equipment is being 
used more and more.  Additionally, the requirements 
for standard insulated gate bipolar transistor (IGBT) 
modules that integrate an IGBT chip and a free wheel-
ing diode (FWD) chip into a single package are becom-
ing more diverse.  An intelligent power module (IPM) 
integrates a control IC for internal drive and protec-
tion functions into a standard IGBT module.  With 
an IPM, optimized drive control can be performed so 
that the IGBT can be driven and provided with high 
reliability protection with low dissipation loss and low 
noise.  IPMs are used in a wide range of applications, 
such as in motor driven equipment (numerical control 
(NC) machine tools, general-purpose inverters, servos, 
elevators, etc.), uninterruptible power supplies (UPS), 
power conditioning systems (PCS) for solar energy 
generation, and the like where low dissipation loss and 
low noise are strongly required.  

  Since beginning to commercialize IPMs in 1988, 
Fuji Electric has responded to market requests for low-
er power dissipation, lower noise and smaller size with 
each successive generation of devices.  In recent years, 
through developing a “V-Series” IPM using a next-
generation trench gate structure fi eld stop (FS) type 
“V-Series” IGBT chip, even lower power dissipation 
loss and smaller size have been realized.  This paper 
describes Fuji Electric’s new lineup of large capacity 
“V-Series” IPMs and the large capacity series of IPMs 
(P631 package).  

  

  Naoki Shimizu †   Tatsuya Karasawa †   Kazumi Takagiwa †

   New Lineup of Large-Capacity “V-Series”
Intelligent Power Modules

  To meet the diversifying needs for power control, Fuji Electric has developed a family of large-capacity intelligent 
power modules (IPMs).  These products with high-performance, new-generation IGBT chips, new control ICs and 
lower package inductance are able to reduce total power loss and radiated noise, and increase current capacity.  A 
new solder material and divided direct copper bonding (DCB) are employed to enable a � T   c power cycling capability 
signifi cantly enhanced.  Terminals and screw hole positions are compatible with existing products, allowing existing 
products to be replaced with the new products without major design changes.
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  2. “V Series IPM” Product Lineup (1)(2) 
  
  At present, Fuji Electric’s V-Series of IPMs is 

available in the four packages (small capacity: P629, 
medium capacity small size: P626, medium capacity 
low profi le: P630, large capacity: P631) as shown in 
Fig. 1.  All of these packages comply with the RoHS 

Fig.1 Appearance of “V-Series” IPM packages

(a) Package appearance

(b) Type of package

P629
package

P626
package

P626

P631P630

P629

P630
package

P631
package

1 4 7 10 15

PU V W N

1 5 9 13 19
P

N V WU

1 5 9 13 19

V W

N

P UB

1

P1

N1
U V W

P2

B

N2

5 9 13 19

L50×W87
×H12
(mm)

L49.5×W70
×H12.5
(mm)

L84×W128.5
×H14
(mm)

L110×W142
×H27
(mm)

*1: RoHS directive: European Union (EU) directive on the 
restriction of the use of certain hazardous substances in 
electrical and electronic equipment
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directive*1 Fuji Electric plans to expand further the 
V-Series IPM product lineup, increasing the capacity 
beyond that of the previous “R-Series” IPMs, to rated 
currents of 20-400 A for the 600 V rated voltage series, 
and to 10-200 A for the 1,200 V rated voltage series.  
In addition to the protective functions of overcur-
rent protection, short-circuit protection, control supply 
protection in control circuit and IGBT chip over heat 
protection, which are the same protective functions as 
had been provided previously, a cause identifi cation 
function based on the width of the alarm output has 
been newly added.  In the P629 package, the previous 
method of N-line current detection based on shunt re-
sistance has been changed to a method of IGBT sense 
current detection, enabling protection in the case of a 
ground fault in which current fl ows only through the 
upper arm element.  

  Table 1 lists the product lineup and functions of 
the V-Series of IPMs.  

  

  3. Large-capacity “V-Series” IPM Product 
Overview
  

  3.1 Development goals
  Development goals for the large-capacity V-Series 

of IPMs are as follows.
  (1) Reduction of total dissipation loss
  (2) Improvement of tradeoff relation between switch-

ing loss and radiation noise
  (3) Expanded current rating (400 A/600 V, 200 A/

1,200 V)
  (4) Shorter deadtime
  (5) Separate alarm output signal for each cause
  (6) Upper arm alarm output (P631: alarm control ter-

minal added for upper arm)
  (7) Maintain package compatibility (tapped hole loca-

tions, guide pins)
  (8) Compliance with RoHS directive
  (9) Reduction of internal inductance
  (10) Improvement of ΔTc power cycling capability

  

Table 1 “V-Series” IPM product lineup and functions

Rated 
voltage

Rated 
current

Product type
Internal functions*

Package 
modelBoth upper and lower arms Upper 

arm
Lower 
arm

6-in-1 7-in-1 Drive UV TjOH OC ALM ALM

600 V

20 A 6MBP20VAA060-50 – ○ ○ ○ ○ – ○
P62930 A 6MBP30VAA060-50 – ○ ○ ○ ○ – ○

50 A 6MBP50VAA060-50 – ○ ○ ○ ○ – ○
50 A 6MBP50VBA060-50 – ○ ○ ○ ○ ○ ○

P626
75 A 6MBP75VBA060-50 – ○ ○ ○ ○ ○ ○
50 A 6MBP50VDA060-50 7MBP50 VDA060-50 ○ ○ ○ ○ ○ ○

P630

75 A 6MBP75VDA060-50 7MBP75 VDA060-50 ○ ○ ○ ○ ○ ○
100 A 6MBP100VDA060-50 7MBP100 VDA060-50 ○ ○ ○ ○ ○ ○
150 A 6MBP150VDA060-50 7MBP150 VDA060-50 ○ ○ ○ ○ ○ ○
200 A 6MBP200VDA060-50 7MBP200 VDA060-50 ○ ○ ○ ○ ○ ○
200 A 6MBP200VEA060-50 7MBP200VEA060-50 ○ ○ ○ ○ ○ ○

P631300 A 6MBP300VEA060-50 7MBP300VEA060-50 ○ ○ ○ ○ ○ ○
400 A 6MBP400VEA060-50 7MBP400VEA060-50 ○ ○ ○ ○ ○ ○

1,200 V

10 A 6MBP10VAA120-50 – ○ ○ ○ ○ – ○
P62915 A 6MBP15VAA120-50 – ○ ○ ○ ○ – ○

25 A 6MBP25VAA120-50 – ○ ○ ○ ○ – ○
25 A 6MBP25VBA120-50 – ○ ○ ○ ○ ○ ○

P62635 A 6MBP35VBA120-50 – ○ ○ ○ ○ ○ ○
50 A 6MBP50VBA120-50 – ○ ○ ○ ○ ○ ○
25 A 6MBP25VDA120-50 7MBP25VDA120-50 ○ ○ ○ ○ ○ ○

P630

35 A 6MBP35VDA120-50 7MBP35VDA120-50 ○ ○ ○ ○ ○ ○
50 A 6MBP50VDA120-50 7MBP50VDA120-50 ○ ○ ○ ○ ○ ○
75 A 6MBP75VDA120-50 7MBP75 VDA120-50 ○ ○ ○ ○ ○ ○

100 A 6MBP100VDA120-50 7MBP100VDA120-50 ○ ○ ○ ○ ○ ○
100 A 6MBP105VEA120-50 7MBP100VEA120-50 ○ ○ ○ ○ ○ ○

P631150 A 6MBP150VEA120-50 7MBP150VEA120-50 ○ ○ ○ ○ ○ ○
200 A 6MBP200VEA120-50 7MBP200VEA120-50 ○ ○ ○ ○ ○ ○

* : Drive: IGBT drive circuit, UV: Control supply undervoltage protection, TjOH: IGBT chip over heat protection, OC: Overcurrent protection, ALM: Alarm output
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  3.2 Characteristics (1)(2) 
  (1) Reduction of total dissipation loss

  To improve equipment controllability, as is re-
quested by customers, the IPM dissipation loss must 
be reduced in order to realize a higher carrier frequen-
cy and larger output current.  Moreover, a reduction 
in dissipation loss enables the cooling system for the 
equipment to be simplifi ed, such as with smaller-sized 
air-cooling fi ns and fans, and also contributes to a low-
er overall low cost of the equipment.  

