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Fuji Electric’s Semiconductors: 
Current Status and Future Outlook

1. Introduction

The June 1, 2006 issue of “nature” reported(1) the 
results of an investigation of deposits on the North Pole 
ocean fl oor indicating that the ocean surface tempera-
ture at the North Pole approximately 55 million years 
ago was about 23°C, which is 10°C or more higher 
than had been previously estimated by mete-orological 
simulations.  The expanding global economy and grow-
ing population are driving an increase in energy con-
sumption and CO2 emissions(2), and unless this trend 
is slowed, serious impact from the greenhouse effect 
is a concern(3).  The abovementioned article in “nature” 
indicates that the predicted greenhouse effect and its 
impact might be reconsidered for the worse, and that 
the limiting of CO2 emissions is a more important is-
sue for mankind.

All member companies of the Fuji Electric Group, 
whose corporate mission includes “seeking harmony 
with nature”, have been working to protect the global 
environment through providing products and technolo-
gies that contribute to the conservation of the global 
environment, reducing the environmental burden over 
the course of a product’s lifecycle, and promoting busi-
ness activities that also reduce environmental burden 
as part of Fuji Electric’s basic corporate policy.  Fuji 
Electric especially focused on the business areas of 
power electronics, which aims to utilize electric power 
energy effectively, and power semiconductor devices, 
the main components in this fi eld, as businesses whose 
contribution is crucial to protecting the global environ-
ment.  Electric power accounts for more than 40 % of 
primary energy, and since this percentage is expected(2) 
to increase unilaterally, power electronics and power 
semiconductor devices will be expected to become even 
more important in the future.

Power semiconductor devices help to protect the 
global environment and in particular, to reduce CO2 
emissions by increasing the effi ciency with which 
electric power is used, thus contributing to resource 
conservation (miniaturization) and to expanding the 
usage (by lowering the cost and expanding the range 
of applications) of power electronic equipment.  In par-
ticular, the specifi c performance of power semiconduc-

tor devices themselves must be improved, control and 
sensing functions must be enhanced to realize better 
performance, smaller size, higher reliability and lower 
cost, and the lineup and applications of power semicon-
ductor products must be expanded. 

This paper describes the current status and future 
outlook for Fuji Electric’s representative semiconductor 
products: power modules, power discretes and power 
ICs.

2. Power Modules

Fuji Electric’s recent major accomplishments in-
volving power module products are the mass-produc-
tion of IGBT (insulated gate bipolar transistor)-IPMs 
(intelligent power module) for use in hybrid vehicles 
and the market launch of the U4 series of IGBT mod-
ules. 

As is explained in detail in this issue, last year 
for the fi rst time, Fuji Electric’s IGBT-IPM is being 
utilized in the PCU (power control unit) of a hybrid ve-
hicle, and is being mass-produced.  The vehicle model is 
the LEXUS*1 GS450h, and we take pride in the accep-
tance of Fuji Electric’s proprietary technology to realize 
high power, low loss, small size and high reliability in 

Fig.1 Comparison by car model of output power density (IPM 
output power / IPM base area) of hybrid vehicle-use 
DC-DC converter IPM
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the global LEXUS brand of hybrid cars that feature 
rapid acceleration, good fuel economy, excellent design 
and high quality.  Figure 1 shows a comparison with 
the output power density (IPM output power per IPM 
base area) of conventional IPMs used in a DC-DC con-
verter for the same application.  It can be seen that the 
output power density has been improved dramatically 
compared to that of the IPMs used in vehicle models 
A and B.  The use of the U series IGBT chip set that 
incorporates Fuji Electric’s proprietary technology(4)(5) 

to realize low loss, high durability and small size, and 
the design of a package optimized for the particular 
application contribute to the dramatic improvement in 
output power density.  This IPM uses an alumina DCB 
(direct copper bonding) + Cu base structure to realize 
high heat dissipation and high reliability(6), and is the 
world’s fi rst application of this structure to an automo-
tive IPM, successfully realizing a dramatic decrease in 
cost.  Also, the use of Fuji Electric’s independently de-
veloped lead-free solder has resulted in the world’s fi rst 
all lead-free automotive IPM.

The U4 series of IGBT modules were developed 
based on Fuji Electric’s U series technology, and realize 
a higher carrier frequency and lower noise emission.  
The U4 series is effective in industrial-use motor driver 
applications for increasing the carrier frequency while 
suppressing emission noise and conduction noise(7).  
Figure 2 compares the tradeoff between emission noise 
and power loss, as measured on a Fuji Electric test 
bench while varying the gate resistor, for the U4 and 
other series.  The U series, characterized by ultra-low 
loss, was very effective in reducing inverter loss, but 
was diffi cult to use because adjustment of the gate 
resistor and optimization of the main circuit wiring 
were sometimes required in order to reduce noise.  The 
U4 series enables a signifi cant reduction in noise to be 
achieved through adjustment of the gate resistor only, 
and is extremely easy to use.

6th generation V series IGBT modules have been 
developed for release at the end of fi scal 2006.  With 

an improved FS (fi eld stop) structure and trench gate 
structure to realize signifi cantly lower loss and smaller 
size than the U series, and the incorporation of low 
noise technology acquired during development of the 
U4 series, the V series is expected to be easy to use, 
even for noise reduction.

2006 was the year in which RoHS*2 compliance 
and lead-free implementation of power modules was 
achieved.  All new products are already RoHS-compli-
ant, and existing products have been made fully RoHS-
compliant and lead-free during 2006. 

Fuji Electric is advancing the development(8) of 
higher reliability and higher heat dissipating packages, 
MOS (metal oxide semiconductor) gate type conduction 
modulation devices and SiC devices, and plans to intro-
duce them in this journal within several years.

