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Fuji Power MOSFET Realizes 
High-Efficiency, High-Frequency 
Switching Power Supply

The power MOSFET for low-loss, high-speed switching utilizing 

micro-processing, resistance-reduction, and gate-area-reduction

technologies realizes

● Low gate charge (Q g) as low as 40% of our conventional type

● Low turn-off switching loss (E off) as low as 75% of our 

conventional type

● High ruggedness for repetitive avalanche

● Small-sized packages
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40kW to 1MW class.
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Yasukazu Seki

Present Status and Trends of
Power Semiconductor Devices

1. Introduction

The curtain has been raised on new century.  Prior
to discussing the present status and trends of power
semiconductor devices, allow us to briefly review Fuji
Electric’s history with power devices.  The semiconduc-
tor device was invented and developed in the latter
half of the 20th century.  When Shockley, Brattain,
and Bardeen invented a transistor in 1948, they did
not think that this transistor could control a current
large enough to turn a motor, we suppose.  Transistor
devices began as small signal devices and later devel-
oped into ICs, and then broadened their range of
application to power devices.  These new power devices
gave birth to new control technology and developed
into new power electronics technology.

Fuji Electric has been developing power devices
and their control technology ever since the early
stages, including the power transistor in 1972, and has
continued as a leader and developer of this industry.

In the 1980s, the highly anticipated MOS (metal-
oxide-semiconductor) gate power device was intro-
duced.  Next, the power MOSFET (MOS field-effect
transistor) was invented and was soon followed by the
IGBT (insulated-gate bipolar transistor).  Production of
the power MOSFET utilized the cutting-edge semicon-
ductor technology of those days.  Though it was a
power device, it required production in a clean room
where the cleanliness level was on par with that of
necessary for LSI (large-scale integrated circuit) pro-
duction.  Figure 1 shows the progress of device design
rules over time.  The design rule for LSI memories is
also shown for comparison.  When the design rule for
LSI memories was on the level of several microns in
the latter half of the 1970s, the design rule for the
power devices of thyristors and bipolar transistors was
on the level of several tens of microns.  However, when
MOS gate devices such as MOSFETs and IGBTs
appeared in the latter half of the 1980s, the difference
in design rules between these and LSI chips rapidly
decreased.  In 2000, both achieved device design with
sub-micron rules.  At present, power devices and LSI
chips are produced using equivalent level clean rooms
and production equipment.

In the “Special issue on MOS gate power device
technology” (Vol. 63, No. 9) of the “Fuji Electric Jour-
nal” issued in 1990, Dr. Uchida described the MOSFET
and IGBT in an article entitled, “Progress of MOS-gate
power device technology.”  At that time, Fuji Electric
was marketing 2nd generation IGBTs and was promot-
ing the development of 3rd generation IGBTs.  We
predicted future development of the IGBT through
improving the characteristics, adding intelligence and
increasing capacity.

The capacity of power devices has also undergone
great changes.  Figure 2 shows the progress in capacity
of Fuji Electric’s power devices over time.  Power
devices started as discrete transistors in the 1970s,
then changed to transistor modules, and then to IGBT
modules in the latter half of the 1980s.  In 2000, a flat-
packaged IGBT device rated at 4.5kV-2kA appeared.(1)

Please refer to the separate article in this special issue
for details of this flat-packaged IGBT.

In the “special issue on power semiconductor
devices” (Vol. 72 No. 3) of the “Fuji Electric Journal”
issued in 1999, Dr. Shigekane described the year of
1998 as a historical year for the research and develop-
ment of power devices in “Present status and trends of
power semiconductor devices.”  He cited the ISPSD
(International symposium on power semiconductor
devices & ICs) tenth anniversary symposium held in
Kyoto as the reason for its historical importance.  The

Fig.1 Progress of  the design rule
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IEE of Japan and the IEEE of the USA cosponsor the
ISPSD and the location of the annual symposium
rotates among the three regions of Japan, USA and
Europe.  It is the most authoritative international
symposium in the power semiconductor device field.  In
the first symposium held in 1988, only 31 papers were
presented; in the tenth anniversary symposium, more
than 70 papers were presented, and in the 13th
symposium to be held in Osaka in June 2001, more
than 90 papers will be presented.  Thus the symposium
has become an association that issues guideline for the
research and development of power devices.  Fuji
Electric has presented many highly rated papers at
each ISPSD, ever since the first symposium.

Over the past several years of presentations,
ISPSD papers on the following three themes have been
increasing.
(1) MOS gate devices (MOSFETs, IGBTs, MOS gate

thyristors, etc.)
(2) Power ICs and HVICs
(3) SiC (silicon carbide).

In accordance with the trends of power device
research and development, the MOS gate device is still
the mainstream; however, at the ISPSD to be held in
Osaka in 2001, it is notable that many papers that
discuss SiC as a next generation power device material
have been accepted.

2. Trends of Fuji Electric’s Device Development

The development of semiconductor devices is the
history of fine pattern processing and device design
optimization.  Recent development of simulation tech-
nology has made it possible to precisely estimate
device characteristics.  Integrated simulation systems
that incorporate not only device and process simulation
but also heat conduction and stress simulation make a
great help to device development.  From early on, Fuji
Electric has utilized various simulation tools to accel-

erate device development.
This chapter outlines the power MOSFET, IGBT,

and assembly technologies that represent the leading
edge of Fuji Electric’s power device development.

2.1 SuperFAP-G series
Fuji Electric has newly developed the “SuperFAP-

G series” of power MOSFETs.  Please refer to the
separate article in this special issue for details.  The
biggest problem facing development of the power
MOSFET, a unipolar device, is how to reduce on-state
resistance while maintaining the withstand voltage.
Development of the SuperFAP-G series began with
lofty goals.  The design aimed to achieve the lowest on-
state resistance theoretically possible with silicon.  To
attain the targeted specifications, micro-processing
was used, of course, and the device was designed using
a stripe-construction cell to optimally weaken the
electric field of the cell structure part and to achieve
the desired withstand voltage even at the low-resis-
tance epitaxial layer.  As the result, the power
MOSFET attained a withstand voltage near the theo-
retical withstand limit of silicon in a low-resistance
epitaxial layer.  With this design, the new 600V device
attained approximately one-half of the Ron · A value
compared with conventional devices.  Also in the case
of application to a switching power supply, power
MOSFET loss was measured to be 35% less in the
standby mode compared with the conventional product,
and consequently, conversion efficiency was improved
by 3.2%.  Also, having the advantage of approximately
20°C less temperature rise with a normal load, the
power MOSFET is a highly promising device.  A
product lineup ranging from 150V to 900V is planned
for this series and will be put on the market succes-
sively from 2000 to 2001.

2.2 Trends of the IGBT
Fuji Electric started producing and marketing

IGBTs in 1988.  Through introduction of a new IGBT
generation every several years, improvement in char-
acteristics rapidly progressed from the 1st generation
to the 2nd and then to the new 3rd generation.  The
last decade of the 20th century was a golden era for the
IGBT, and this movement is expected to continue for
some time into the 21st century.  Conventional IGBT
chips of the 1st through new 3rd generation offered
improved characteristics while using epitaxial wafers
and controlling switching speed by lifetime control.
Next generation IGBT chips are being developed using
FZ (floating zone) wafers instead of epitaxial ones and
employing NPT (non-punch-through) types without
lifetime control and PT (punch-through) types.  In the
production of 1,200V IGBT modules in 1999, Fuji
Electric commercially produced IGBT modules using
NPT type chips as the 4th generation IGBT-S series.

To use FZ wafers for fabricating IGBT chips of the
600V and 1,200V class, the wafer thickness must be

Fig.2 Progress in the power device capacity
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reduced to approximately one-third or less of the
former thickness, and a major technical innovation in
wafer processing is required.  Fuji Electric will strive
for the technical development of IGBT chips using FZ
wafers and will promote FZ wafer applications starting
with the 1,200V IGBT module S series of the 4th
generation.