  Figure 2 compares the total dissipation loss dur-
ing PWM inverter operation for a V-Series IPM and 
the previous product (R-Series IPM), both of which 
are 300 A/600 V devices.  The V-Series IPM realizes 
at least 20% lower dissipation loss than the previous 
product.  

  With the V-Series IPM, in the case of a 
300 A/600 V device, the static loss  P  sat  and the turn-
off loss  P  off  of the IGBT account for approximately 50% 
of the total dissipation loss during inverter operation.  
The on-voltage  V  CE(sat)  and turn-off loss  E  off  charac-
teristics that determine these two types of loss have a 
tradeoff relationship with the short-circuit withstand 
capability of the IGBT.  Improving the tradeoff is a 
key point for reducing the dissipation loss.  V-Series 
IGBT chips for standard IGBT modules feature an 
optimized surface structure to reduce the resistance 
of the drift layer and make the chip thinner, thereby 
lowering  V  CE(sat)  and improving  E  off  (3) .  On the other 
hand, IGBT chips for V-Series IPMs feature an even 
fi ner surface structure and an improved tradeoff rela-
tionship with  V  CE(sat)  and  E  off  (4) .  As a result of the fi ner 
structure, however, because  V  CE(sat)  decreases and the 
current fl ows with greater ease, short-circuit current 
will increase and the short-circuit withstand capability 
(allowable time) will decrease.  Therefore, a chip that 
features an improved tradeoff relationship between 
 V  CE(sat)  and  E  off  can be used to speed up the short-cir-
cuit protection function.  

  For the 600 V series, because the rated current is 
larger and the difference between rated voltage and 
working voltage is smaller than the 1,200 V series, the 
design must take into consideration the surge volt-
age.  In addition to reducing the internal impedance of 
the package, as will be described later, by shifting the 
 V  CE(sat)  and  E  off  tradeoff to the low  V  CE(sat)  side where 
the turn-off d i  /d t  is smaller, the device was optimized 
so that the surge voltage would be equivalent to that of 
previous products.  
  (2) Improvement of tradeoff relation between switch-

ing loss and radiation noise
  A tradeoff relationship exists between switching 

loss and radiation noise.  To improve this relationship, 
the internal capacitance of the IGBT was reduced, 
the temperature dependence of the control IC was im-
proved, and the internal circuit wiring pattern of pack-
age was optimized (5) .  As a result, in a relative compari-
son of radiation noise using inverter test equipment, 
the peak radiation noise in a 300 A/600 V product was 
reduced by approximately 3 dB compared to the previ-
ous product as is shown in Fig. 3.  
  (3) Expanded current rating (400 A/600 V, 200 A/

1,200 V)
  With the V-Series large-capacity IPM (P631), the 

two power chips (IGBT and FWD) used in parallel 
in the R-Series large-capacity IPM (P612) are inte-
grated into a single chip, and the chip size is minia-
turized and optimized to reduce the total area of the 
300 A/600 V power chip by 32%.  By confi guring the 
control circuit as a two-level structure positioned above 
the power unit, the product series could be expanded 
to 400 A/600 V and 200 A/1,200 V in an package of 
equivalent size and having the same mounting position 
as previous products.  This was a fi rst in the industry.  
  (4) Shorter deadtime

  For the purpose of preventing upper and lower arm 
short circuits, the inverter control is provided with a 
deadtime interval.  Shortening the deadtime interval 
is important for improving waveform distortion and ro-
tational unevenness.  With V-Series IPMs, the control 
IC switching time has been optimized and temperature 
dependence has been improved to reduce the minimum 
deadtime interval to 1  μ s from the previous value of 2.4 

Fig.2 Comparison of total dissipation loss in 300 A/600 V 
products
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terminals and the insulating substrate, (4) the junc-
tion between control terminals and the printed circuit 
board, and (5) the junction between the printed circuit 
board and mounted components.  The P631 uses lead-
free solder at all of these locations, and is compliant 
with the RoHS directive.  

  
  4.3 Reduction of inductance

  Figure 7 shows a schematic drawing of the inter-
nal wiring, and Fig. 8 compares the results of mea-
surement of the internal inductances of the P631 and 
P612 packages.  Aiming to reduce internal inductance 
through the mutual inductance effect, a parallel plate 
confi guration employing overlapping P and N line ter-
minal bars was used.  As a result, the internal induc-
tance is reduced by approximately 22% compared to 
the P612 package, and an effect is obtained whereby 
the radiation noise is lower and the turn-off surge does 
not become excessive, as described in Section 3.

  
  4.4 Improvement of  �T  c  power cycling capability

  IGBT modules are typically formed by soldering to-
gether a base having a heat dissipating surface and an 
insulated circuit board.  Because these materials have 
different coeffi cients of thermal expansion, stress is 
repeatedly generated in the soldered junction between 
the materials whenever the temperature changes.  In 
a  ΔT  c  power cycling test in which the case temperature 
was varied, it was confi rmed that solder in the junction 

 μ s.  
  (5) Separate alarm output signal for each cause

  With V-Series IPMs, the widths of outputted alarm 
pulses differ according to the alarm cause (see Fig. 4). 
As a result, the cause of the protective alarm can be 
identifi ed easily, and after the equipment has been 
stopped by the IPM alarm, cause analysis and restora-
tion can be performed in a shorter amount of time.  

  
  4. Package

  
  4.1 Package dimensions

  Figure 5 shows the dimensions of the P631 and 
P612 packages.  The P631 is provided with the same 
mounting holes, terminal locations and height di-
mensions as the existing P612, and maintains pack-
age compatibility when being installed in equipment.  
Additionally, an alarm output terminal has been added 
to each phase of the upper arm, and the terminal pitch 
and total width of the control terminals was made com-
mon.  

  
  4.2 Compliance with RoHS directive

  Figure 6 shows the internal structure of the P631 
package.  In a conventional IPM, lead is used primar-
ily at soldering locations.  Solder material is used at 
fi ve locations: (1) the junction between the insulating 
substrate and base plate, (2) the junction between the 
chip and copper circuit, (3) the junction between main 

Fig.4 Alarm cause identifi cation function
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0 V 0 V

0 A

0 V

0 V

Alarm output for
2 ms interval

Alarm output for
4 ms interval

Alarm output for
8 ms interval

Overcurrent

Undervoltage
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UV TjOH
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Fig.5 Package dimensions

(a) P612 package (b) P631package

9595

27
.1

27
.1

121121

U
N

P

N

P

B

V W

1 74 1610

U
N1

P1

N2

P2

B

V W

1 95 1913

60.9660.96

Unit: mm

Fig.6 Internal structure of P631 package
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cycling capability at  ΔT  c =80 K has been improved by 
more than twice as that of the P612.  

  
  5. Postscript

  
  This paper has described Fuji Electric’s new line-

up of large-capacity “V-Series” IPMs and the large-
capacity series of IPMs (P631 package).  The V-Series 
of IPMs realize low power dissipation, low noise and 
RoHS compliance, as requested in the marketplace, 
and also provide such value-added features as larger 
capacity, shorter deadtime, an alarm cause identifi ca-
tion function, and package compatibility.  

  In the future, Fuji Electric intends to continue to 
improve the performance and expand the lineup of 
available packages, and will focus on developing prod-
ucts capable of contributing to the conservation of en-
ergy and protection of the environment.  
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between the insulating substrate and the base plate 
will crack, expand and ultimately break.  

  With the P631 package, the insulating substrate 
has been subdivided and miniaturized to ease the 
stress on the solder.  Additionally, the solder material 
used in the junction between the insulating substrate 
and the base plate has been changed to material hav-
ing higher mechanical strength.  As a result,  ΔT  c  power 

Fig.7 Schematic of internal wiring in package 

P

N

P

N

P

Overlapping portion

N

P

N

(a) P612 package (b) P631 package

Fig.8 Comparison of results of internal inductance
measurement

50.6
Lower
arm 37.0

28.2
Upper
arm

24.0

0

50

100

P612
package

P631
package

300 A/600 V actual measurement values obtained by connecting to
one side of a snubber capacitor located between P and N terminal bars

In
du

ct
an

ce
 L

 (
n

H
)

78.8

61.0

− 22.6%



† Fuji Electric Co., Ltd.