3. Power Discretes

Low voltage MOSFETs (MOS fi eld effect transis-
tors) are one of the main types of power discretes, and 
in 2005, Fuji Electric began mass-producing a 2nd 
generation trench MOSFET.  Figure 3 shows a cross 
section of this MOSFET structure.  By integrating Fuji 
Electric’s proprietary quasi-plane junction technology 
and drain ballast resistance technology with trench 
technology, the specifi c on-resistance per unit area was 
reduced by approximately 20 % and the Ron·Qgd fi gure 
of merit was improved by approximately 30 % while 
ensuring the same level of short-circuit withstand ca-
pability and avalanche tolerance as a 1st generation 
device.

Fuji Electric’s main power discrete products are 
the Super FAP-G series(9) of high voltage MOSFETs, 
the high voltage SBD (Schottky barrier diode) series 

Fig.2 Comparison of the tradeoff between emission noise and 
power loss measured by varying the gate resistor
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and low reverse leakage current (low Ir) SBD series 
of SBDs and the Super LLD (low loss diode) series of 
LLDs.  Demand for these product groups is extremely 
strong, and Fuji Electric is working to expand its sup-
ply capability.

Looking toward the future, Fuji Electric is focus-
ing on research and development aiming for even 
higher performance and smaller size.  An example of 
Fuji Electric’s latest success, shown in Fig. 4, is the 
attainment of a superjunction MOSFET(10) having the 
world’s highest level of low specifi c on-resistance of 
19.8 mΩcm2 (at the breakdown voltage of 660 V) in a 
prototype of a trench refi lled type superjunction MOS 
FET that is expected to achieve lower cost.  This result 
has been announced at an international conference(11).

4. Power ICs

Fuji Electric has achieved many successes with 
power ICs, including the mass-production of M-Power 
2, a power IC for use in high-effi ciency low-noise 
switching-mode power supplies, and the adoption of 
the M-Power 2 by the major manufacturers of power 
supplies for LCD (liquid crystal display) TVs, the mass-
production of a 4th generation 256-bit PDP (plasma 
display panel) address driver IC(12), the development of 
a 4th generation 96-bit PDP scan driver IC, the mass 
production of a control IC for quasi-resonant low stand-
by AC-DC switching-mode power supply, the mass pro-
duction of a multi-channel input integrated power IC 
for use in an automotive ECU (electronic control unit), 
the mass-production of a CSP (chip size package)-IPS 
(intelligent power switch) for use also in the automo-
tive ECU, the development of a control IC for a single-
channel DC-DC buck converter, the development of a 
2nd generation micro DC-DC converter, and so on.

The M-Power 2 power IC is a 2nd generation 
product for use in high effi ciency and low noise switch-
ing-mode power supplies, and the incorporation of Fuji 

Fig.4 Data presented at scientifi c conferences concerting the 
relation between on-resistance and breakdown voltage 
of high voltage superjunction MOSFETs
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Electric’s proprietary control technology enables a cur-
rent resonant switching-mode power supply without 
resonant shift to be realized for the fi rst time with a 
power IC.  Because the M-Power 2 enables the easy 
confi guration of high-effi ciency low-noise high-power 
switching-mode power supplies of up to 250 W, its 
usage is increasing in power supplies for fl at panel 
televisions such as LCDs where noise is undesirable 
and high effi ciency is required.  Fuji Electric is also 
developing the M-Power 2A series which realizes even 
higher power output with the same package to support 
larger size fl at panel televisions.

PDP driver ICs are power ICs that make full use 
of Fuji Electric’s expert high-voltage technology, and 
many of Fuji Electric’s proprietary technologies have 
been used in a 100 V BCD (bipolar, complimentary 
and double-diffused MOS) process for address driver 
ICs and 200 V SOI (silicon on insulator) process for 
scan driver ICs.  In particular, the 200 V SOI process 
is the world’s fi rst process that integrates IGBTs in a 
SOI chip(13), thus enabling a signifi cant reduction in 
chip area per output bit.  Figure 5 shows an example of 
the decreasing price-per-bit trend for PDP driver ICs.  
Until now, the price-per-bit for power ICs has been fall-
ing steadily due to improved device processes and an 
increased number of integrated bits per chip.  In the 
future, however, a straight-line decline in prices-per-
bit will be diffi cult to attain due to the unique problem 
of power ICs of not permitting scaling of the supply 
voltage, and due to the theoretical limits of silicon 
material.  Fuji Electric intends to provide continuous 
improvements that benefi t the user by introducing 
LVDS (low voltage differential signal) and RSDS (re-
duced swing differential signal) technology to reduce 
the number of signal lines and support electric power 
recirculation in order to lower the cost and increase the 
performance of the entire display panel.

In the fi eld of power ICs for switching-mode power 
supplies and for automobiles, Fuji Electric’s strengths 
are in the high voltage processes that utilize power 
device technology and in the processes for integrating 
high voltage devices and high current devices in the 
ICs.  All the processes can integrate 30 V or higher 
devices, and provide distinctive product groups that 

Fig.5 Trend of decreasing price-per-bit for PDP driver ICs 
(example of address driver IC)
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include an integrated 500 V start-up device for use in 
AC-DC switching-mode power supplies, an integrated 
600 V IGBT for use in automotive igniters(14), an in-
tegrated 60 V power MOSFET for use in automotive 
power ICs(15), or integrated 30 V to 60 V low on-resis-
tance DMOS (double diffused MOS) circuits for use in 
DC-DC power supply ICs and in integrated power ICs 
for automobiles.  Also being used recently is COC (chip 
on chip) technology which, in addition to these process 
technologies, involves laminating and integrating into 
a single package of multiple silicon chips and micro-in-
ductors.  COC technology is beginning to demonstrate 
its effectiveness in achieving smaller sizes and higher 
outputs.  Figure 6 shows the appearance of a 2nd gen-
eration micro DC-DC converter, samples of which are 
presently being deployed.  Using COC technology to 
integrate a micro inductor with a silicon chip already 
integrated with an output power MOSFET, the world’s 
smallest DC-DC converter was realized with a 1st gen-
eration micro DC-DC converter(16).  A subsequent 2nd 
generation micro DC-DC converter achieved an even 
40 % smaller size while maintaining the same power 
output.