The separate article of this special issue introduces
the new “EconoPACK-Plus” package, which uses new
generation IGBT chips that are the successor to the
4th generation.  This series is developed to meet the
need for large capacities, and Fuji Electric plans to
produce a series of 1,200V-225A to 450A modules.
This EconoPACK utilizes PT type chips that employ
the newly developed FZ wafers, and provides greatly
improved characteristics.  The diodes that are used
concurrently were also improved and overall loss has
been significantly reduced.

Figure 3 shows the change in loss reduction of an
inverter using a 1,200V-300A IGBT module.  This is an
example of a 55kW inverter.  Losses are indicated for
the cases of the 2nd generation (L series) of 1990, the
new 3rd generation (N series) of 1994, the 4th
generation (S series) of 1999, and the above-mentioned
new generation IGBT modules.

2.3 Assembly technology
In power devices, the power chip and the assembly

technology are necessarily similar to the device tech-
nology.  Recently, particularly from the viewpoint of
power management, treatment of the heat generated
in the chip has become a serious issue.  The most
important problem is how to ensure high reliability.

Fuji Electric has so far actively promoted research
and development into the reliability of power devices.
This special issue analyzes in detail and from a new
perspective, the life of the power cycle within a module
and investigates factors that detract from module
reliability such as the problems of wire bonding and
solder cracks as well as their countermeasures.  Mind-
ful of these analysis results and of environmental
measures, we newly developed highly reliable lead-free
Sn/Ag solder.  Although conventional lead solder
ensures sufficient power cycle endurance, modules

Fig.3 Comparison of inverter loss using various generation
IGBT modules (1,200 V-300 A)

using the new Sn/Ag solder proved that it has even
higher power cycle endurance.  Fuji Electric will apply
this new solder to its power transistor modules in turn
and provide highly reliable modules to the market.

3. Conclusion

Power semiconductor device technology is rapidly
progress and there is no time to be wasted.  As
mentioned in the beginning, enormous changes oc-
curred in the last ten years of the 20th century.  Now
is the Renaissance of the power device, and the author
feels privileged to be involved in the activities.

This paper introduces the power MOSFET, IGBT
and assembly technology, which are at the forefront of
development.  Moreover, intelligent power devices are
an indispensable technology.  Without such technolo-
gies, “user-friendly” power devices cannot be realized.

Through declaring “Quality is our message” and
realizing “user-friendly” devices by ourselves, we will
fully satisfy users with our products.

Reference
(1) Fujii, T et al. 4.5kV-2000A Power Pack IGBT.  Proceed-

ings of ISPSD’00.  2000, p. 33-36.
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Large-Capacity 6-in-1 IGBT Module
“EconoPACK-Plus”

1. Introduction

In recent years, there has been an increasing
demand for high-current power converters, such as
industrial inverters, ranging from 40kW to 1MW.
With this trend, smaller, higher performance, higher
reliability, high current semiconductor which are easi-
er to use are required for power converters.  In
response to these requirements, Fuji Electric will
commercialize the “EconoPACK-Plus” that integrates
inverter bridge circuitry into a single package using
high-current IGBTs (insulated gate bipolar transistors)
(Fig. 1).  This paper introduces the EconoPACK-Plus
product family, its features, and device technologies.

2. Features of the EconoPACK-Plus

To meet the demand for smaller size and simplified
assembly of power converters, Fuji Electric has already
commercialized the EconoPIM and PC-PACK (6-in-1
module) in the 10 to 100A range, using 1,200V-class
fourth-generation IGBTs.  At present, Fuji Electric has
nearly completed development of the high-current
rated EconoPACK-Plus.  To satisfy the various market
demands described above, this device has the following
features.
(1) Rating: 1,200V product series slated to range from

225 to 450A devices.
(2) Smaller size: One-half the surface area of conven-

tional devices (Refer to Fig. 2).

(3) Ease of use: PCB mounted 6-in-1 configuration for
high-current rating (Refer to Fig. 3).

(4) Higher reliability: More precise temperature pro-
tection with a built-in thermistor (Refer to Fig. 3).

(5) Higher-current rating: Easy parallel connection of
IGBTs due to positive temperature coefficient of
on-voltage, and package design intended for paral-
lel connection, facilitates higher current ratings as
shown in Fig. 4.

(6) Higher performance: Reduction in power dissipa-
tion by approximately 20% as compared with
conventional devices through an efficient chip
layout that reduces thermal concentration result-
ing from size reduction, and development and
application of new-generation IGBTs and new
FWDs (free wheeling diodes) (Refer to Fig. 5).

A technological overview of the development of the
EconoPACK-Plus is described in the following chap-
ters.

3. New Generation IGBT Chip

Fuji Electric has improved the performance of the
PT (punch through) type IGBT [refer to Fig. 6 (a)]
through lifetime control and by using a finer cel, and
commercialized first-, second- and new third-genera-

Fig.2 Size comparison between EconoPACK-Plus and a
conventional device

Fig.1 Exterior view of EconoPACK-Plus

(b) EconoPACK-Plus
1,200V/450A

1 set of a 6-in-1 configuration

(a) Conventional device
1,200V/400A

6 sets of a 1-in-1 configuration
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tion (N series) IGBT modules in 1988, 1990 and 1994,
respectively.  PT construction is intended to raise
injection efficiency and lower transport efficiency.
Thereafter, Fuji Electric improved the performance of
the NPT (Non-Punch Through) type IGBT [refer to
Fig. 6 (b)] and commercialized fourth-generation IGBT
modules (S series) in 1990.  NPT construction is
intended to lower injection efficiency and raise trans-
port efficiency.

Fuji Electric has recently developed New-genera-
tion PT type IGBT chips.  Their FZ (floating zone)
wafers are ground to a thickness which reduces n–

layer resistance, and ions are injected from the reverse
side of the chips as shown in Fig. 6 (c) to form n layers
that prevent depletion layers and p layers that inject
holes.  The new-generation IGBT permits dramatic

Fig.3 External dimensions and equivalent circuit of Econo
PACK-Plus

Fig.4 Example of parallel connection of EconoPACK-Plus
Fig.7 Comparison of VCE(sat)/Eoff tradeoffs for various-genera-

tion IGBTs
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improvement in VCE(sat) /Eoff tradeoffs and IGBT perfor-
mance as shown in Fig. 7.  The new-generation IGBT
has a positive temperature coefficient for on-voltage as
shown in Fig. 8 and is suitable for use in modules with
high current ratings.

4. New FWD Chip

The new FWD chip has the surface structure
shown in Fig. 9 (b), and soft reverse recovery character-
istics shown in Fig. 10 (c) through controlled injection
of minority carriers from the anode.  Temperature
dependence of the on-state resistance was improved as
shown in Fig. 11, targeting applications for IGBT
modules with high current ratings, even though the
new FWD chip has almost the same on-voltage/Err

tradeoff characteristic as conventional FWD chips as
shown in Fig. 12.  Moreover the new FWD chip permits
reduction in turn-on loss (Eon) as shown in Fig. 13
through controlled injection of minority carriers from
the anode.

5. Features of EconoPACK-Plus

5.1 EconoPACK-Plus series
To be applicable to inverters which operate at an

input voltage of AC 480V, as is required in Europe and
the Americas, the EconoPACK-Plus series consists of
1,200V-class devices with 225A, 300A and 450A rat-
ings.

5.2 Features of the package
Features of the package are as follows:

(1) 6-in-1 module for all types
(2) Adoption of solderable pin structure that allows

control terminals to be connected to an inverter by
using a solder flow method

(3) Small, lightweight, thin package, similar to the
EconoPIM and PC-PACK

(4) Eight positioners that facilitate easy mounting of
printed circuit boards on the top.

5.3 Internal structure
As is the case with the EconoPIM and PC-PACK,

the main terminals of the EconoPACK-Plus are not
soldered to a DBC (direct bonding copper) substrate
but are instead connected to the substrate with wires,
resulting in simplified construction, a smaller, lighter
weight package that is easier to assemble.  In addition,
proper arrangement of IGBT and FWD chips permits

Fig.10 Switching waveforms of EconoPACK-Plus

Fig.9 Comparison of FWD chip cross sectional view

Fig.8 Output characteristics of new-generation IGBT
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effective thermal distribution, and uniform arrange-
ment of the upper and lower arm IGBTs brings
transient currents into balance at turn-on and pre-
vents an increase in turn-on loss.