A B S T R A C T

70

  1. Introduction
  
  To prevent global warming, the further reduction 

of greenhouse gases (such as CO 2 ) is a pressing is-
sue.  The greatest benefi t of using power electronics 
technology to reduce greenhouse gases is that electri-
cal power becomes more energy-effi cient.  In such an 
undertaking, increasing the effi ciency of inverters is an 
important factor.  To do so requires technical innova-
tion of the power devices, circuits, controllers and other 
components used in inverters.  Since power devices are 
the main elements used in inverters, there is increas-
ing demand for low loss power devices that realize 
higher effi ciency.  The insulated gate bipolar transistor 
(IGBT) is such a power device, and the use of silicon 
(Si) IGBT and free wheeling diode (FWD) chips is com-
mon.  However, Si semiconductor device performance 
is approaching its theoretical limits based on its mate-
rial properties, and future breakthroughs that achieve 
signifi cantly lower loss cannot be expected.  For this 
reason, wide bandgap (WBG) semiconductors, which 
exhibit material properties superior to those of Si semi-
conductors, are promising.  

  Fuji Electric is advancing the development of sili-
con carbide (SiC) semiconductor devices, which are a 
type of WBG semiconductors.  With an SiC device, 
higher breakdown voltage and lower on-state resis-
tance can be achieved than with a Si device.  In theory, 
the on-state resistance of a SiC can be made lower 
than that of a Si device having the same breakdown 
voltage.  For this reason, SiC devices do not necessarily 
need to be bipolar devices as was essential for reduc-
ing the on-state resistance in high-voltage Si devices.  
Bipolar devices are associated with the injection of 
minority carriers and generally exhibit greater switch-

  Masayoshi Nakazawa †   Toshiyuki Miyanagi †   Susumu Iwamoto †

   Hybrid Si-IGBT and SiC-SBD Modules

  Fuji Electric has developed hybrid modules that combine silicon-insulated gate bipolar transistor (Si-IGBT) and 
silicon carbide-Schottky barrier diode (SiC-SBD) for high-effi ciency inverter applications that contribute to energy 
savings.  The SiC-SBD chip was developed jointly with the National Institute of Advanced Industrial Science and 
Technology, a public research institute, and the Si-IGBT chips are the latest 6th-generation “V-Series” IGBTs from 
Fuji Electric.  The product lineup are 600 V class rated at 50/75/100 A, and 1,200 V class rated at 35/50 A.  Inverter 
power loss in the 1,200 V 50 A class has been reduced by 23% compared to the V-series module.

ing energy than unipolar devices.  Thus, unipolar de-
vices are desirable for reducing the switching energy.  
Accordingly, the use of a SiC unipolar device enables 
low on-state resistance and low switching energy to be 
achieved simultaneously.  

  
  2. Product Overview

  
  Figure 1 shows an internal circuit diagram of a 

power integrated module (PIM).  Si-IGBT and silicon 
carbide schottky barrier diode (SiC-SBD) hybrid mod-
ules, which enabled to reduce power loss than ever 
before, have been developed using SiC-SBD unipolar 
devices as FWDs.  A chip developed in collaboration 
with the National Institute of Advanced Industrial 
Science and Technology is used as the SiC-SBD, and 
Fuji Electric’s latest chip, a 6 th  generation “V-Series” 
IGBT chip is used as the Si-IGBT.  

  Figure 2 shows the appearance, and Table 1 lists 
the product lineup of the Si-IGBT and SiC-SBD hybrid 
modules.  For high effi ciency inverter applications, 
50 A, 75 A and 100 A rated products have been de-

Fig.1 PIM internal circuit diagram

SiC-SBD

Thermistor

InverterConverter Brake chopper
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veloped for the 600 V series, and 35 A and 50 A rated 
products have been developed for the 1,200 V series.  
Product performance and characteristics are presented 
below for the 1,200 V/ 50 A product, as a representa-
tive example.  

  
  3. Static Characteristics

  
  3.1 Forward characteristics

  Figure 3 shows the forward characteristics of a SiC-
SBD and a V-Series PN junction diode (V-Series PND), 
and Fig. 4 shows the temperature characteristics of the 

forward voltage  V  f  at the rated current of 50 A.  In the 
current range that is actually used, the  V  f  of the SiC-
SBD is the same as that of the V-Series PND.  From 
Fig. 4, it can be seen that at temperatures higher than 
100  ° C, the V-Series PND exhibits a negative tempera-
ture coeffi cient with reducing V f .  A device with a nega-
tive temperature coeffi cient is prone to current imbal-
ance when in a multi-parallel connection.  On the other 
hand, the SiC-SBD, which has a strong positive tem-
perature characteristic, is unlikely to create a current 
imbalance, even when in a multi-parallel connection.  

  
  3.2 Leakage current characteristics

  Figure 5 compares the leakage current characteris-
tics of the hybrid module and a V-Series module.  The 
leakage current of the hybrid module is about 1,000 
times as large as that of the V-Series module when at 
room temperature, but is only slightly less than that of 
the V-Series module when at 150  ° C.  As shown in Fig. 
6, the leakage current of the hybrid module is nearly 
constant at temperatures of around 100  ° C and below, 
and increases similarly as the V-Series at higher tem-
peratures.  The SiC-SBD, which has a wide bandgap 
and therefore very few thermally excited carriers, is 
less affected by temperature rise.  The increase in leak-
age current at temperatures above 100  ° C is a result of 

Fig.2 Appearance of the hybrid Si-IGBT/SiC-SBD module
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Table 1 Lineup of hybrid Si-IGBT/SiC-SBD modules 

Rated voltage (V) Rated current (A) Hybrid module model

600

50 7MBR50VB060S-50

75 7MBR75VB060S-50

100 7MBR100VB060S-50

1,200

25 7MBR25VB120S-50*

35 7MBR35VB120S-50

50 7MBR50VB120S-50

* : To Be Determined
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the leakage current of the IGBT becoming dominant.  
Thus, even if the SiC-SBD exhibits a large leakage cur-
rent at room temperature, because its leakage current 
during high temperature operation is the same as that 
of a V-Series device, the SiC-SBD is similarly able to 
operate at junction temperatures of up to 175  ° C. (  1  )  

  
  4. Switching Characteristics

  
  4.1 Reverse recovery characteristics

  Figure 7 compares reverse recovery waveforms of 
the hybrid module and a V-Series module.  The hybrid 
module exhibits extremely lower reverse recovery peak 
current.  This behavior can be explained from little in-
jection of minority carriers since the SIC-SBD is a uni-
polar device.  As can be seen in Fig. 8, at the rated cur-
rent of 50 A, reverse recovery energy can be reduced 
signifi cantly by 70% compared to the V-Series module. 

  
  4.2 Turn-on characteristics

  The reverse recovery peak current of the FWD is 

refl ected in the turn-on peak current of the IGBT in 
the opposing arm, and a reduction in turn-on energy 
can be attained as a result of the reduction in reverse 
recovery energy. 

  Figure 9 compares turn-on waveforms of the hybrid 

Fig.6 Temperature characteristics of leakage current
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Fig.8 Current characteristic of reverse recovery loss
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Fig.7 Reverse recovery waveforms
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layer of the SiC-SBD has a much lower resistance module and V-Series module.  As in the reverse recov-
ery waveform, there is extremely lower current peak.  
At the rated current of 50 A, as is shown in Fig. 10, the 
turn-on energy can be reduced signifi cantly by 54% 
compared to the V-Series module. 

  
  4.3 Turn-off characteristics

  Figure 11 shows a comparison of the turn-off wave-
forms of the hybrid module and V-Series module.  At 
the rated current of 50 A, the turn-off surge voltage 
of the hybrid module is 47 V lower than that of the 
V-Series module.  In general, the surge peak voltage 
can be defi ned by Equation (1), and if the IGBT ele-
ment characteristics and the main circuit inductance 
are equivalent, the difference in the surge voltages is 
originated from the difference of the transient on-state 
voltages of the diodes.    Figure 12 compares transient 
on-state waveforms of the diodes.  Because the drift 

Fig.11 Turn-off waveforms
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hybrid module that combines a SiC-SBD, developed in 
collaboration with the National Institute of Advanced 
Industrial Science and Technology, and a 6 th  genera-
tion “V-Series” IGBT chip, which is Fuji Electric’s lat-
est chip.  By greatly reducing the power loss of the de-
vice itself, this product is expected to contribute signifi -
cantly to the achievement of higher effi ciency invert-
ers.  In the future, Fuji Electric intends to expand the 
lineup of products that use SiC chips, and to contribute 
to efforts for preventing global warming.  