To increase the performance and reduce the size of 
power ICs, it is important that the integrated output 
power devices provide higher performance and smaller 
size.  For future applications, Fuji Electric is working 
vigorously to advance its research and development 
into realizing higher performance and smaller size 
integrated power devices for power ICs.  In particular, 
such research and development efforts are focusing on 
Fuji Electric’s proprietary three-dimensional TLPM 
(trench lateral power MOSFET(18)) power device for use 
in Li-ion battery protection ICs(17) and DC-DC convert-
ers, and for possible future applications to automobiles.  
Figure 7 shows a photograph of a cross-section of Fuji 
Electric’s latest device.   This device, usable as a high-
side switching element, has a Ron·Qgd fi gure of merit 
of 16.4 mΩnC (at the breakdown voltage of 20 V) and, 
as a device for integration into a power IC, realizes the 
world’s highest level of performance.  This device also 
attains a high electrostatic discharge withstand capa-
bility, which is usually the weak point of this class of 
devices, of 2 kV with a HBM (human body model)(19). 

Fuji Electric is also advancing its research into 

digital control(20) and is considering the possibility of 
converting the present analog control to digital control 
to achieve higher accuracy, lower power consumption 
and smaller size.

5. Conclusion

Fuji Electric desires to contribute to the develop-
ment of society and to the protection of the global en-
vironment through innovating and popularizing power 
electronics technology.  Power semiconductor devices 
are one of the key products that support power elec-
tronics, and this paper has described the current status 
and future outlook for the main power semiconductor 
devices.

For power semiconductor devices to contribute 
to the development of society and to the protection 
of the global environment, their transition to higher 
performance, smaller size, higher reliability and lower 
cost must be accelerated more than ever.  On the other 
hand, a considerable portion of the relevant technology 
is thought to be approaching its theoretical limit, and 
technical innovations are needed in various fi elds, in-
cluding materials, processing, device, circuits, packag-
ing, testing and the like.  Fuji Electric intends to place 
extra emphasis on technical development, and to foster 
a workforce capable of creating new technology and ca-
pable of technical innovation
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IGBT Modules for Electric Hybrid Vehicles

1. Introduction

Due to society’s increasing requests for measures to 
curb global warming, and benefi ting from the skyrocket-
ing prices of petroleum products, the sales volume of 
hybrid cars is growing rapidly.  By combining the two 
main types of power sources, gasoline engines and elec-
tric motors, and optimizing the load sharing accord-
ing to the driving conditions, hybrid systems achieve 
improved fuel economy.  These hybrid systems had an 
extremely high cost when mass-produced cars were 
fi rst being sold and their sales volume was limited.  
Subsequently, however, by improving the performance 
and reducing the cost to car manufacturers, electric 
equipment manufacturers and component manufactur-
ers, hybrid system costs have fallen and, at present, the 
sales volume is increasing.

In a gasoline hybrid system, an electric power 
conversion system that includes an inverter and con-
verter is used to convert the power generated by the 
engine into electrical energy, to charge and discharge 
a battery, and to drive the motor.  The electric power 
conversion system typically uses an IGBT (insulated 
gate bipolar transistor) module as its main switching 
device.  IGBT modules have been used mainly in in-
dustrial facilities for the past 20 years, but the develop-
ment of IGBT modules having higher reliability and 
higher performance is being advanced for application 
to automobiles.

This paper introduces the core technologies and 
examples of product applications relating to the perfor-
mance and reliability of IGBT modules used in hybrid 
cars.

2. Reliability Technology for Automotive-use 
IGBT Modules

2.1 Difference from modules for industrial use
The IGBT module product group used for many 

years in industrial applications forms the basis for the 
automotive-use IGBT modules.  However, the envi-
ronment and conditions under which automotive-use 
products are used are much more severe than those of 
conventional industrial-use products, and the required 

levels of long-term reliability are signifi cantly different.  
For this reason, automotive-use electric equipment 
is required to provide long-term reliability, and such 
equipment often requires two or more years from the 
start of development until mass production.  Efforts 
to eliminate lead usage are being advanced in order 
to address environmental issues, but since the desired 
reliability levels are different for industrial-use(1) and 
automotive-use IGBT modules, the materials used 
therein will also differ.

2.2 Requested reliability and compliant technology
An example comparison of the reliability levels 

required for industrial-use and automotive-use IGBT 
modules is shown in Table 1.  Because automotive-use 
modules are water-cooled and have a large tempera-
ture variation, their required temperature cycle toler-
ance is an order of magnitude greater than that of the 
industrial-use modules.  If the number of temperature 
variations (temperature cycles) exceeds the device ca-
pability, cracks will appear in the solder layer bonding 
together the power chips and the insulating substrate 
and create defects that increase the thermal resis-
tance.  Accordingly, the technology that provides the 
requested level of temperature cycle tolerance must 
relieve stress at the solder layer.  Assuming use in a 
high temperature and high humidity environment, the 
migration tolerance of the printed circuit board is also 
an important issue.