Internal inductance of the EconoPACK-Plus is as
low as approximately 20nH, realizing the contradictory
performance of low spike voltage at quick turn-off as
shown in Fig. 10 (b).

6. Future Prospects

This paper introduced the technology used in a
1,200V-class device.  Fuji Electric is now developing
600 to 1,700V-class new generation devices based on
the same concept including new chip technology and
aims to apply them not only to the EconoPACK-Plus
but also to the EconoPIM and PC-PACK.

Fig.12 Comparison of VF /Err tradeoffs of FWD chips
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7. Conclusion

The EconoPACK-Plus developed using various
technologies and promises to contribute is being not
only to existing applications but also to new applica-
tions, and to the improved performance and easier
design of power converters.  Fuji Electric is determined
to develop higher-performance, enhanced-function,
highly reliable power devices, and to contribute to the
development of the power converter field.
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Power MOSFET “SuperFAP-G Series” for
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1. Introduction

With the progress of our high-level information
based society, personal computers, mobile internet
terminals, and BS digital TVs have rapidly become
popular among consumer households.  Preparation and
innovation have also progressed for the internet server
and high-speed backbone network infrastructures
which support these information services.  For these
reasons, electric energy consumption has increased by
2.2 to 3.0% a year on average.  There is concern that
this increase may be a cause of global warming.
Therefore, the International Energy Star Program
started in 1995 for the purpose of reducing the stand-
by electric consumption of office automation machines,
at which they operate for long periods of time.
Furthermore, electric utility industries and companies
have struggled to obey the Revised Energy Saving Law
and to implement energy conservation measures of the
“first runner method” established by COP3 (The 3rd
Session of the Conference of the Parties: Prevention of
Global Warming Meeting in Kyoto) in 1997.

The subjects for energy conservation are consumer
electronics devices such as air conditioners, TVs,
lighting and office automation machines such as
computers, display monitors and printers.  The power
conversion units for these types of equipment use
characteristically high-efficiency switched mode power
supply (SMPS).  But, reflecting the trend toward
energy conservation, there are increasing demands for
such power supplies with higher efficiency, lower loss
and reduced stand-by waiting power.

This paper presents a summary of the characteris-
tics of the new “SuperFAP-G” series of power MOS-
FETs developed based on market trends for low loss,
super high speed switching.

2. Required Specifications for Power MOSFETs

Figure 1 through Figure 3 show the typical 3 types
of simulation results for the power loss in an SMPS.

The ringing choke converter has characteristics
such as a varying switching frequency that changes
depending on the output power.  At light loads, the

switching frequency increases to more than 300kHz.
For that reason, losses due to turn-off and gate driving
account for about 80% and 18% of total loss respective-
ly in the light load mode.  In the rated load mode
(output current: 3.9A), switching frequency decrease to
less than 100kHz and on-state loss RDS(on) becomes the

Fig.1 Power loss simulation result of ringing choke converter

Fig.2 Power loss simulation result of flyback converter
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Fig.3 Power loss simulation result of forward converter

same as turn-off loss due to the higher on-duty.
The external fly back converter differs from the

self-oscillated ringing choke converter and fixes the
switching frequency at the optimum controllable value.
The turn-off loss accounts for about 83% of the total
loss in the light load mode and 74% in the rated load
mode (output current: 3.9A).  The percentage of turn-
off loss accounts for the majority of loss in the full-load
mode.

The switching frequency of the forward converter
is also fixed similarly to that of the external fly-back
converter.  About 90% of the total loss is turn-off loss
in the light load mode.  At the rated load (output
current: 8A), turn-off loss occupies about 50% of the
total loss.  The rate of on-state resistance loss also
increases with the increasing output current and at
the rated load mode, reaches about 32% of total loss.

The following can be observed from the loss
simulation results of each type of converter.  The 3
items below are important characteristics required by
power MOSFETs in order to reduce stand-by and
SMPS power loss.
(1) Reduction of turn-off loss
(2) Reduction of RDS(on) loss
(3) Reduction of gate driving loss

The switching frequency in loss simulation is the
result from analysis using the switching frequency of a
general SMPS.  Future technology is expected to
increase the switching frequency even more in order to
minimize the size of SMPS.  In such a case, reducing
the turn-off and gate driving losses will become even
more important.

3. Design Technologies

As described above, the main requirement for
switching regulator power supplies is reduced loss at
turn-off and RDS(on).   However, there is a trade-off
involved in both types of loss.  It is important to

improve the trade-off relation to reduce both RDS(ON)

and turn-off losses.
Figure 4 shows the improved trade-off characteris-

tics of turn-off loss versus on-state resistance for the
new “SuperFAP-G” series of power MOSFETs.

By combining three newly developed technologies,
the “SuperFAP-G” series has reduced by half the
typical turn-off loss at the same on-state resistance
characteristic.  This paper describes specifically the
design policy which realized the improved trade-off
relation.

3.1 Low RDS(on) technology
Over 90% of the on-state resistance characteristics

of 500V and above high-voltage power MOSFETs are
determined largely by the resistivity of the epitaxial
layer.  Therefore it is possible to reduce the epitaxial
layer’s resistance to achieve low on-state resistivity,
but this method has the drawback of decreasing the
drain-source breakdown voltage Vb.

Figure 5 -① shows Vb versus Ron · A characteristics
of the conventional polygonal cellular structure with
high electric-field of the cellular part due to use of a
high resistance epitaxial layer.

We applied stripe-shaped cellular structures to the
“SuperFAP-G” series to lessen the high electric field in
the structures as shown in Fig. 6.

By applying fine patterning technology in a preci-
sion alignment process, the electric field in the cellular
part is lessened by reducing the width of the surface
drain layer and optimizing the depth, width and
doping profile of the p-well.

With this design, the cellular part maintains its
breakdown voltage.  Therefore, the lower resistivity of
the epitaxial layer can be applied to the MOSFET.

3.2 Optimized guard-ring technology
We have established a design which lessens the

electric field of cellular structures through utilization

Fig.4 Eoff – RDS(on) trade-off characteristics
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of the lower resistivity of an epitaxial layer.  But, there
are some problems of unbalance in which the break-
down voltage decreases between cellular regions, due
to the increased electric field of the conventional
guard-ring design technology.

Newly developed inequality pitched optimized
guard-ring (OGR) technology has been applied to this
device, in order to lessen the breakdown voltage at the
guard-ring field of the low resistance epitaxial layer.

We have designed the optimum pitch, width and
spacing for each guard ring and number of guard rings
by simulating the electric field of these cellular
structures to decrease the field.  By integrating the
above described design of cellular stripe-shaped struc-
tures and OGR structures, a MOSFET with higher
breakdown voltage can be realized through utilization
of the low resistance epitaxial layer.

As shown in Fig. 5 -② , the relation of Ron · A versus
drain-source breakdown voltage Vb is improved, and
on-state resistivity has been reduced by half compared
to conventional devices.

3.3 Low gate-drain charge (Qgd) technology
In order to reduce the turn-off power loss, which is

determined by the charge time constant of drain-gate
miller capacitance Crss, it is necessary to decrease the
gate-drain charge Qgd.

As RDS(on) and Qgd have a trade-off relation, J-FET
resistance can be reduced by designing cells with
larger gate poly-silicon areas.  However, unfortunately
Qgd increases with increasing Crss.

In order to improve the trade-off relation of the
“SuperFAP-G” series, we have designed the cellular
part with a smaller gate electrode area using the poly-
silicon precision alignment process of fine patterning
technology.  Meanwhile, the design restricts the in-
crease in J-FET resistance by optimizing the profile of
the n-type doping impurity.

As the result of the above cell design, a Qgd

characteristic was realized that is lower than the Qgd of
conventional devices by about 1/3.

Figure 7 compares gate charge characteristics at
the same on-state resistance.

4. Characteristics

Table 1 shows a typical model of the recently
developed “SuperFAP-G” series.  We have defined a
FOM (figure of merit) which indicates the MOSFET
power loss as the product of on-state resistivity and
gate-drain charge Qgd.