  The authors wish to thank all parties concerned 
at the Advanced Power Electronics Research Center of 
the National Institute of Advanced Industrial Science 
and Technology (AIST) for their cooperation in the 
development of the SiC-SBD chip.  A portion of this 
development work was carried out under the AIST 
Industrial Transformation Research Initiative “SiC 
Device Practical Application Verifi cation Based on 
Mass Production Prototype” in fi scal years 2008, 2009 
and 2010.  

  
  References
   (1) Takahashi, K. et al. New Lineup of V-Series IGBT 

Modules. FUJI ELECTRIC REVIEW. 2010, vol.56, 
no.2, p.56-59.

   

than that of the V Series PND, the transient on-state 
voltage of the SiC-SBD is reduced from 90 V to 45 V.  
Therefore, as shown in Fig. 13, the surge voltage at 
turn-off can be kept low and the turn-off energy can be 
reduced. 

 V V L
t
I V

d
d

TRSp CC s
C

$= + +  ………………………………(1)
  
      V  Sp  : Surge peak voltage
      V  CC  : Applied voltage
      L  s  : Inductance of main circuit
      I  C  : Collector current
      V  TR  : Transient on-state voltage
 

    5. Inverter Power Loss
  
  Figure 14 shows the calculated results of inverter 

power loss in the newly developed hybrid module and 
the V-Series module.  When the carrier frequency is 
8 kHz, the total power loss of the hybrid module can be 
reduced signifi cantly by 23% for that of the V-Series 
module.  Moreover, because the rate of loss reduction 
increases with hisher carrier frequency, the hybrid 
module is more effective for applications involving high 
frequency operation.  

  
  6. Postscript

  
  This paper introduced the Si-IGBT and SiC-SBD 
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A B S T R A C T

  1. Introduction
  
  Recently, power modules have been widely used in 

industrial, consumer products and hybrid and electric 
vehicle applications.  As the performance of Si devices 
used in the power modules is approaching its theoreti-
cal limits, wide bandgap (WBG) devices such as silicon 
carbide (SiC) and gallium nitride (GaN) are attracting 
attention.  WBG devices have some advantages such as 
higher dielectric breakdown voltage, lower loss, higher 
switching and higher temperature operation capability 
compared to Si devices.

This paper introduces new packaging technologies 
that take full advantage of the features of WBG devic-
es, especially SiC devices.

    
  2. Features and technology of SiC Power Module 

Package
   
  Fuji Electric is presently evaluating SiC  metal-

oxide-semiconductor fi eld-effect transistors MOSFETs  
and SiC Schottky barrier diodes (SBDs) to be imple-
mented in SiC modules.  New packaging technology in-
troduced in this paper can also be applied to other SiC 
devices such as SiC insulated gate bipolar transistors 
(IGBTs).  

Figure 1 shows the aluminum wire bonding struc-
ture, which is currently the mainstream structure 
for power modules, and the newly developed package 
structure.

In the conventional structure, the main current 
paths are formed from aluminum bonding wires and 
the direct copper bonding (DCB) substrate.  On the 
other hand, in the newly developed structure, circuit 

  Masafumi Horio †   Yuji Iizuka †   Yoshinari Ikeda †   

   Packaging Technologies for SiC Power Modules

Wide bandgap materials such as silicon carbide (SiC) and gallium nitride (GaN) are attracting attention as mate-
rials for next-generation power semiconductor devices.  Fuji Electric is currently developing new packaging technolo-
gies to take full advantage of SiC devices.  Compact and highly reliable power modules with low thermal resistance 
and high-temperature operating capability can be realized by replacing aluminum wire bonding, solder joints and sili-
cone gel encapsulating structures with copper pin connections, silver sintering joints and epoxy resin molding struc-
tures.  Improved performances of prototype all-SiC modules and SiC diode modules with new packaging technologies 
have been evaluated.  

75

paths are formed from a DCB substrate, a power board 
and Cu pins instead of bonding wires.  Additionally, 
this new structure uses epoxy resins as the encapsulat-
ing material instead of silicone gel.  The features and 
technologies of new structure that uses these new ma-
terials will be discussed below.

    
  2.1 Downsizing

  Power modules are being made smaller and small-
er with the rise in power density of power chips and 
the reduction of thermal resistance resulting from 
improved packaging technology.  In the conventional 
structure, aluminum wire requires a certain amount 
of area for bonding.  Large current capacity power 

Fig.1 Comparison of power module structure
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modules require larger number of wires and result in 
many aluminum wires on the DCB substrate.  This is 
a barrier to realize the high-density packaging i.e.  the 
downsizing of power modules.

  In the newly developed structure, Cu pins are used 
to connect power board to power chips, instead of using 
aluminum wires.  The power board has a printed cir-
cuit board structure and current fl ows through its Cu 
pattern and Cu pins.

  Because this structure allows current to fl ow in a 
vertical direction with respect to a power chip, power 
chips can be located close to each other.  Furthermore, 
two layers of current paths, on both the DCB substrate 
and the power board, contribute to downsizing of the 
power module.

  
  2.2 Low thermal resistance

  In order to downsize power modules having high 
power density and to prevent temperature rise of the 
power chips, the thermal resistance of the power mod-
ule package must be reduced.  An alumina ceramic 
substrate is generally used in conventional structure 
shown in Fig. 1.  This alumina ceramic acts as a large 
thermal barrier in the conventional structure due to 
its low thermal conductivity of about 20 W/(m • K).  In 
order to reduce this large thermal resistance of the alu-
mina ceramic, various developments have been under-
taken. (1),(2) 

  In the development of this new structure, a much 
thicker Cu block is bonded to the silicon nitride (SiN) 
ceramic substrate in order to realize a further reduc-
tion of thermal resistance.  The reason why a SiN ce-
ramic substrate is used is because SiN has a larger 
thermal conductivity than alumina ceramic as well as 
large strength to endure the stress that occurs with 

thick Cu block during the thermal cycle.  Figure 2 com-
pares the power module thermal resistance of the con-
ventional alumina ceramic structure with that of the 
newly developed SiN ceramic structure, when imple-
mented with the same size power chips.  The thermal 
resistance of the ceramic substrate in the new struc-
ture is one-fourth that of the conventional structure.  
The new structure enables a 50% reduction in the 
thermal resistance of the overall structure.  

  
  2.3 High temperature operation

  One of the advantages of SiC devices is the capabil-
ity to operate at high temperature.  When a power chip 
can operate at high temperature, the cooling cost can 
be reduced and the overall system size can be reduced 
as a result of a downsized cooling system.  In order to 
realize high temperature operation, it is necessary to 
improve the high temperature withstanding capability 
of the packaging components, especially the bonding 
material and the encapsulating material.

  Currently, a tin (Sn)-silver (Ag) compound of 
lead (Pb)-free solder is generally used in power mod-
ules.  The solidus line temperature*1 of that solder is 
below 250  ° C.  Because higher temperatures gener-
ally cause solder to deteriorate more quickly, a higher 
solidus temperature and melting point are preferred.  
However, a high temperature process would cause 
large stress and strain in the components.  In order to 
reconcile these contradicting issues, Ag-sinter material 
is now being developed to apply as a bonding material.  
Figure 3 shows a cross-sectional view of the bonding 
area with Ag-sinter material.

    Ag-sinter material exhibits superior characteristics 
and is capable of bonding under relatively low temper-
atures (ca. 300 °C) and has a high melting point of ca.  
962 °C that is the same as Ag bulk material after sin-
tering.  Also, its thermal conductivity is larger by one 
digit than that of Sn-Ag compound solder.  

   Regarding encapsulating material, conventional 
silicone gel can withstand the duration of the lifetime 
(generally 10 years) of a power module at temperatures 
below 150  ° C, but has diffi culty in enduring if the op-
erating temperature increases.  Therefore, the newly 
developed structure uses a new epoxy resin that has 
glass transition temperature of over 200  ° C.