Table 1 Comparison of required levels of guaranteed reliability

Item
Category Industrial use Automotive use

Temperature 
cycle test

100 cycles
Temperature 
conditions : 
- 40 to +125°C

1,000 cycles
Temperature 
conditions : 
- 40 to +125°C

Power cycle test

15,000 cycles
Temperature 
conditions: 
ΔTj = 100°C

30,000 cycles
Temperature 
conditions: 
ΔTj = 100°C

Vibration test
Acceleration = 10 G
2 h for each of 
X, Y and Z axes

Acceleration = 20 G
2 h for each of 
X, Y and Z axes
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2.3 Reliability technology for lead-free compliance
The automotive industry is addressing environ-

mental issues by working to develop lead-free technolo-
gy in support of the ELV (end of life vehicles) directive.  
As described above, however, the high level of required 
reliability for automotive applications is a restric-
tion that has not resulted in all lead-free automotive 
electronic components.  Figure 1 shows a typical cross-
section of an IGBT module.  The module is confi gured 
bottom-up from a metal baseplate, solder, an insulating 
substrate (ceramic substrate bonded to metal layers 
on both sides), solder, an IGBT chip, and bonded wire.  
Lead-free solder for use underneath the IGBT chip has 
been developed and is being utilized in industrial-use 
modules(2)(3).
(1) Solder underneath the insulating substrate

Various trials were carried out on the solder con-
necting the metal baseplate and insulating substrate 
in order to solve the problem of cracking caused by the 
stress of temperature cycles.  The metal baseplate and 
insulating substrate have different rates of thermal ex-
pansion, and a change in temperature causes thermal 
stress to be generated in the solder layer.  The elon-
gation of cracks in the solder layer due to this stress 
is a problem when using lead-free solder.  In hybrid 
vehicle-use IGBT modules, composite materials such 
as Cu-Mo and Al-SiC that have a small thermal expan-
sion rate (i.e., a thermal expansion rate of 7 to 10 ppm, 
compared to Cu which has a thermal expansion rate of 
16 ppm) have been used previously for the metal base-
plate, and this is one way to prevent the abovemen-
tioned problem.  However, the problems with these ma-
terials are that their thermal conductivities (indicating 
exothermicity), in the range of 150 to 250 W/m·K, are 
lower than that of copper (Cu having a thermal con-
ductivity of 390 W/m·K), and their cost is several times 
that of copper.  Figure 2 shows an example of a thermal 
stress simulation (with a 1/4 model) performed for the 
purpose of using copper, which has a relatively low 
cost and good exothermicity, as the baseplate material.  
Also, Fig. 3 shows the results of temperature cycle test-
ing using a sample in which the solder material was 
changed.

From Fig. 2, the deformation and stress in the 
given model can be inferred.  In Fig. 3, the actual state 
of an elongating crack, according to the solder composi-
tion, can be verifi ed.  This type of three-dimensional 
analysis was carried out in detail, and by comparing 
the analysis results to actual experimental results, we 
found that a structure using a copper baseplate and 
lead-free solder would be able to provide the required 
level of reliability for automobile applications.
(2) Improved reliability of printed circuit boards

Since the refl ow temperature increases when lead-
free solder is used to mount electronic components, 
care must be taken when using the conventional FR-4 
circuit board which has low heat-resistance.  The mi-
gration and temperature cycle tolerances required of 
automotive-use devices are gradually becoming more 
severe.  The use of higher heat-resistance and halogen-
free low thermal expansion rate circuit boards enable 
improvement in both the migration tolerance and 
the temperature cycle tolerance.  Figure 4 shows the 
change in insulation resistance during high tempera-
ture high humidity bias testing in which a voltage of 
1,200 V is applied to a pattern having a narrow spac-
ing of 0.5 mm.  It can be seen that this halogen-free 
substrate has excellent capability to withstand 2,000 
hours or more of testing.

Fig.2 Thermal stress simulation of IGBT module (1/4 model)
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Fig.3 Ultrasound photograph focused underneath the sub-
strate after 2,000 cycles of a temperature cycle test (The 
white area is the solder crack.)
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Fig.5 Cross section of through hole joint (after 2,000 tempera-
ture cycles)

Crack Crack

IGBT modules are high voltage devices, and high 
voltage lines lay side-by-side on the printed circuit 
board connected to the module.  To ensure safety, ion-
migration on the substrate surface must not degrade 
electric strength, and the resulting large margin of 
safety provides a sense of security.
(3) Lead-free solder for through-holes

IGBT modules are used in combination with a 
drive circuit and protection circuit, and therefore, the 
solder technology for connecting the printed substrate 
to the module is extremely important.  Moreover, 
since in an IPM (intelligent power module), a printed 
circuit board is attached inside the module package, 
the lead-free solder used is required to be capable of 
withstanding the same number of temperature cycles 
as the IGBT module.  The use of lead-free solder is also 
required at the location of the through-hole connecting 
the printed circuit board and the module, and lead-free 
solder has been developed for this purpose.  Figure 5 
shows a cross section after temperature cycle testing 
of a through-hole joint structure in which SnAg lead-
free solder having improved durability was used.  Due 
to the low rate of thermal expansion in the thickness 
direction of approximately one-half that of the FR-4, 
cracking is limited even after 2,000 cycles, and the re-
quired level of durability is achieved.

3. IGBT-IPM for Electric Hybrid Vehicles

An overview of the hybrid vehicle-use IGBT-IPM, 
as developed based on the above-described core tech-
nologies for IGBT modules, is presented below.  Figure 
6 shows views of the exterior and interior of the hybrid 
vehicle-use IGBT-IPM.

3.1 IPM overview
The IPM is a switching device rated at 600 A and 

1,200 V for use in an up/down converter, and is con-
fi gured from an upper arm and a lower arm.  Each 
arm is provided with four IGBT chips and four FWD 
(free wheeling diode) chips connected in parallel con-
fi guration, gate drive circuits, protection circuits, chip 
temperature output circuits are also provided on the 
printed circuit board inside the IPM.