The typical FOM of this recently developed model
was 5.75Ω · nC, which is approximately 3 times the
FOM value of conventional devices at the same on-
state resistance.

A product line of this series is planned with
breakdown voltages in the 450V to 900V class.

Fig.5 On resistance Ron·A versus breakdown voltage Vb Fig.7 Gate charge characteristics (600V-0.75Ω device)
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5. Application to the SMPS

As a reference example, Table 2 shows the results
(reference values) of applying the newly developed
“SuperFAP-G” series to a forward converter SMPS.

The power MOSFET loss decreased by 35% and the
conversion efficiency improved by 3.2% compared with
a conventional device in the stand-by mode.

In spite of the smaller package than that of
conventional devices, the heat sink can be miniatur-
ized due to the low temperature rise of 20°C at the
rated load.  Compared to conventional devices at the
same temperature rise, output will increase by about
20%.

Figure 8 shows the EMI measurement results

Fig.8 EMI measurement resultTable 1 Ratings

Item 2SK3450-01 2SK3504-01

VDS 600V 500V

ID ±12A ±14A

PD 115W 115W

VGS(th) 3 to 5V 3 to 5V

RDS(on) 0.65Ωmax 0.46Ωmax

Qg 34nC 33nC

Qgs 12.5nC 12.5nC

Qgd

FOM
Ron · Qgd

11.5nC 10.5nC

5.75Ω · nC 3.68Ω · nC

Table 2 Operating result of commercial SMPS (forward
converter)

(a)  Standby mode (Po = 2W,  fc = 130kHz)

Item Conversion 
efficiency

DC-DC
Type

31.90%

MOSFET loss

Ploss

1.28W

35.10% 0.82W

MOSFET 
temperature rise

∆Tc

5.8°C

2.6°C

Conventional
device
600V/0.75Ω/
TO-3PF

SuperFAP-G
600V/0.75Ω/
TO-220F

η

(b)  Rated load mode (Po = 125W,  fc = 130kHz)

Item Conversion 
efficiency

DC-DC
Type

81.40%

MOSFET loss

Ploss

8.31W

83.30% 4.47W

MOSFET 
temperature rise

∆Tc

54.0°C

34.1°C

Conventional
device
600V/0.75Ω/
TO-3PF

SuperFAP-G
600V/0.75Ω/
TO-220F

η

E
M

C
 le

ve
l (

dB
µV

)

50

45

40

35

30

25

20

15

10

5

0
30020010090807060

Frequency (MHz)

(a) Measurement result of EMR

(b) Measurement result of EMC

504030

70

60

50

40

30

20

10

0
1
Frequency (MHz)

CISPR22 Class B

CISPR22 Class B

0.5 10 3050.1

E
M

R
 le

ve
l (

dB
µV

/m
)

(reference) when a “SuperFAP-G” series device is used
in the AC adapter of a commercial fly-back converter.
In the case of lower Qgd, in another words higher-speed
switching, EMC noise is at the same level as in a
conventional device and EMR noise is approximately
+2dB at peak.  Therefore, the “SuperFAP-G” series
satisfies the CISPR Pub.22 Class B standard.

6. Conclusion

This paper has presented the developed technology
and a product summary of Fuji Electric’s newly
developed “SuperFAP-G” series of low loss, high-speed
switching power MOSFETs.

We at Fuji Electric, believe that the “SuperFAP-G”
series will contribute to society with its higher efficien-
cy, lower stand-by loss, increased output power density
and smaller size.

At the same time, based on the same technology,
we are planning to develop a series of medium voltage
power MOSFETs of 100 to 250V for application to
higher frequency switching DC-DC converters.
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Fig.2 Circuit configuration

1. Introduction

Recently, in consideration of the environment,
measures to reduce energy dissipation, input current
distortion, EMI-noise, etc. have become required in the
switching power supplies of telecommunication and
home electronic equipment.  To address these and the
requirements for fail-safe operation, Fuji Electric has
developed a power supply that can satisfy these
requirements with a one-converter-type supply, and
has marketed the M-POWER as application specific
multiple-chip power device (Fig. 1).

The power supply that uses M-POWER satisfies
energy saving, low-input current distortion and high
safety demands while being compact.  High efficiency
is achieved by applying a novel soft-switching circuit,
and low-input current distortion is achieved by using a
novel one-converter-type power factor correction (PFC)
circuit.  Low-dissipation losses while in standby mode
are achieved using a standby mode control that
operates at a lower switching frequency than that of
the normal mode.  Fail-safe operation is achieved by
various protection functions with latched shutdown.

2. Features

The main features of the Fuji Electric one-convert-
er-type power supply and M-POWER are as follows.
(1) High efficiency by regenerating snubber energy
(2) Standby input power less than 3W (at output

power of 1W), Energy 2000 compliant; does not
require auxiliary power supply for standby

(3) Input current satisfies the harmonic regulation of
IEC 1000-3-2; no active filter circuit required

(4) Low EMI-noise by soft switching operation
(5) Universal input
(6) Various types of protection functions with latched

shutdown; a fail-safe power supply can be con-
structed

3. Power Supply Using M-POWER

3.1 Circuit configuration
Figure 2 shows the circuit configuration of the

switching power supply that uses the M-POWER
device.  This circuit is basically a fly-back converter
that operates by constant frequency PWM (pulse width
modulation) control and has two notable circuits.

The first circuit is for soft-switching operation.  It
is comprised of MOSFETs Q1 and Q2., capacitor C2 and
winding N4.  The main switch Q1 can operate zero-
voltage switching using the auxiliary switch Q2.  It is a
zero-voltage transition type soft-switching circuit
(ZVT)[1].

The second circuit is a one-converter-type power
factor correction circuit (PFC), and is comprised of
reactor L1, diodes D1 and D2, and winding N3 of
transformer Tr.

Fig.1 External view of M-POWER
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In Fig. 2, the M-POWER multi-chip power device is
comprised of MOSFET Q1, MOSFET Q2 and a control
IC (the part enclosed with dotted line).

3.2 Soft-switching circuit by zero-voltage-transition
method (ZVT)
The soft-switching circuit has three operation

modes, which are shown in Fig. 3.
Mode 1 (period T1 to T2):

Q2 is turned on first.  The stored electric charge in
capacitor C2 discharges through winding N4 of trans-
former Tr.  Voltage VN4 is applied to winding N4, and
voltage VN1 is excited in winding N1.  Voltage VN1

becomes larger than DC voltage VC1, and current ir

flows through capacitor C1.  A part of the stored
electric charge in capacitor C2 is regenerated in
capacitor C1.  Moreover, winding N4 current iN4 be-
comes the excitation current of Tr.  Switch Q2 operates
zero-current switching (ZCS) at turn-on, because the
leakage inductance of N4 causes the Q2 turn-on current
to rise gradually.
Mode 2 (period T2 to T3):

After VC2 becomes 0V, Q1 turns on.  Therefore, Q1

achieves zero-voltage switching (ZVS).  Voltage VC1 is
applied to winding N1, and voltage VN4 (= VC1 × N4/N1)
is applied to winding N4.  Current iN4 is decreased due
to the reverse counter voltage VN4, and soon becomes
0A.  When Q2 turns off at T3, Q2 achieves zero-voltage
switching (ZVS).
Mode 3 (period T4 to T5):

When Q1 turns off at T4, Q1 achieves zero-voltage
switching (ZVS) because C2, which is connected in

parallel to Q1, is 0V at this time.
The efficiency characteristics are shown in Fig. 4,

along with the efficiency characteristic of the RCC,
which used capacitor C2 and the excitation inductance
of transformer Tr for resonance.  The efficiency of the
proposed circuit is 86.4%, and the efficiency of the RCC
is 84.3% at an input voltage of 200V, an improvement
of 2.1%.  Because the RCC ceases to perform ZVS
operation when VC1 becomes larger than the reset
voltage of Tr, the turn-on loss increases.  Moreover,
since the switching frequency of the RCC increases
when VC1 becomes larger, the switching losses increase
as well.