*1: The solidus line temperature is the temperature at 
which alloyed metal starts to melt, and the liquidus line 
temperature is the temperature at which alloyed metal 
melts completely. For pure metal, these temperatures 
are the same, and are called the melting point.

Fig.2 Comparison of power module thermal resistance
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  2.4 High reliability

   Improved reliability at high temperature is need-
ed in order to realize high temperature operation of the 
power modules using SiC devices.  The primary fac-
tors affecting the reliability of a power module having 
a conventional structure are the lifetime of the bond-
ing area between aluminum wire and power chip elec-
trodes, and the lifetime of the solder layer. (3)  With the 
new structure, because aluminum wires are replaced 
by Cu pins, the factors affecting reliability are different 
from those of the conventional structure.  A power cy-
cling test, an important reliability test for power mod-
ules, was carried out with Si devices to compare reli-
ability with that of the conventional structure.  Figure 
4 compares the power cycling capability of the new 
structure and the conventional structure.

   This test results shows that the new structure 
has more than 30 times the power cycling  capability 
as compared to the conventional structure under the 
conditions of chip junction temperature swings (ΔTj) of 
125 K and 150 K.  One of the reasons for the improve-

ment in power cycling  capability is the epoxy resin 
molding structure.  Figure 5 compares the stress oc-
curring at the bonding material underneath the power 
chip in the cases of silicone gel and epoxy resin (result 
of FEM analysis).  The vertical axis in Fig. 5 shows the 
values of stress occurring at the bonding material un-
derneath power chip with silicone gel structure as 100.

  This results shows that the epoxy molding struc-
ture reduces the stress at the bonding material by 
about half.  It is speculated that the epoxy resin mold-
ing structure suppresses deformation of the power 
chips and the DCB substrate, for which expansion and 
constriction are repeated freely in silicone gel struc-
ture.  A thermal cycling test was also carried out under 
the temperature range between −40  ° C and 150  ° C, and 
the results show that the new structure has a greater 
than 3,000 cycle capability.

  
  3. Prototype Modules with New Structure

   The following two types of prototype modules were 
designed with the new structure that realizes downsiz-
ing, low thermal resistance, high temperature opera-
tion and high reliability.(4)~(6)

Fig.5 Comparison of stress occuring at bonding material
underneath power chips
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  3.1 All-SiC module

  The all-SiC module shown in Fig. 6(a) is 2-in-1 
module rated at 100 A and 1200 V and equipped with 
SiC MOSFETs and SiC SBDs.  The module has dimen-
sions of 62.6 mm (length)×24.7 mm (width)×19.0 mm 
(height).  Compared to a Si module having convention-
al structure and the same rating, the all-SiC module 
has a footprint of about half the size (see Fig. 6(b)).

  The reasons for this small footprint size the all-SiC 
module are the new structure with Cu pin connection 
technology for the high-density mounting of power 
chips, the low thermal resistance structure for high 
thermal dissipation, and the low loss SiC devices and 
high temperature withstanding components having 
high reliability at high temperature operation.

  Figure 7 shows the switching test results with dif-
ferent gate resistances of Si and SiC devices and differ-
ent module structures in order to clarify the improve-
ment in characteristics of the new structure and SiC 
devices.

  The loss reduction with SiC devices is 40 to 70%, 
and a further 17% loss reduction is attributed to the 
new structure.  The small parasitic inductance of the 
new structure as a result of the downsized current 
path is thought to limit the surge voltage and thereby 
reduce the switching loss.

  

  3.2 SiC diode module
   The SiC diode module shown in Fig. 8(a) is confi g-

ured as a SiC SBD diode module with 2 arms in series 
and is rated at 400 A and 1200 V.  The dimensions are 
93.5 mm (length)×30.6 mm (width)×17.0 mm (height).  
Compared to a 100 A Si diode module with a conven-
tional structure, this SiC diode module has four times 
the current density with about the same footprint size 
(see Fig. 8(b)).

  
  4. Postscript

  
  A new power module structure with Cu pin connec-

tions, Ag-sinter bonding and epoxy resin molding has 
been developed.  This packaging technologies are able 
to take full advantage of the superior characteristics of 
SiC devices.  Moreover, a prototype all-SiC module and 
SiC diode module were designed and their improved 
characteristics were evaluated.

In the future, Fuji Electric will verify the superior 
characteristics of this new power module through fi eld 
tests and will continue to advance technology for the 
conservation of energy.
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A B S T R A C T

  1. Introduction
  
  Recently, in response to heightened interest in 

global environmental protection through conserving 
energy and reducing CO 2  emissions, lower levels of 
power loss are sought in so-called IT equipment, such 
as PCs and servers.  In order to reduce the power loss 
in IT equipment, the power conversion devices used 
in IT equipment must be made more effi cient, and the 
technology that enables this higher effi ciency is power 
semiconductors.

  The power semiconductors installed in power con-
version equipment operate as switching devices, and 
their power loss consists of conduction loss while the 
device is in its on-state, and switching loss when the 
device changes from its on- to off-state or from its off- 
to on-state.  To achieve higher effi ciency and lower loss 
in power conversion equipment, both types of loss must 
be reduced.  

  This paper reports on Fuji Electric’s success-
ful development of a “Super J-MOS” (Superjunction 
MOSFET) that achieves low switching loss as a result 
of optimization of the SJ-MOSFET surface structures 
from a theoretical perspective and an improved trade-
off relationship between turn-off loss  E  off , generated 
when the device changes from its on- to off-state, and 
the value of turn-off d V  /d t , which indicates the time-
change of drain-to-source voltage at the time of turn-
off.  

  
  2. Characteristics of the “Super J-MOS” 

  
  The use of an SJ-MOSFET is one way to reduce 

both conduction loss and switching loss.  Compared to 

  Takahiro Tamura †   Mutsumi Sawada †   Takayuki Shimato †

   “Super J-MOS” Low Power Loss
Superjunction MOSFETs

   Fuji Electric has developed superjunction MOSFETs with an optimized surface design that delivers lower switch-
ing loss.  In these     “ Super J-MOS ”chips, gate length and channel density were adjusted to optimize the gate-to-drain 
capacitance and threshold voltage, thus     achieving lower turn-off loss.  For devices rated at 600 V/20 A/0.19 �, an 
extremely low turn-off loss of 160 μJ at the turn-off dV/dt of 10 kV/μs     was realized.  Power effi ciency is over 94.0%, 
enabling compliance with the 80 PLUS certifi cation.   
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a conventional power MOSFET, the SJ-MOSFET fea-
tures a signifi cantly improved trade-off relationship 
between the device breakdown voltage  BV  DSS  and the 
specifi c on-resistance  R  on  •  A , and because the conduc-
tion loss can be reduced dramatically, SJ-MOSFETs 
are being used more and more in power conversion 
equipment.  

  Figure 1 shows  schematic   cross-sectional views 
of a   SJ-MOSFET   and  a conventional  MOSFET.   The 
SJ-MOSFET has a structure in which p-pillars and n-
pillars are arranged alternately in the drift region.  By 
narrowing the width of each pillar, the impurity con-
centration in the drift region can be increased without 
decreasing the breakdown voltage, and therefore the 
on-resistance can be reduced. (1)~(4)  

  Furthermore, because an SJ-MOSFET has signifi -

*1: Miller period: See supplemental explanation 2 on page 
88.

Fig.1 Schematic cross-sectional views of power MOSFETs
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cantly smaller  R  on  •  A  than a conventional MOSFET, 
its gate-to-drain capacitance  C  GD  is also signifi cantly 
smaller.  As a result, there is a problem of the  C  GD  be-
coming too small, causing the gate controllability to de-
crease and the turn-off d V  /d t  to increase.  Additionally, 
if the gate resistance  R  g  is increased in order to reduce 
the turn-off d V  /d t , the Miller period*1 will lengthen 
and the loss will increase.  As a result, the tradeoff re-
lationship between  E  off  and turn-off d V  /d t  deteriorates.  
Accordingly, if the tradeoff relationship between  E  off  
and turn-off d V  /d t  can be improved, and the turn-off 
loss decreased, a low power loss device that realizes 
both low conduction loss and low switching loss can be 
realized.  In fact, the Super J-MOS is a realization of 
such a device.