3.2 Composition of packaging
Since copper is used for the metal baseplate, the 

difference in thermal expansion rate compared to the 
insulating substrate causes bending stress to be gen-
erated.  The use of an insulating substrate made of 
aluminum oxide, a high-strength ceramic able to resist 
bending stress, makes it possible to use a copper base-
plate.  SnSb is used as the lead-free solder underneath 
the insulating substrate in order to strengthen the 
resistance to cracking.  Since the solder layer stress 
caused by bending stress is largest in the area around 
the insulating substrate, the shape of that area is de-
signed to resist solder cracking.

The aluminum wires that electrically connect the 
power chip have a diameter of 400 µm, which provides 
excellent power cycle performance, and ensures a 
strong connection with low resistance.  A halogen-free 
circuit board with improved heat-resistance is used as 
the printed circuit board, thereby ensuring suffi cient 
temperature cycle tolerance and migration tolerance. 

3.3 U series IGBT chip and FWD chip
Fuji Electric’s 1,200 V U series chips, having a 

good market performance in industrial applications, 
are being used as the IGBT chip and FWD chip in the 

Fig.6 Hybrid vehicle-use IGBT-IPM
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Fig.7 Dynamic avalanche waveform of U series IGBT chip

Dynamic avalanche 
phenomenon

IC = 50 A/div

VCE = 200 V/div

IGBT-IPM.  The U series IGBT chip is a trench gate 
type chip, corresponding to a 5th generation IGBT, 
and has characteristics of both a low VCE(sat) and high 
tolerance of dynamic avalanching.  Figure 7 shows the 
dynamic avalanche waveform of the U series IGBT 
chip.  The dynamic avalanche phenomenon absorbs the 
surge voltage energy emitted at the time when a large 
current turns off.  The U series FWD has a low injec-
tion effi ciency type anode structure and higher transfer 
effi ciency.  VF characteristic has a positive temperature 
dependence and low variation.

3.4 Protective functions
All IGBTs are provided with overcurrent protection 

and overheating protection functions to prevent dam-
age to the IGBT.  Moreover, as a special function for au-
tomotive-use IGBTs, a function that externally outputs 

as an analog signal of the IGBT chip temperature in 
each of the upper and lower arms is provided to enable 
monitoring from an operating situation.

4. Conclusion

The core technologies that make possible the real-
ization of highly reliable and lead-free IGBT modules 
for hybrid vehicle use and Fuji Electric’s product line 
have been introduced.  The sales volume of hybrid 
vehicles will continue to increase and IGBT modules 
will continue to be used for electric power conversion 
for the foreseeable future.  Accordingly, manufactur-
ers who have not previously produced such modules 
are expected to enter this market, and the competition 
to develop new technology is expected to intensify.  In 
the future, Fuji Electric intends to continue to develop 
modules that provide even higher reliability, smaller 
size and higher heat dissipation, and that are easier to 
use.
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1. Introduction

With the dramatic development of power electron-
ics in recent years, IGBT (insulated gate bipolar tran-
sistor) modules have become the mainstream semi-
conductor devices used in industrial power conversion 
applications, and are being applied in a wide range of 
fi elds including manufacturing, transportation, home 
electronics and the like.  With each successive genera-
tion, IGBT modules have incorporated novel technol-
ogy to realize energy savings, higher effi ciency, smaller 
size, lower cost and higher reliability.  Also, in order to 
realize higher integration to comply with requests for 
smaller size and higher performance inverters, IGBT 
modules have developed into PIMs (power integrated 
modules), in which an inverter circuit, an input recti-
fi er circuit and a dynamic braking circuit for regenera-
tion are all housed within a single package.  Fuji Elec-
tric has previously brought to market a 3rd generation 
N series PIM in 1995, a 4th generation S series Econo-
PIM in 1999, and a 5th generation U series in 2002.  
Requests for smaller size and lower cost machines have 
been especially strong in recent years, and in response 
to such requests Fuji Electric has newly developed 
IGBT-PIMs that incorporate the latest chip package 
technology.  This paper introduces Fuji Electric’s latest 
IGBT-PIM technologies and product lineup.

2. Challenges in Achieving Smaller Size and 
Higher Integration

Shrinking the die size is an extremely effective 
technique for realizing the smaller size and lower cost 
required by the market in recent years.  However, 
shrinking the die size causes an increase in thermal 
resistance Rth(j-c) and also a simultaneous rise in chip 
temperature as expressed by Equation (1) (where 
ΔTj-c is the width of the temperature rise), and there-
fore lower power dissipation and higher heat dissipa-
tion of the chip are requirements.

ΔTj-c = power dissipation × Rth( j-c)  ........................ (1)
In order to reduce power dissipation, not only 

must the on-state voltage be reduced, but higher speed 
switching must also be adopted to reduce switching 

loss.  However, noise radiation will increase as a result.  
The level of noise radiation is limited by the European 
standard EN61800-3 and the like.  Overcoming this 
tradeoff between lower power dissipation and noise ra-
diation has presented a new challenge in recent years.  
As a solution, in 2005 Fuji Electric fully incorporated 
the latest chip technologies to develop the U4 series of 
chips in which the noise and power dissipation charac-
teristics were optimized.  Also, due to the smaller size 
and higher density mounting of these chips, it is neces-
sary to develop a package having higher heat dissipa-
tion capability, and it is also necessary to increase the 
mounting effi ciency by adopting a high heat dissipat-
ing DCB (direct copper bonding) substrate (insulating 
ceramic substrate), to eliminate thermal coupling, and 
to use an optimized internal layout, etc.  Additionally, 
RoHS*1 compliance is also a recent requirement of the 
marketplace.  Accordingly, products must be developed 
so as to satisfy all of these challenges.