3.3 PFC circuit
The PFC circuit is shown in Fig. 5.

(1) The effect of winding N3

Voltage VN3 is generated in winding N3 when Q1 is
turned off.  Current i3 can flow when the sum of VN3

and the rectified input voltage (|Vin|+VN3) is larger

Fig.3 Operation of switching transient

Fig.5 Operation of PFC circuit

Fig.4 Comparison of efficiency at Po=100W
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than VC1.  As a result, the distortion current of i3 can be
lower than that of iinc.
(2) The effect of reactor L1

On the other hand, with only winding N3, the PFC
effect is reduced when the input voltage Vin is higher.

The reactor L1 circuit is added to improve this
characteristic.  Current i2 can flow through the input
supply, through D1, through L1 and to Q1, when Q1 is
turned on.  Current i2 becomes larger and the PFC
effect becomes larger when the input voltage is higher.

The effect of winding N3 is mainly used at lower
input voltages and that of reactor L1 is mainly used at
higher voltages.  As a result, the novel one-converter-
type PFC circuit can satisfy the regulations for input
current distortion over a wide range of input voltages,
such as from 80V to 288V.

The harmonic input currents are shown in Fig. 6,
and it can be seen that the input current satisfies the
IEC 1000-3-2 regulations.

4. M-POWER

4.1 Block diagram and pin functions
The circuit block diagram of the M-POWER device

is shown in Fig. 7 and is comprised of MOSFET Q1,
MOSFET Q2 and a control IC.  Pin functions are shown
in Table 1.  Through the use of multiple function pins,
the M-POWER achieves a compact construction with
only 7 pins, a relatively small number of pins.

4.2 Control IC
Features of the control IC are as follows.

(1) Current mode PWM control IC
(2) Contains 2 output stages for driving MOSFETs Q1

and Q2 ; has a function to turn Q2 on about 300ns
faster than Q1.

(3) Low-power dissipation due to C-MOS (Comple-
mentary MOS) fabrication process

(4) UVLO (undervoltage lockout) with hysteresis

4.3 Output stages
The output stages of the control IC have a built-in

C-MOS inverter construction, thereby enabling the
gate voltages of MOSFETs Q1 and Q2 to fully swing to
the applied voltage at the Vcc pin.  Output stages are
directly connected to the gates of MOSFETs Q1 and Q2

and the resistance between drain and source of the C-
MOS inverter contributes to gate resistance.  So both

Fig.6 Harmonic currents

Fig.7 M-POWER circuit block diagram
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the impedance between the output stage and the
MOSFET gate, and the inductance of the wiring are
very small.  The delay time when driving the MOSFET
is very short and IC malfunctions seldom or never
occur.

4.4 Power saving standby mode operation
The M-POWER device has a standby mode opera-

tion function, which reduces the switching frequency
(20kHz) to lower than the normal switching frequency
in order to reduce switching losses.  Operation at the
time of a change from the normal mode to the standby
mode is shown in Fig. 8.  When Vcc (supply voltage of
IC) is set to 15V, the circuit operates in the normal
mode.  When Vcc is set to 12V, the circuit operates in
the standby mode at a lower switching frequency
(20kHz).

Figure 9 shows the dissipation losses when output
power Po=1W, and for the sake of comparison, dissipa-
tion losses of the RCC.  With ZVT operation, the
dissipation losses can be reduced to 1.5W, as compared
to 3.5W for the RCC.  Recently, it has become common
to use an additional power supply that operates only in
standby mode.  However, the M-POWER system does
not use an additional power supply, and as a result is
compact and inexpensive.

4.5 Protection functions
Protection functions of the M-POWER device are

listed in Table 2.  The M-POWER device has four types
of protection functions: over current protection (OC),
short-circuit protection (SC), Vcc over voltage protec-
tion (OV) and over heating protection (OH).  Each
function is equipped with a latched shutdown function.
In the case of OC, the current is limited pulse-by-pulse.

Moreover, the latched shutdown function of OC,
OV and OH has a built-in timer of about one-second.  If
an abnormal operation continues for approximately
one-second, the latched shutdown function operates.
This function keeps the output voltage of the control IC
low and absolutely halts all MOSFET switching.

Fig.9 Dissipation loss during power saving standby operation

Fig.8 Operation mode transition

Table 2 Protection functions of the M-POWER

Under voltage
9V

Normal mode  Power saving mode

Switching frequency : 
30k to 150 kHz

Switching frequency : 
20 kHz

Normal operating
15V

Changing voltage
13V

Power saving 
operating 12V

VCC

 L
os

s 
(W

)

5

4

3

2

1

0
Proposed circuit

(20 kHz)
RCC

(20 kHz)

Others

Drive
Diode

Transformer

Power device

Protection
function

Detecting
element

Over current
(OC)

Voltage of 
3-5pin

Detection level

Voltage of over current
(VOC) : 0.90V(typ.)

Latched
shutdown

1sec. Timer

Over voltage
(OV)

Voltage of 
4-5pin

Over voltage threshold 
voltage
(VCCH(OFF)) : 22V(typ.)

1 time

Over heating
(OH)

Temperature
of control IC

Operating temperature
(Tj(OH)) : 150°C(max.) 1sec. Timer

Short circuit
(SC)

Voltage of 
3-5pin

Short circuit current 
limiting voltage
(VSC) : 1.50V(typ.)

1 time

Pulse-by -pulse current 
limiting voltage
(Vpp) : 0.95V(typ.)

–

Table 1 Pin functions

Terminal
No.

1 D1

Symbol

Drain of main MOSFET

Function

Drain of main MOSFET

2 D2

3 S

Drain(sub MOSFET) Drain(sub MOSFET)

4 Vcc

5 GND

6 Fc

7 COMP

Power supply Power supply input

Ground GND of IC power supply

GND of current sensing GND of current sensing

Oscillator control

Setting oscillation 
frequency with capacitor 
which is connected
between Fc-GND

Synchronized signal
input

Synchronized operation
is started when Fc
terminal voltage has
fallen to 0V

Feedback
Input feedback signal
from the secondary side

Standby signal input

Setting to 15V
→normal mode operation
Setting to 12V
→standby mode operation

Source of main 
MOSFET

Source of main 
MOSFET

Source of sub 
MOSFET

Source of sub 
MOSFET

Current sensing

Input voltage proportional 
to inductor current
Detection of over-current
Detection of short-circuit 
current

Description
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connected with Al-wire.  The structure is designed
to be both simple and highly reliable.

4.7 Product series
The drain-source breakdown voltage (VDS) is de-

signed to be compatible with a universal input.  The
product series of M-POWER devices, as listed in Table
3, combines drain-source on-state resistance (RDS(on)),
the voltage of start threshold and the operating
temperature of over heating protection (Tj(OH)).

5. Conclusion

The one-converter-type power supply and the M-
POWER device, both developed by Fuji Electric, have
been introduced.  Through their use, high efficiency,
low dissipation loss at standby mode, low input
distortion, small size and fail-safe power supplies can
be constructed.  We are confident that the M-POWER
will contribute to the energy savings of power supplies.

In the future, we will develop a series of devices for
a wide range of applications, and make the products
easier to use.

Reference
(1) G.Hua, F.C.Lee: “Soft-Switching Techniques in PWM

Converters” IEEE Trans. Ind. Electr., Vol.42, No. 6,
1995

Therefore, a fail-safe power supply can be constructed
using the M-POWER device.

4.6 Package
The M-POWER’s package is shown in Fig. 10.

Features of the package are as follows.
(1) Same dimensions as the TO-3PL size.
(2) The heat dissipation of Q1, which generates the

most heat, was carefully considered in the design
and the construction was devised to move the
frame for Q1 to the backside.  By construction the
frame for Q2 and the control IC, which generate
little heat, as a full-molded design, heat dissipa-
tion and insulation of each chip is secured.