  
  3. Optimization of Surface Structures

  
  3.1 Design concept

  In order to improve the tradeoff relationship be-
tween  E  off  and turn-off d V  /d t  in a SJ-MOSFET, it is 
necessary to reduce turn-off d V  /d t  under conditions 
of constant  R  g .  Focusing on the reduction of turn-off 
d V  /d t , characteristics of the tradeoff between  E  off  and 
turn-off d V  /d t  were improved in accordance with the 
following equation.  

  Assuming that the gate-source capacitance during 
turn-off is constant within the Miller period, turn-off 
d V  /d t  can be expressed as in Eq.(1).  

 
  

t
V

C V R
g
I V

d
d

GD DS g

fs

D
th

$ $
=

+
   …………………………………(1)  

  
      I  D  : Drain current
      g  fs  : Transconductance
     V  DS  : Drain-to-source voltage

    From Eq.(1), it can be understood that when  R  g , 
 I  D  and  V  DS  are constant, increasing  C  GD  and decreas-
ing the threshold voltage  V  th  are effective for reducing 
turn-off d V  /d t .   C  GD  is determined by the distance be-
tween the p-bases, i.e., the gate length  L  g , and there-
fore  L  g  should be lengthened in order to increase  C  GD .  

Moreover, because  V  th  is determined according to the 
impurity concentration of the p-base region,  V  th  can be 
decreased by reducing the impurity concentration of 
the p-bases.  

  
  3.2 Gate length dependence of turn-off loss

  Simulations based on the design concept were per-
formed to estimate the  L  g  dependence of  E  off .  Figure 
2 shows the  L  g  dependence of  E  off  and turn-off d V  /d t .  
 E  off  values are shown for the case that turn-off d V  /d t  is 
10 kV/ μ s, and turn-off d V  /d t  values are shown for the 
case that  R  g  is 91  Ω .  Additionally, the values of  L  g  are 
relative to the value of  L  g  prior to optimization of the 
structure.  

  As shown in Fig. 2, turn-off d V  /d t  can be reduced 
by lengthening  L  g , and the resulting decrease in the 
value of  E  off  was confi rmed.  When  L  g  increases above 
1.4, the  E  off  value shows nearly no improvement and 
remains nearly unchanged.  This is thought to be 
caused by the lengthening of the Miller period and in-
creased loss that occurs when  C  GD  is increased, caus-
ing the turn-off time to become longer and the feedback 
capacitance to increase.  

  
  3.3 Threshold voltage dependence of turn-off loss

  Next, the  V  th  dependence of  E  off  and turn-off d V  /d t  
was calculated.  The results are shown in Fig. 3.  As in 
the calculation of the  L  g  dependence, the values of  V  th  
are relative to the value of  V  th  prior to optimization of 
the structure.  Additionally, an estimation of the  V  th  
dependence was calculated based on the simulation de-
scribed in Section 3.2 and using an optimal  L  g  design 
value of 1.4.  

  As shown in Fig. 3, turn-off d V  /d t  decreases as  V  th  
becomes smaller, and accordingly, a decrease in the 
value of  E  off  was confi rmed.  If  V  th  becomes too small, 
however, a problem may occur in which the device 
turns-on unintentionally due to noise.  In optimizing 
the design for  V  th , it is necessary to be careful so as not 
to reduce  V  th  too much in order to prevent malfunction 
of the device.  

  Based on the above results and using  L  g =1.4 and 
 V  th =0.75 as optimal structure values, the tradeoff rela-

Fig.2 Lg dependence of Eoff and turn-off dV /dt
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Fig.3 Vth dependence of Eoff and turn-off dV /dt
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tionship between  E  off  and turn-off d V  /d t  was improved.
  

  4. Super J-MOS Performance
  

  4.1 Evaluation of on-resistance
  For SJ-MOSFETs rated at 600 V/20 A/0.19  Ω , the 

specifi c on-resistances  R  on  •  A  at rated voltages of the 
Super J-MOS and competitors’ products were com-
pared and evaluated.  Figure 4 shows the evaluation 
results.  The values of  R  on  •  A  are relative to the value 
of the Super J-MOS.  With the Super J-MOS,  R  on  •  A  
values equal to or better than those of competitors’ SJ-
MOSFETs were confi rmed.

   
  4.2 Evaluation of switching loss

  Next,  E  off  was evaluated.  With the Super J-MOS, 
the  E  off  value is 160  μ J when turn-off d V  /d t  is 10 
kV/ μ s, and this extremely small  E  off  was realized 
through structural optimization.   E  off  values when 
turn-off d V  /d t  is 10 kV/ μ s were compared and evalu-
ated for the Super J-MOS and competitors’ products, 
and the results are shown in Fig. 5.  As in the case of 
Fig. 4,  E  off  values are relative to the value of the Super 
J-MOS. 

  As shown in Fig. 5, the Super J-MOS is affected by 
the structural optimization and the results showed an 
 E  off  value signifi cantly lower than those of competitors’ 
products.

  
  5. Investigation in Electrical Equipment

  
  As described above, by optimizing the surface 

structures, the Super J-MOS was confi rmed to exhibit 
excellent levels of  R  on  •  A  and  E  off .  Next, to verify the 
power effi ciency when using a Super J-MOS, a Super 
J-MOS was installed in the power factor correction 
(PFC) circuit of a 400 W-ATX power supply as shown 
in Fig. 6, and the power effi ciency was evaluated.  The 
same evaluation was also performed for company A’s 
SJ-MOSFET, which exhibited lowest turn-off loss 

among the competitors’ products.  The values of power 
supply loss and power supply effi ciency that were ob-
tained were compared and evaluated (see Fig. 7).  All 
the devices that were evaluated were rated at 600 V/ 
0.19  Ω . 

   As  shown in Fig. 7(a), in comparison to company 
A’s product, the Super J-MOS exhibits lower loss espe-
cially during turn-off, and this contributes greatly to a 
reduction in total power supply loss.

  Moreover, as shown in Fig. 7(b), highly effi cient 
power supply operation is realized with the Super 
J-MOS, and when the power supply has a 50% load 
factor, the power effi ciency is at the high level of 96%.  
Furthermore, in the load factor range from 20% to 
100%, the power effi ciency was at least 94% or higher.  
This result conforms to the “80 PLUS (6)    ”*2 standard, 
and indicates that the Super J-MOS possess character-
istics that can contribute to improvement of the power 

*2: “80 PLUS” : A standard promoting higher effi ciency in 
power supplies and is defi ned by an independent pri-
vate organization (http: / /www.80plus.org). In the power 
supplies used in PC and servers, 80 PLUS certifi cation 
indicates that the power conversion effi ciency is 80% or 
greater at load factors of 20%, 50% and 100%. 

 80 PLUS is a trademark or registered trademark of US-
based Ecos Consulting Inc.

Fig.4 Comparison and evaluation of Ron•A
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Increasing the gate-to-drain capacitance and lower-
ing the threshold voltage was confi rmed to result in 
a lower turn-off d V  /d t  and an improved tradeoff rela-
tionship between turn-off loss and turn-off d V  /d t .  By 
optimizing the surface structures of the device, the 
turn-off loss was found to be 160  μ J when turn-off 
d V  /d t  is 10 kV/ μ s, and this is an excellent level for a 
SJ-MOSFET.  Additionally, as a result of installing a 
Super J-MOS in the PFC circuit of a 400 W-ATX power 
supply and then conducting an evaluation, power sup-
ply operation exhibiting much higher effi ciency than 
that of competitors’ SJ-MOSFETs was found to be pos-
sible.  

  Targeting applications in the communication and 
PC server power supply market, Fuji Electric is cur-
rently moving forward with efforts to reduce loss 
and increase the effi ciency of the 600 V-rated Super 
J-MOS.  Fuji Electric intends to continue to improve 
device performance in the future through device minia-
turization and the like.  
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effi ciency of a power converter.  
  

  6. Postscript
  
  By optimizing the surface structures of the SJ-

MOSFET, the “Super J-MOS,” which features an im-
proved tradeoff relationship between turn-off loss and 
turn-off d V  /d t  and low switching loss, was developed.  