3. Characteristics of New Concept IGBT-PIMs

Product development based on the following con-
cepts was carried out to realize not only energy sav-
ings, higher effi ciency and higher reliability, but also 
smaller size, higher integration, and lower cost.
(1) Coexistence of low noise and low power dissipation

○ Improved tradeoff between noise and power dis-
sipation through applying IGBT chips that uti-
lize the latest technology and FWD (free wheel-
ing diode) chips

○ Lower noise realized through improved internal 
layout of package

(2) Realization of small package size and low cost
○ Use of a high heat dissipating new DCB sub-

strate
○ Optimal chip layout to eliminate thermal cou-

pling
○ Optimal internal layout to increase chip mount-

ing effi ciency
Adopting the above concepts, the die size was re-

*1: RoHS is restriction of the use of certain hazardous sub-
stances in electrical and electronic equipment.
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duced by approximately 30 % compared to the conven-
tional die size, and higher integration was realized.
(3) Realization of 1,200 V/150 A PIM in conventional 

EP3-size package

4. Latest Chip Technology

The 1,200 V/1,700 V U series of IGBTs developed 
in 2002 are the latest models of Fuji Electric’s IGBT 
chips that utilize a trench gate structure and a fi eld 
stop (FS) structure(1).  Further improving the charac-
teristics of this technology, Fuji Electric has also devel-
oped an easy-to-use 1,200 V/1,700 V U4 series of IGBT 
modules (U4-IGBT).  Specifi cally, optimization of the 
trench gate structure enabled the turn-on speed con-
trollability to be improved compared to a conventional 
trench IGBT, and the decrease in Miller capacitance 
(Cres) enabled an approximate 30 % reduction in turn-
on loss.  The noise radiation during switching depends 
not only on the reverse recovery characteristics of the 
FWD, but also on the IGBT turn-on characteristics 
which determine the reverse recovery characteristics 
of the FWD.  Therefore, to reduce noise radiation, both 
the FWD and the IGBT characteristics must be opti-
mized. 

It has been reported that oscillation from a reso-
nant closed loop circuit between the IGBT module and 
snubber capacitance constitutes a radiation source and 
is the mechanism by which noise radiation is gener-
ated, and that di /dt and dv /dt during switching trigger 
the resonance.  In particular, the resonance condition 
is determined by di /dt and dv /dt when the IGBT is 
turned on, and the reverse recovery characteristics of 
the FWD are similarly determined by the turn-on char-
acteristics.

The U4-IGBT enhances the above-described chip 
characteristics to realize improved di /dt and dv /dt 
controllability at turn-on and reduced turn-on loss, and 
improved tradeoff between noise radiation and power 
dissipation as shown in Fig. 1.

5. Latest Package Technology

5.1 Optimal internal pattern layout
(1) Eliminating thermal coupling 

In an IGBT-PIM containing multiple power chips 
within the same package, since all elemental devices 
emit heat during actual inverter operation, heat be-
comes concentrated within the package interior due to 
thermal coupling among neighboring chips.  In order 
to realize the smaller product sizes required in the 
marketplace, the concentration of heat due to thermal 
coupling must be eliminated.  Therefore, when develop-
ing the new package, we used three-dimensional FEM 
(fi nite element method) thermal analysis to investigate 
and optimize the internal chip layout.  Figure 2 com-
pares the temperature distributions in conventional 
and new packages, for the same package size.  In the 
conventional package, power chips are concentrated 
in the vicinity of the package center, and therefore 
the chip temperature at the center of the package is 
higher due to the effect of thermal coupling.  On the 
other hand, in order to eliminate thermal coupling 
among power chips, the chip layout and chip spacing 
were optimized in the new package.  As the result, the 
temperature distribution became nearly uniform, and 
the effect of decreasing Tj by a maximum of 10°C was 
verifi ed.
(2) Improving the chip mounting effi ciency

With a thermally distributed chip layout and op-
timal DCB pattern layout, the new package increases 
the chip installation area ratio from 16.7 % to 26.1 % 
and increases the chip mounting effi ciency by 56 %.

5.2 Technology for reducing noise
An inverter must be designed so that the noise ra-

diation in the frequency range of 30 MHz to 1 GHz is at 
a level that conforms to certain standards.  It has been 
reported that oscillation from a resonant closed loop 
circuit between the IGBT module and snubber circuit 
constitutes a radiation source and is the mechanism 

Fig.1 Tradeoff between noise radiation and power dissipation
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by which noise radiation is generated in this frequency 
region.  Maxwell’s equation for a distant fi eld is ex-
pressed as: 

E = 1.32 × 10-14 × f 2 × S × I /r  ............................... (2)
(where f is frequency, I is current, S is current loop 

area, and r is distance),
and a distant fi eld is also dependent on the current 

closed loop area of the snubber circuit and switching el-
ement.  Accordingly, in order to reduce the P-N current 
loop area inside the package, we improved the DCB 
copper pattern wiring, and tested and studied not only 
element characteristics, but also the package itself for 
the purpose of reducing noise.  As a result, as a shown 
in Fig. 3, the P-N current loop area was decreased by 
approximately 50 % compared to a conventional pack-
age, and as shown in Fig. 4, the peak value of noise 
radiation was decreased by approximately 5 dB.  Con-
sequently, the turn-on speed can be increased further, 
and a reduction in switching loss is anticipated.