(3) Without wiring boards, such as a ceramic board,
each chip is mounted on a separate frame and is

Table 3 M-POWER product seriesFig.10 Internal configuration of the M-POWER
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Fig.1 External view of 4.5kV-2.0kA flat-packaged IGBT1. Introduction

Recently, high-voltage and high power IGBTs
(insulated gate bipolar transistors) have been increas-
ingly used in industrial fields, and in tractions and
transformer facilities, where GTO (gate turn-off) thy-
ristors were generally used in the past.  The major
reasons for the increase in IGBT applications are
because, compared to GTO thyristors, IGBTs have the
advantage of being easier to handle due to their
voltage driving method and also have a wider safe-
operating-area characteristic.

Large-scale and highly public systems require high
reliability of their mechanical and electrical character-
istics.  To meet this requirement, Fuji Electric has
developed highly reliable 2.5kV-1.0kA and 2.5kV-
1.8kA flat-packaged IGBTs, and has promoted their
application to industrial or traction systems.  These
flat-packaged IGBT devices have achieved long-term
high reliability of their mechanical characteristics.
Their high resistance to rupture and distinctive flat-
packaged structure allow them to be easily applied to
equipment through series connections.

As use of IGBT applications expand, IGBT devices
with higher voltage and higher power are being
required.  By further developing the technology of the
2.5kV flat-packaged IGBT, Fuji Electric has developed
higher voltage and higher power 4.5kV-2.0kA and
4.5kV-1.2kA flat-packaged IGBT devices.

This paper presents an overview of the device
design and electrical characteristics of the above flat-
packaged IGBT devices.

2. Device Design

2.1 Structure and features of flat-packaged IGBT
The 4.5kV IGBTs have square ceramic packages.

Figure 1 and Fig. 2 show the external views of the
4.5kV-2.0A and 4.5kV-1.2kA flat-packaged IGBTs, re-
spectively.  The package size of the 4.5kV-2.0kA IGBT
is 175 × 175 × 26mm, and that of the 4.5kV-1.2kA
IGBT is 140 × 140 × 26mm.  The devices have a double
side cooling structure that allows cooling from both the
emitter and collector electrodes.  With its hermetic

sealing, the structure is also highly resistant to
rupture.

Figure 3 shows the external view of IGBT and
diode elements, which are contained in the flat-
packaged IGBTs.  Each chip is designed so as to place
each IGBT or diode element on its own collector
(cathode) electrode terminal of molybdenum so that it
operates as an independent element.  Based on this
form, the 4.5kV-2.0kA flat-packaged IGBT contains 16
IGBT elements and 9 diode elements that work as
FWDs (free wheel diodes); and the 4.5kV-1.2kA flat-
packaged IGBT contains 11 IGBT elements and 5
diode elements.  We refer to this internal architecture
as a multi-collector structure.

Through utilization of the multi-collector structure,

Fig.2 External view of 4.5kV-1.2kA flat-packaged IGBT
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high reliability of long-term power cycles has been
achieved even in cases where the device contains many
chips such as the 4.5kV flat-packaged IGBT.

2.2 Chip design and features
Figure 4 shows the external view of the 4.5kV

IGBT and the diode chips contained in the 4.5kV flat-
packaged IGBT devices.  The size of both chips is 21.5
× 21.5mm.

The IGBT chip utilizes a punch-through type
structure.  The formation of thin n+ buffer and p+

collector layers on the reverse face side allows the
impurity concentration to be well controlled.  This
structure suppresses injection from the reverse face
layers to optimize the characteristics.

The structure of the diode chip is so optimized with
particular emphasis on to restraining wave oscillations
during reverse recovery.

2.3 Higher breakdown strength of IGBT and diode chips
To achieve high turn-off strength, the 4.5kV IGBT

chip is designed as follows.
First, the saturation current of the IGBT is set to

be lower than the latch-up current value.  Breakdown
of the IGBT chip at turn-off is mostly caused by the
phenomenon of latch-up of parasitic thyristors.  There-
for, designing the IGBT saturation current to be lower
than the latch-up current of parasitic thyristors allows
the turn-off strength to be improved.

Secondly, the dynamic avalanche phenomenon at

turn-off is restrained.  During turn-off, the electric
field intensity increases and the turn-off current
concentrates in a part of the active region of chip,
causing the phenomenon of dynamic avalanching.  The
structure of the 4.5kV IGBT chip is optimized to
restrain this phenomenon.

In high-voltage high power inverter systems, snub-
ber circuits having been eliminated or circuit inductance
has been reduced to promote the downsizing of the
systems.  Accordingly, a large capacity to withstand
reverse recovery is required for free wheel diodes.

We analyzed the breakdown phenomena at reverse

Table 1 Specifications of 4.5kV-2.0kA flat-packaged IGBT

Fig.3 External view of IGBT element and diode element

Fig.4 External view of IGBT chip and diode chip

DiodeIGBT

DiodeIGBT

Item Symbol

Collector-emitter voltage

Rating

4,500VCES

Unit

V

Gate-emitter voltage ±20VGES V

Junction temperature – 40 to +125Tj °C

Mounting force 55 to 70– kN

DC collector current 
2,000IC A

2,000– IC A

Pulse collector current

Maximum collector power 
dissipation   

4,000IC (pulse) A

4,000– IC (pulse) A

10,000PC W

Item Symbol

ICES
Collector leakage 
current

Min Typical

– –

Max

100

Unit

mA

Test condition

VGE = 0V
VCE = 4,500V
Tj = 125 °C

IGES
Gate leakage
current – – ±10 µAVCE = 0V

VGE = ±20V

VGE(th)
Gate threshold 
voltage 6.0 – 8.0 VVCE = 20V

IC = 2.0A

VCE(sat)
Collector-emitter
saturation voltage – 5.7 – V

VGE = 15V
IC = 2,000A
Tj = 125 °C

VF
Diode forward 
voltage – 4.3 – V

tonTurn-on 
characteristics

Turn-off 
characteristics

– 1.5 – µs

toff – 3.5 – µs

tr – 0.85 – µs

tf – 1.9 – µs

VGE = 15V
IC = 2,000A
Tj = 125 °C

trr
Reverse recovery 
characteristics – 1.0 – µs

– di/dt
= 9,000 A/µs
IF = 2,000A
Tj = 125 °C

VCC = 2,600V
IC = 2,000A
Tj = 125 °C
VGE = ±15V
Rg(on) = 1.0Ω
Rg(off) = 0.7Ω

(b)  Electrical characteristics

(c)  Thermal characteristics

Item

IGBT

FWD

Rth(j-f)

Rth(j-f)

Symbol

Thermal 
resistance

Min Typical

–

Unit

°C/W

°C/W

Test 
condition

Double
side 

cooling

–

– –

Max

0.010

0.017

(a)  Maximum ratings (Tj = 25°C)
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Table 2 Specifications of 4.5kV-1.2kA flat-packaged IGBT

recovery, and reevaluated the structure of the part
where current concentration occurred.  This enabled us
to improve the carrier distribution within the 4.5kV
diode chip and to achieve better reverse recovery
characteristics.

3. Characteristics of 4.5kV Flat-Packaged IGBT

3.1 Maximum ratings and characteristics
The specifications of the 4.5kV-2.0kA flat-packaged

IGBT, including the maximum ratings and characteris-
tics, are shown in Table 1; and those of the 4.5kV-

Fig.5 Forward characteristics of 4.5kV-2.0kA flat-packaged IGBT

Item Symbol

Collector-emitter voltage

Rating

4,500VCES

Unit

V

Gate-emitter voltage ±20VGES V

Junction temperature – 40 to +125Tj °C

Mounting force 35 to 45– kN

DC collector current 
1,200IC A

1,200– IC A

Pulse collector current

Maximum collector power 
dissipation   

2,400IC (pulse) A

2,400– IC (pulse) A

7,100PC W

Item Symbol

ICES

Min Typical

– –

Max

65

Unit

mA

Test condition

VGE = 0V
VCE = 4,500V
Tj = 125 °C

IGES – – ±10 µAVCE = 0V
VGE = ±20V

VGE(th) 6.0 – 8.0 VVCE = 20V
IC = 2.0A

VCE(sat) – 5.4 – V
VGE = 15V
IC = 1,200A
Tj = 125 °C

VF
Diode forward 
voltage – 4.5 – V

tonTurn-on 
characteristics

Turn-off 
characteristics

– 2.4 – µs

toff – 3.6 – µs

tr – 1.6 – µs

tf – 2.1 – µs

VGE = 15V
IC = 1,200A
Tj = 125 °C

trr
Reverse recovery 
characteristics – 0.74 – µs

– di/dt
= 5,500 A/µs
IF = 1,200A
Tj = 125 °C

VCC = 2,600V
IC = 2,000A
Tj = 125 °C
VGE = ±15V
Rg(on) = 1.5Ω
Rg(off) = 1.0Ω

(b)  Electrical characteristics

(c)  Thermal characteristics

Item

IGBT

FWD

Rth(j-f)

Rth(j-f)

Symbol

Thermal 
resistance

Min Typical

–

Unit

°C/W

°C/W

Test 
condition

Double
side 

cooling

–

– –

Max

0.014

0.030

(a)  Maximum ratings (Tj = 25°C)

Collector leakage 
current

Gate leakage
current

Gate threshold 
voltage

Collector-emitter
saturation voltage
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  (

A
)
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(a)  VCE · IC characteristics

(b)  VF · IF characteristics

Tj=25°C Tj=125°C

1.2kA flat-packaged IGBT are shown in Table 2.