Fig.7 Results of investigation in electric equipment
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A B S T R A C T

  1. Introduction
  
  That the benefi ts of utilizing outer space for such 

applications as communication satellites, meteorologi-
cal satellites, GPS and earth observation have per-
meated our daily lives is well-known. The electronic 
devices and switching power supplies installed in arti-
fi cial satellites are required to be highly effi cient so as 
to effi ciently utilize limited power in outer space and to 
have a reduced number of components so as to ensure 
system reliability. Moreover, the power metal-oxide-
semiconductor fi eld-effect-transistor (MOSFET), a key 
device for power conversion, is required to be a low 
loss device as well as to have high reliability against 
ionizing radiation (1)  and to be resistant to high-energy 
charged particles (heavy particles) (2)  and the like in a 
space environment. 

  Fuji Electric has previously developed and com-
mercialized n-channel high-reliability power 
MOSFETs for space applications (  3) . Recently, p-chan-
nel power MOSFETs for space applications have 
been newly added to Fuji Electric’s product lineup. 
Compared to the n-channel power MOSFET, the p-
channel power MOSFET has on-resistance that is 2 to 
3 times larger in principle, and this is a disadvantage, 
but because its polarity is reversed, high-side switches 
and other circuits can be confi gured more simply. For 
this reason, the p-channel power MOSFET has the 
advantage of allowing the number of components to 
be decreased, thereby enhancing reliability and en-
abling a reduction in the size and weight of the over-
all system. Based on the technology cultivated with 
n-channel power MOSFET for space applications, Fuji 
Electric has developed and commercialized p-channel 
MOSFETs for space applications. The features and 

  Masanori Inoue †   Akio Kitamura †   Shuhei Tatemichi †

   P-Channel Power MOSFETs for Space Applications

  Fuji Electric has added a family of p-channel power MOSFETs to its lineup of power MOSFETs for space appli-
cations. Depending on the application, designers can now choose between the existing n-channel power MOSFETs 
and the new chips, allowing them to reduce the system part count and achieve higher system reliability. Like the n-
channel power MOSFETs, the new chips use quasi-plane junction technology to lower the resistance of the drift lay-
er, thus lowering the on-resistance. A low-temperature process is used to form gate oxide fi lms in all diffusion layers, 
achieving high total ionizing dose (TID) tolerance.
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technology of these products are introduced below. 
  

  2. Product Features
  
  Table 1 lists Fuji Electric’s product lineup of p-

channel power MOSFETs, and Table 2 shows the dif-
ferences in requirements for power MOSFETs for 
consumer-use and power MOSFETs for space applica-
tions. The MOSFETs for space applications maintain 
the equivalent low on-resistance of consumer power 
MOSFETs while providing the capability to tolerate a 
space environment. 

  
  2.1 Tolerance to ionizing radiation (TID tolerance) 

  Ionizing radiation is present in the environment 
along the orbit of an artifi cial satellite or the like. 
Generally, if a power MOSFET normally used at 
ground level is used in an environment of ionizing 
radiation, the breakdown voltage will decrease and 
the gate threshold voltage  V  th  that controls the on-off 
control of the power MOSFET will shift. The market-
place requirement for ionizing radiation tolerance is 
1,000 Gy, which is the equivalent exposure as 10 years 
of geostationary orbit, and the ability to tolerate this 
level of exposure is ensured with the newly developed 
p-channel power MOSFET. Ionizing radiation toler-
ance is assessed by evaluating the change in character-
istics that occurs when a product is actually irradiated 
with ionizing radiation. Figure 1 shows the evaluation 
results of breakdown voltage  BV  DSS  and  V  th , which are 
particularly susceptible to ionizing radiation.  BV  DSS  
does not change at all. Also, the shift in  V  th  is limited 
to within the range of the specifi cation. 

  
  2.2 Heavy particle tolerance (SEE tolerance)

  In space, heavy particles emitted from solar winds, 
supernova explosions and the like fl y back and forth. 
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The phenomenon in which a single incident heavy par-
ticle can cause degraded characteristics or permanent 
damage in a biased MOSFET is generically referred to 
as a “single event effect” (SEE). The probability of im-
pact in space by a heavy particle with a larger mass is 

lower, but such a particle would have a large amount 
of energy and would have a signifi cant effect on a 
MOSFET. The magnitude of the energy that a heavy 
particle would transfer to a MOSFET is described 
by the linear energy transfer (LET) of the particle. 
Additionally, the SEE tolerance also depends on the bi-
ased state of the power MOSFET at the time when the 
heavy particle comes in, and the higher the  V  DS  and 
 V  GS , the greater the susceptibility to damage. 

  Therefore, the SEE tolerance is generally ex-
pressed with the magnitude of the LET and the use-
able areas of  V  DS  and  V  GS . Figure 2 is shown for the 
power MOSFET at a LET value of 37 MeV/(mg/cm 2 ). 
Because a reverse bias of +5 V or greater is not used 
with  V  GS , in the actual useable area, the tolerance ex-
tends to the rated value of  V  DS . The probability that 
a heavy particle having this LET value would collide 
with the MOSFET corresponds to approximately once 
every 200 years (estimated assuming an orbit altitude 
of 550 km and an orbital inclination angle of 31 ° ), and 

Table 1 Product list

Product type VDSS
(V)

lD
(A)

lD (Pulse)
(A)

RDS（on）
max. *1 

(Ω)

PD *2

(W)
VGS
(V)

VGS（th）
(V)

Qg
max.
(nC)

Radiation 
level

(krad)

SEE *3

LET MeV/
(mg/cm2)

Package 
type

Mass 
(g)

JAXA R 2SJ1 A0l − 100 − 42 − 168 0.045 250 ±20
−2.5
to

−4.5
230 100 37 TO-254 9.3 

JAXA R 2SJ1 A02 − 100 − 25 − 100 0.097 125 ±20
− 2.5

to
− 4.5

95 100 37 TO-254 9.3 

JAXA R 2SJ1 A03 − 100 − 11 − 44 0.226   62.5 ±20
− 2.5

to
− 4.5

40 100 37 TO-254 9.3 

JAXA R 2SJ1 A04 − 100 − 42 − 168 0.038 250 ±20
− 2.5

to
− 4.5

230 100 37 SMD-2 3.3 

JAXA R 2SJ1 A05 − 100 − 29 − 116 0.09 150 ±20
− 2.5

to
− 4.5

95 100 37 SMD-1 2.6 

JAXA R 2SJ1 A06 − 100 − 13 − 52 0.219   70 ±20
− 2.5

to
− 4.5

40 100 37 SMD-0.5 1.0 

JAXA R 2SJ1 A07 − 200 − 35 − 140 0.091 250 ±20
− 2.5

to
− 4.5

230 100 37 TO-254 9.3 

JAXA R 2SJ1 A08 − 200 − 16 − 64 0.21 125 ±20
− 2.5

to
− 4.5

95 100 37 TO-254 9.3 

JAXA R 2SJ1 A09 − 200 − 7.5 − 30 0.487   62.5 ±20
− 2.5

to
− 4.5

40 100 37 TO-254 9.3 

JAXA R 2SJ1 A10 − 200 − 37 − 148 0.084 250 ±20
− 2.5

to
− 4.5

230 100 37 SMD-2 3.3 

JAXA R 2SJ1 A11 − 200 − 18 − 72 0.203 150 ±20
− 2.5

to
− 4.5

95 100 37 SMD-1 2.6 

JAXA R 2SJ1 A12 − 200 − 8.5 − 34 0.48   70 ±20
− 2.5

to
− 4.5

40 100 37 SMD-0.5 1.0 

*1 : RDS（On）: VGS=− 12 V,
*2 : PD: TC=250°C
*3 : SEE: Kr, Energy: 520 MeV, Range: 63 μm, VDS=rated VDS, VGS=+5 V

Table 2 Requirements of power MOSFET for space  
  applications

Requirements Consumer-use 
MOSFET

Space-use 
MOSFET

Ionizing radiation tolerance 
(TID tolerance) × ◎

Heavy particle tolerance 
(SEE tolerance) × ◎

Long-term reliability ○ ◎

Electrical char-
acteristics 

Breakdown 
voltage  200 V 200 V

On-
resistance  ◎ ◎

TID：Total ionizing dose ◎: Fully meets requirements
SEE：Single event effect ○: Meets requirements
  × : Does not meet requirements
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extremely high reliability against heavy particles is 
provided. 