5.3 Development of new DCB substrate
Figure 5 shows cross sections of IGBT modules 

(including PIMs).  The heat generated by the IGBT chip 
and FWD chip is conducted through the DCB substrate 
and copper base plate, and dissipated by the cooling fi n.  
Compared to other materials, the thermal properties 
of highly strong but less expensive alumina ceramic 
material are inferior.  The thermal conductance of the 
copper in the DCB substrate is 390 W/m·K, and the 
alumina ceramic for an insulating layer typically has 
a thermal conductance of 20 W/m·K, with the ceramic 

material acting as a heat insulating barrier.  In order 
to lower the thermal resistance of the DCB substrate, 
the ceramic material was formed into a thin plate and 
its thermal conductance improved.  On the other hand, 
based on the results of recent development work, it is 
understood that reducing the heat fl ux (heat concen-
tration) per unit area is an effective way to improve 
the heat dissipation capability.  While developing this 
product, in order to realize lower cost and higher reli-
ability, we considered using alumina ceramic material 
for the base, as had been done in the past.  However, 
eventually, we adopted the following specifi c strategy 
and developed the new DCB substrate(2).
(1) Use a ceramic having high thermal conductiv-

ity to ensure long-term reliability and mechanical 
strength (conductivity: 28 W/m·K)

(2) Increase the thickness of the DCB substrate cop-
per foil from the existing thickness of 0.25 mm to 
0.6 mm in order to disperse heat and reduce the 
heat fl ow per unit area

(3) Achieve higher reliability by increasing the copper 
foil thickness to remove the constraint on the coef-
fi cient of linear expansion that had been imposed 
by the conventional ceramic material 

Figure 6 shows the results of thermal resistance 
evaluated by the ΔVCE method.  We verifi ed that prod-
ucts using the new DCB substrate had lower thermal 
resistance Rth( j-c) by approximately 25 to 30 % than 

Fig.5 Cross section comparison of IGBT modules
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products using the conventional DCB substrate.
This new DCB substrate is selectable as well as 

AlN and SiN substrates which have high thermal con-
ductance.

6. New Product Lineup

Combining the above-described latest chip tech-
nologies with newly developed package technology, 
Fuji Electric has developed the world’s fi rst ultra-small 
IGBT-PIM, and the 1,200 V series of these devices 
realizes a current rating that is twice as large as that 
of conventional device in a package of the same size.  
Table 1 shows Fuji Electric’s lineup of packages for the 
newly developed IGBT-PIM, and Fig. 7 compares the 
exterior views of 1,200 V/150 A packages.  This lineup 

of new products is expected to enable equipment to 
be made with smaller size and lower cost.  Also, these 
products were designed in consideration of environ-
mental issues, and this product lineup complies with 
the RoHS directive, a recent environmental regulation.

7. Conclusion

As IGBT modules have progressed toward lower 
loss in recent years, the issue of noise radiation has 
once again become a concern.  This paper has intro-
duced new products from Fuji Electric that combine 
the latest chip and package technologies for the main 
purposes of reducing noise and size and lowering cost. 

Fuji Electric will continue to endeavor to realize 
elemental devices having higher levels of performance 
and reliability, to raise the level of its technology in or-
der to resolve new issues and support new marketplace 
needs, and to contribute to the development of power 
electronics.
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All Lead-free IGBT Modules and IPMs

1. Introduction

It has been reported that acid rain caused by 
changes in the global environment is causing lead to 
be discharged from the solder in discarded electrical 
devices, and that this lead ends up polluting ground-
water.  As a result, lead-free solder is being used more 
and more (in compliance with the European Union’s 
RoHS directive*1) instead of the conventional SnPb sol-
der for mounting electronic components.  Accordingly, it 
is desired that IGBT (insulated gate bipolar transistor) 
modules and IPMs (intelligent power modules) also are 
made “all lead-free.” 

In April 2005, Fuji Electric began supplying highly-
reliable RoHS-compliant (all lead-free) IGBT modules.  
As a result, Fuji Electric’s annual quantity of lead us-
age in IGBT modules decreased by approximately 1.5 
tons in the 2005 fi scal year, and an additional decrease 
of 1 ton is anticipated for the 2006.

This paper introduces Fuji Electric’s all lead-free 
compliant technology and product line of RoHS-compli-
ant IGBT modules and IPMs.

2. Locations that can be made Lead-free in IGBT 
Modules and IPMs

Lead used in IGBT modules and IPMs is mainly 
contained in the solder material.  The use of lead-free 
solder involves the challenges of: (1) ensuring suf-
fi cient reliability as a result of the change in solder 
material, and (2) higher mounting temperatures when 
using lead-free solder.  The challenge of higher mount-
ing temperature can be overcome by changing the ma-
terials used to increase the thermal resistance and by 
changing the mounting devices.

The structure of Fuji Electric’s IGBT modules 
and IPMs is shown in the schematic diagram of Fig. 1.  
Solder material is used in three locations: (1) the junc-
tion between the chip and copper foil, (2) the junction 
between the insulated substrate and the metal base, 
and (3) the junction between the terminal and copper 

foil.  Lead-free solder has been used in location (1) 
since 1998, and the ability to withstand power cycles 
of this lead-free solder has been successfully improved.  
Therefore, our new development aimed to make loca-
tions (2) and (3) lead free.

3. Making the Junction between the Insulated 
Substrate and Metal Base Lead-free

We selected and considered typical SnAg solder 
and SnAgIn solder for use in a lead-free junction be-
tween the insulated substrate and metal base.
(1) Thermal cycling tests

Figure 2 shows the results of thermal cycling tests 
when various types of solder are used.  When using 
typical SnAg solder, cracking occurred over approxi-
mately 30 % of the soldered area after 300 cycles in the 
thermal cycle test.  When using the newly developed 
SnAgIn solder, however, almost no cracking occurred 
and the reliability was nearly the same as that of con-
ventional lead solder.

The mechanism that improves the reliability of 
products using SnAgIn solder was compared to SnAg 
solder and verifi ed by observing the microstructure of 
the fractured section and by performing a FEM (fi nite 
element method) analysis. 