3.2 Forward characteristics
Figure 5 shows the VCE vs. IC and VF vs. IF

characteristics of a 4.5kV-2.0kA flat-packaged IGBT;
and Fig. 6 shows those of a 4.5kV-1.2kA flat-packaged
IGBT.  Both devices have a common tendency to
increase the saturation voltage between the IGBT’s
collector and emitter as the junction temperature rises.
When using two or more devices connected in parallel,
this tendency is favorable because it works to adjust
current distribution among them.

3.3 Switching characteristics
Figure 7 shows the trade-off relation between the

collector-emitter saturation voltage (VCE (sat)) and the
turn-off energy loss (Eoff) of a 4.5kV-2.0kA flat-pack-
aged IGBT; and Fig. 8 shows those of a 4.5kV-1.2kA
flat-packaged IGBT.

For a 4.5kV-2.0kA flat-packaged IGBT with VCE =
5.7V, the turn-off time is 3.5µs when it interrupts a DC
rated current of 2,000A.  And, for a 4.5kV-1.2kA flat-
packaged IGBT with VCE = 5.4V, the turn-off time is
3.6µs when it interrupts a DC rated current of 1,200A.

Figure 9 shows the turn-off waveforms of a 4.5kV-
2.0kA flat-packaged IGBT in the case of a high current.
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With a DC voltage of 2,600V, testing temperature of
125°C, and no snubber circuit, the device successfully
turns off a collector current of 4,500A, more than twice
of the rated current.  The 4.5kV flat-packaged IGBTs
have high turn-off capability.

4. Conclusion

This paper has presented an overview of the
technologies utilized in flat-packaged IGBTs with
ratings of 4.5kV-2.0kA and 4.5kV-1.2kA, and has also
described their performance.

These devices meet the need to put IGBTs with
higher voltage into practical use in the field of high-
voltage high power conversion systems where applica-
tion of IGBTs have been increasingly promoted.  The
devices also have such performance as will enable
them to replace GTO thyristors in the future.

With respect to high-speed and reliability, applica-
tion of IGBTs is expected to progress in high-voltage
and large power fields.  Fuji Electric will continue to
improve the developed 4.5kV flat-packaged IGBTs and
to promote their application to various systems.
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Fig.8 Trade-off between VCE(sat) and turn-off loss for 4.5kV-
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Fig.9 Turn-off waveforms under high current condition

Fig.6 Forward characteristics of 4.5kV-1.2kA flat-packaged IGBT
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1. Introduction

The market for power semiconductor modules is
spreading not only to general-purpose inverters, servo
motor drives, NC machine tools and elevators but also
to new applications through the realization of electric
vehicles and renewable energy systems.

Fuji Electric has developed various power modules
in response to market needs, and as the market
expands in the future, the required performance for
power modules will surely become diversified and
advanced.

This paper introduces our efforts to lengthen the
power cycling lifetime of IGBTs (insulated gate bipolar
transistors), which is of great importance to the
market.

2. Lifetime Evaluation Technology and Failure
Mechanism

2.1 Power cycling test
The power cycling test is used to estimate the real

operation lifetime of IGBT modules.  This test is
repeated until a IGBT module fails due to thermal
stress generated from the rise and fall of the IGBT
chip’s junction temperature Tj caused by turning on
and off an electrical load, where the IGBT module has
been mounted on an air-cooled heat sink.  Types of
power cycling tests include the ∆Tj power cycling test
and the ∆Tc power cycling test (thermal fatigue lifetime
test).

In the ∆Tj power cycling test, the junction tempera-
ture is raised and lowered within relative short cycles
as shown in Fig. 1.  This test is used mainly to evaluate
the lifetime of the aluminum wire bond and the solder
joint on the underside of a silicon chip.  On the other
hand, the ∆Tc power cycling test is a heat cycle test
whereby in one cycle, current is turned on until the
case temperature (Tc) reaches an arbitrary value and
then is turned off from that time point until the case
temperature returns to the original value prior to
when current was on, as shown in Fig. 1.  This test is
applied mainly to evaluate the lifetime of the solder
joint between the DCB substrate and copper base plate

as well as the solder joint on the underside of a silicon
chip.

2.2 Failure mechanism of the ∆Tj power cycling test
Figure 2 shows the structure of an IGBT module

made by Fuji Electric.  As in the past, Pb-based solder
is used at the joint between the silicon chip and the
DCB substrate.  The failure mechanisms resulting
from power cycling tests of modules using Pb-based
solder are as below.

When ∆Tj is approximately 100°C or above, cracks
occur at the interface between the silicon chip and the
aluminum wire as shown in Fig. 3, due to shear stress
generated by mismatched thermal expansion.  Propa-
gation of these cracks leads to wire bond lift-off and

Fig.1 Operating conditions of power cycling tests
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failure.  This failure form is shown in Fig. 4.  Wire
melting failure is not observed on the emitter bonding
pad, and the lift-off surface can be plainly seen.  This
fact proves that the wire bond has been broken by
metal fatigue.  In addition, via non-destructive inspec-
tion using an acoustic microscope and cross-sectional
view of the solder joint, cracks of approximately 1mm
aligned in parallel with the interface and originating
from the silicon chip outer surface are observed.

On the other hand, when ∆Tj is less than approxi-
mately 80°C, cracks occur in the solder joint, due to
shear strain generated by the mismatch of thermal
expansion between the DCB substrate and the silicon
chip.  The junction temperature increase due to
propagation of these cracks leads to failure of the
IGBT.  This failure form is shown in Fig. 4.  The
emitter bonding pad shows traces of burning due to
wire melting failure.  Meanwhile, cracks in the solder
joint are observed throughout the silicon chip.  The
wire melting failure is caused by melt-off of the wire
due to gradual temperature increase of the silicon chip
resulted from increasing thermal resistance accompa-
nied by propagation of the cracks.

Consequently, the power cycling lifetime with

conventional Pb-based solder structures depends on
the wire bond strength because there is almost no
damage to the solder itself in the range of relatively
high operating temperatures, namely when ∆Tj is about
100°C or greater, and depends on the solder joint in the
range of relatively low operating temperatures, when
∆Tj is about 80°C or less.

3. Improvement of ∆Tj Power Cycling Lifetime

In chapter 2, it was explained that to prolong the
power cycling lifetime, improvements in the wire bond
lifetime and the solder joint lifetime are required for
the high ∆Tj range and low ∆Tj range, respectively.
Since most applications are in a relatively low temper-
ature range such as below 100°C, the improvement of
power cycling lifetime in this temperature range, in
other words, improvement of the lifetime of the solder
joint is a practical necessity.