  
  2.3 Long-term reliability

  A metallic hermetically sealed package is used to 
ensure long-term reliability of the package. In order 
to improve thermal cycle tolerance, the package frame 
(part into which the MOSFET chip is mounted) is 
made from CuW (copper tungsten), which has a coef-
fi cient of thermal expansion extremely close to that of 
silicon (the material from which the MOSFET chip is 
made). Additionally, the hermetically sealed package 
is made hollow (Fig. 3) and fi lled with dry nitrogen to 
protect the power MOSFET chip from exogenous deg-
radation modes. 

  
  3. Technology Applied to the MOSFETs for 

Space Applications
  
  The technology developed for the previous-

ly commercialized 2 nd  generation n-channel power 
MOSFETs for space applications was also applied to 
these p-channel MOSFETs. This section introduces 
the technology for ensuring TID tolerance and low on-
resistance. 

  
  3.1 Application of low-temperature process

  The phenomenon of a  V  th  shift is caused by electri-
cal charge becoming trapped in the oxide fi lm as a re-
sult of ionizing radiation. 

  When a MOSFET is exposed to ionizing radiation, 
electrons and holes are induced in its oxide fi lm. The 
holes, in particular, become trapped in the oxide fi lm 
and form a fi xed positive electrical charge that appears 
in the electrical characteristics as a shift in  V  th . 

  From prior research, it is known that the greater 
the thermal history of exposure to high-temperatures, 
the greater amount of charge that will be trapped in 
an oxide fi lm. In a consumer-use MOSFET, an effi cient 
manufacturing process and stable electrical character-
istics can be provided through the use of a gate elec-
trode (on which a gate oxide fi lm has also been formed) 
as a self-aligned mask. With this process, however, 
the gate oxide fi lm acquires a thermal history of high-
temperature exposure during the diffusion layer fabri-
cation process, and the oxide layer ends up trapping a 
large amount of charge. 

  Therefore, a process fl ow in which the gate oxide 
fi lm is formed after fabrication of the entire diffusion 
layer was applied to MOSFETs for space applications 

Fig.1 Tolerance to ionizing radiation (TID tolerance)
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resistance. 
  The application of this QPJ technology resulted in 

a 25% reduction in on-resistance per unit area com-
pared to that of a competitor’s product (see Fig. 6). 

  
  4. Postscript

  
  This paper has introduced Fuji Electric’s p-chan-

nel power MOSFET for space applications. These 
MOSFETs are tolerant of the space environment, i.e., 
they exhibit good tolerance of ionizing radiation, heavy 
particles and so on, and also realize the low on-resis-
tance of consumer-use power MOSFETs. 

  Fuji Electric will continue to endeavor to reduce 
on-resistance further, improve SEE tolerance, and to 
contribute to the promotion of space development in 
Japan and overseas. 

  
  References
  (1) Gover, J. E. “Basic Radiation Effects in Electronics 

Technology.” Colorado Springs, CO, Proc. 1984 IEEE 
NSREC Tutorial Short Course on Radiation Effects, 
July 22, 1984.

  (2) Waskiewicz, A. E. et al. “Burnout of Power MOSFET 
with Heavy Ions of CaliFornium-252.” IEEE Trans. 
Nucl. Sci. Dec. 1986, vol. NS-33, no.6, p.1710-1713.

  (3) Inoue, M. et al.  High Reliability Power   MOSFETs   for 
Space Applications . FUJI ELECTRIC REVIEW. 2010, 
vol.56, no.2, p.69-73. 

  (4) Yamada, T. et al.  Power MOSFET ‘Super FAP-G 
Series’ for Low-Loss, High-Speed Switching.  FUJI 
ELECTRIC REVIEW. 2001, vol.47, no2, p.41-44.

   

(see Fig. 4). By applying this process, the gate oxide 
fi lm acquired a lower temperature thermal history and 
a TID tolerance of 1,000 Gy was ensured. 

  
  3.2 Low on-resistance technology

  The quasi-planer-junction (QPJ) (  4  )  technology used 
in Fuji Electric’s consumer-use MOSFETs was also ap-
plied to this MOSFET.

  With QPJ technology, n-bases are arranged in a 
dense confi guration and the interval between the n-
bases is minimized to fl atten the electric fi eld and ob-
tain a breakdown voltage close to that of a planar pn 
junction (see Fig. 5). As a result, this technology lowers 
the resistivity of the drift layer and reduces the on-

Fig.4 Process fl ow of consumer-use MOSFET and MOSFET 
for space applications
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Supplemental explanation 1 3-level inverter technology

Figure in which an inverter is wired to the intermedi-
ate potential (N) of the DC power source, is known as 
the neutral-point-clamped (NPC) method.  The naming 
of this method originates from the fact that the voltage 
applied to the switch element is always clamped to half 
the DC voltage Ed.

Compared to the NPC method, the advanced-NPC 
(A-NPC) method enables a simpler circuit confi gura-
tion because the series-connected insulated gate bipo-
lar transistors IGBTs have twice the rated voltage as 
the IGBTs used with the NPC method, and an reverse 
blocking IGBT is connected between the intermedi-
ate potential point (N) of the DC power source and an 
intermediate point (U) of the series-connected IGBTs.  
Having fewer current-conducting elements, the A-NPC 
method has the advantages of realizing lower loss and, 
when confi guring the inverter, of requiring fewer num-
ber of power sources for the gate driving circuit.  

A multilevel-type inverter, as typifi ed by a 3-level 
inverter, has many advantages over a typical 2-level 
inverter.  As shown in the Figure, the voltage waveform 
at the conversion output part of the 2-level inverter 
is ±Ed pulse width modulated (PWM) pulses centered 
about the zero point, but in the case of a 3-level in-
verter, is combined PWM pulses of ±Ed/2 and ±Ed cen-
tered about the zero point.  Because the output wave-
form of the 3-level inverter more closely resembles 
a sine wave, the size of the LC fi lter used to convert 
the output waveform into a sine wave can be reduced.  
Furthermore, the switching loss occurring in a switch 
element is roughly halved and the noise generated by 
the equipment is also reduced, because the width of 
voltage fl uctuation per one-time switch operation is 
half that of the 2-level inverter.  The use of a 3-level 
inverter having these characteristics is effective for re-
alizing smaller size and higher effi ciency in a system.  

For 3-level inverters, the method shown in the 

Supplemental Explanation

Figure  Comparison of 2-level inverter and 3-level inverter circuits and voltage waveforms

2-level inverter
3-level inverter 

NPC method A-NPC method

Output line-to-line voltage waveform

Converter output

Ed/2 Filter output

L

C

LC filter LC filterLC filter

Output line-to-line voltage waveform

Converter output

Filter output

Converter

Ed/2

N

L

C

Converter

N U

L

C

Converter

RB-IGBT

Ed

Ed

Ed Ed

87Supplemental Explanation

Su
pp

le
m

en
ta

l E
xp

la
na

tio
n



Figure    Schematic diagram of L-load turn-off switching
waveform
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Supplemental explanation 2 Miller period

In the switching of a semiconductor device, the 
gate capacitance is charged and discharged to turn-on 
and turn-off the device.  At such times, changes in the 
drain-source voltage VDS cause the gate-drain capaci-
tance CGD to change, and an interval occurs in which 
the gate-source voltage VGS for charging and discharg-
ing CGD becomes fl at.  This is known as the Miller pe-
riod.  The Figure shows a schematic of the L-load turn-
off switching waveform of a power metal-oxide-semi-
conductor fi eld-effect-transistor.  As shown in Figure, 
when VGS decreases, at the time t0 when VGS=VDS, 
a depletion layer begins to expand on the gate to the 
drain and VDS begins to increase.  As a result, CGD 
decreases and the Miller period is appeared.  At the 
time t1 when VDS reaches the power source voltage, the 
depletion layer has stopped to expand, CGD stops de-
creasing and the Miller period ends.  At the end of the 
Miller period, VGS and the drain current ID begin to 
decrease.  The duration of the Miller period depends on 
the product CGD and the gate resistance Rg, and there-
fore it is important that the device be designed such 
that loss does not increase with an extended Miller 
period.
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