3.1 Improvement of solder joint lifetime
In order to prolong the thermal fatigue lifetime of a

solder joint, minimizing shear strain generated in the
solder joint is most effective.  In general, it is said that
lead-rich solder has a longer lifetime in the higher
shear strain range (∆γ ), and tin-rich solder has a
longer lifetime in the lower ∆γ  range.  It can be
estimated that application of a tin-rich solder would be
effective at the solder joint between the silicon chip
and the DCB substrate, since the generated shear
strain therein is relatively low, namely less than 1%
according to the results of finite element method
(FEM) analysis.  Furthermore, the strain generated at
the solder joint is related to the elastic modulus of the
solder, and solder with higher yield strength (resisting

Fig.4 Failure form after power cycling test of modules using
Pb-based solder

Fig.3 Failure mechanism of power cycling test with Pb-based
solder alloy
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strength against plastic deformation) generates lower
strain.  Accordingly, tin-rich solder is more effective to
realize a longer lifetime under the same ∆Tj because of
its higher yield strength.
3.1.1 Examination of new lead-free solder alloy

With the precondition that lead-free solder should
be used in due consideration of the environment,  the
Sn/Ag based solder alloy has been selected as the basic
composition to be examined.  The reason is that Sn/Ag
based solder alloy has relatively better balance of
properties among the lead-free solders.  However, lead-
free solder – not limited only to the Sn/Ag based solder
alloy – has the disadvantage of inferior wettability
compared with Pb-based solder.  Accordingly, Fuji
Electric has developed a new lead-free Sn/Ag based
solder alloy which possesses an excellent level of
mechanical properties and the same wettability as Pb-
based solder by optimizing various additional elements
and their quantities.  The properties of this new solder
alloy are shown in Table 1.
3.1.2 Estimation of solder joint lifetime with FEM analysis

Two-dimensional elastic-plastic thermal stress
analysis utilizing FEM was performed for both the
newly developed Sn/Ag based solder and the Pb-based
solder to determine the strain generated at the solder
joint and estimate the lifetime.  The results of analysis
are shown in Table 2.

When the results are compared under the same
temperature condition, it can be seen that the new Sn/
Ag based solder alloy has a smaller strain and longer
lifetime compared with the Pb-based solder.  This
result is attributed to the mechanical properties of the

new Sn/Ag based solder alloy, having 2.4 times higher
yield strength and higher creep strength than the Pb-
based solder.

3.2 Examination of ∆Tj power cycling lifetime (with new
Sn/Ag based solder)
In order to clarify the power cycling lifetime of

IGBT modules using Sn/Ag based solder, tests are
performed under various operating temperatures ∆Tj.
The lifetime is defined to be 1% of the unreliability
rate (F (t)), obtained by plotting the number of cycles to
failure on Weibull probability paper.  The operating
temperatures, which are arbitrarily set, are measured
at the joint, case and heat sink, using IR thermogra-
phy and thermocoupling.  Figure 5 shows the results of
the 1,200V-75A series IGBT module at 60°C, 80°C and
110°C of ∆Tj.  It can be understood that the lifetime is
1.3 × 106 cycles, 1.7 × 105 cycles and 3 × 104 cycles at
60°C, 80°C and 110°C of ∆Tj, respectively.

3.3 Failure mechanism of modules using Sn/Ag solder
According to failure form inspection of power

cycling tests of 60°C and 110°C ∆Tj, intense wire
melting failure on the emitter wire bonding pad and
severe solder damage were observed after the power
cycling test at 110°C ∆Tj.  On the other hand, no wire
melting failure and very slight solder damage were
observed after the power cycling test at 60°C ∆Tj,

however, the generation of cracks was observed in the
solder but it was very slight.  From these failure forms,
it is estimated that the power cycling lifetime of new
Sn/Ag based solder depends on that of the solder joint
when ∆Tj is higher than about 110°C, and depends on
that of the wire bonds when ∆Tj is lower than about
60°C.  This fact differs from the failure mechanism of
Pb-based solder mentioned in section 2.2.  In addition,
the crack propagation form in the solder joint also
differs between new Sn/Ag based solder and Pb-based
solder.  In the case of Pb-based solder that is easy to
deform plastically, cracks propagate along the acting

Table 2 Result of thermal stress FEM analysis for solder joint

Table 1 Properties of newly developed lead-free Sn/Ag solder
alloy

Fig.5 Weibull plot of power cycling test results of modules
using Sn/Ag solder (1,200V-75A)

Items

Mechanical 
properties

Yield strength 
(MPa) 53 38 22

Elongation (%) 19 18 25

Creep rate (% h) 0.09 0.20 1.30

Spreading (%) 100 50 100

Contact angle 
(°) 17 27 9

Wetting force 
(mN)   0.39 0.36 0.41

Wettability

New Sn/Ag 
solder alloy

Sn3.5Ag
solder
alloy

Conventional
Pb-based

solder alloy
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direction of shear stress starting from the fillet, where
stress is concentrated as shown in Fig. 6.  However, in
the case of new Sn/Ag based solder with high yield
strength, the propagation of cracks is nearly concen-
tric, originating almost directly under the silicon chip
center.  Furthermore, a characteristic of the cracks
generated in new Sn/Ag based solder is that they are
vertical or reticulated cracks, are parallel to the thick
direction of the solder, and propagate selectively along
the tin grain boundary.  From these facts, it is
supposed that deterioration of Pb-based solder is
caused by plastic deformation due to strain, while
deterioration of Sn/Ag based solder is caused by
thermal damage due to the grain growth of tin.

4. Power Cycling Lifetime Curve of Modules
Using Sn/Ag Solder

4.1 Relation between lifetime of wire bond/solder joint and
a module’s lifetime
From consideration of the above, it is understood

that the power cycling lifetime of modules using new
Sn/Ag based solder is comprised of the lifetimes of the
wire bond, the solder joint and the area in which these
coexist as shown in Fig. 7.  Thereupon, fatigue lifetime
of the wire bond and the solder joint are calculated
from detailed analysis of the failure lifetime in power
cycling tests and from FEM stress analysis of the wire
bond and solder joint.  Figure 8 is obtained by plotting
the calculated lifetimes of each joint and the lifetime of
IGBT modules on the same graph.  This graph
indicates that the lifetime of a solder joint is in close
proximity to the lifetime of the module.  On the other
hand, the lifetime of wire bond intersects the module
lifetime at about 50°C ∆Tj and falls below the module
lifetime at lower temperatures.

Consequently, fatigue damage of the solder joint
rarely occurs in the range of ∆Tj less than 50°C, and
the module lifetime depends on the lifetime of wire
bond fatigue.  While, in the range of ∆Tj greater than
50°C, the lifetime of solder joints exceeds the module
lifetime in this examination, but in actuality, both

lifetimes are judged as almost the same.

4.2 Reliability for power cycling of modules using Sn/Ag
solder
As mentioned in section 4.1, the power cycling

lifetime curve of IGBT modules using new Sn/Ag based
solder has an inflection point at 50°C ∆Tj.  As shown in
Table 3, these modules achieve a longer lifetime than
conventional modules that use Pb-based solder.  In
particular, the difference in lifetimes is remarkable at
the relatively low operation temperature range of less
than 100°C.  This achievement of longer lifetime in the

Fig.7 Relation of power cycling lifetime and failure mode

Fig.8 Power cycling lifetime curve of modules using new
Sn/Ag solder alloy

Fig.6 Crack propagation form of solder joint after power
cycling test
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power cycling test is attributed to improved mechani-
cal properties of the new Sn/Ag based solder and to
maintaining a good wettability equivalent to Pb-based
solder.

5. Conclusion

In the preceding chapters, our efforts to increase
the power cycling lifetime has been presented in the
context of reliability design for power semiconductor
modules.  New Sn/Ag lead-free solder with excellent
mechanical properties and wettability has been newly
developed, and can contribute to improved reliability of
the modules.  Through the longer power cycling
lifetime, miniaturization and price-reduction of the
devices are expected.  Fuji Electric will endeavor to
continue to respond to the needs of a market that is
becoming increasingly more demanding.

Table 3 Power cycling lifetime of modules under estimation of
F (t )=1%

Operating
temperatures

Modules using
new Sn/Ag solder

Modules using conventional
Pb-based solder

∆Tj =100°C 2.5×104 1.7×104

∆Tj =60°C 1.3×106 1.8×105

∆Tj =30°C 8.0×107 5.0×106
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