Figure 3 shows the results of an analysis of the 
stress-strain distribution generated by solder material 

Fig.1 Structure of conventional Fuji Electric IGBT module and 
IPM

(1) Junction between the chip and 
     copper foil (SnAg solder)

(2) Junction between the insulated substrate 
 and the metal base (SnPb solder)

(3) Junction between the terminal 
     and copper foil (SnPb solder)

Copper foil

Terminal IGBT chip

Insulated
substrate

Resin case

Ceramic layer Copper foil Metal base

*1: RoHS is restriction of the use of certain hazardous sub-
stances in electrical and electronic equipment.



Vol. 53 No. 3  FUJI ELECTRIC REVIEW74

underneath the IGBT module during a thermal cycle 
test.  In this drawing, the maximum stress is generated 
near the boundary between copper foil on the rear sur-
face of the insulated substrate and the solder layer.

Figure 4 shows the results of the fractured solder 
surface observed using a SEM (scanning electron mi-
croscope) after thermal cycle testing.  The SnAg solder 
material was fractured at the boundary between SnAg 
and CuSn alloys in the vicinity of the copper foil on the 
rear surface of the insulated substrate.  On the other 
hand, SnAgIn solder fractures not at the boundary be-
tween the CuSn alloy layer and the SnAgIn solder, but 
at the SnAgIn bulk solder layer, and the difference in 
fractured states can be seen clearly. 
(2) Tensile strength test

Figure 5 shows the results of tensile strength tests 
of bulk SnAg and bulk SnAgIn solder material.  Bulk 
SnAgIn solder material has a strength of approxi-
mately 1.5 times than that of SnAg solder.  SnAg solder 
is observed to have coarser particles as the thermal 
cycling test progresses.  Strength typically decreases as 
particles become coarser.

Based on the above results, the addition of In to 
the SnAgIn solder results in: ① suppression of the 
formation of a SnAg alloy layer, resulting in a change 
from fracturing at the alloy boundary to fracturing of 
the bulk solder material, ② an approximate 1.5 times 
improvement in bulk strength, and ③ particles that do 
not become coarser during thermal cycling tests.  These 
factors are thought to improve the ability to withstand 
the thermal cycling tests.

4. Making the Junction between the Terminal and 
Insulated Substrate Lead-free

We compared and considered SnAg solder and con-
ventional SnPb solder for use in a lead-free junction 
between the terminal and insulated substrate.
(1) Thermal cycling tests

The results of observation of the fractured section 
of solder material obtained after 300 cycles in a ther-
mal cycling test showed no cracks in either SnAg sol-
der or SnPb solder.  From these results, we computed 
the stress and strain generated in the terminal area 
during the thermal cycling test, and speculated the 

Fig.3 Results of simulated thermal stress of solder between 
insulated substrate and metal base (FEM analysis 
results)
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Fig.5 Results of tensile test for SnAg and SnAgIn solder at 
room temperature
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reason that the thermal cycling test lifespan is longer 
for typical SnAg solder.  Figure 6 shows the computed 
results.  In contrast to the previously described junc-
tion between the insulated substrate and the metal 
base, it can be seen that the maximum strain is gener-
ated in a bulk solder area at the junction between the 
terminal and the insulated substrate.  Because maxi-
mum strain is generated in the bulk solder material, 
the thermal fatigue lifespan of the terminal area solder 
can be estimated using the Coffi n-Manson law for bulk 
solder material.
(2) Fatigue life testing

In order to assess the number of cycles to failure 
for bulk solder material, we implemented isothermal 
fatigue life testing of bulk solder material.  The fatigue 
tests of the bulk materials were performed under the 
conditions of 25°C room temperature, 0.02 %/s strain 
rate.  The life span was determined to be the number 
of cycles when the applied stress was reduced 25 %.  
Figure 7 shows the results of the fatigue life testing.  
The graph shows the number of cycles to failure (fa-
tigue life) for each type of solder when stress is reduced 
by 25 % from the initial stress within the inelastic 
strain range.  The amount of strain generated at the 
soldered portion of the terminal as estimated from the 

results of Fig. 6 is also shown.  For withstanding gen-
erated strain, it can be seen that SnAg solder has the 
same or longer lifespan than SnPb solder.

Based on the Coffi n-Manson plots of Fig. 7, it is 
thought that SnAg solder, used in the junction between 
the terminal and the insulated substrate in an IGBT 
module or IPM structure, will exhibit the same or lon-
ger lifespan as SnPb solder.  This result is consistent 
with the results of thermal cycle testing of the terminal 
area of actual devices.

Based on the above results, we selected SnAg sol-
der as a lead-free solder material for use in the junc-
tion between the terminal and the insulated substrate, 
and have realized the same or higher reliability as with 
conventional products.

5. RoHS-compliant IGBT Module and IPM Series

Fuji Electric’s RoHS-compliant IGBT module and 
IPM series are listed in Table 1 and examples of the 

Fig.6 Distribution of stress at junction between terminal and 
DCB substrate

Maximum
stress
generated
at solder 
layer Terminal

Solder
DCB substrate copper foil

Table 1 Fuji Electric’s RoHS-compliant IGBT product line

Fig.8 Example of Fuji Electric’s RoHS-compliant IGBT mod-
ules and IPM packages
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product packages are shown in Fig. 8.  Fuji Electric 
is expanding its lineup of RoHS-compliant products 
sequentially, beginning with low-end devices used in 
consumer products which are easily discarded.

6. Conclusion 

Fuji Electric’s RoHS-compliant technology and 
product lineup of IGBT modules and IPMs have 
been introduced.  These products are environmentally 
friendly and achieve the same or higher level of reli-
ability as present-day lead solder products. 

Through using this technology to develop all lead-

free IGBT module and IPM products, Fuji Electric aims 
to help protecting the global environment.
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1. Introduction

As a result of the OBD (on-board diagnostic sys-
tem) regulations in the US market, gasoline evapora-
tive leak detection for fuel tank systems is increasingly 
being required.  Highly sensitive pressure sensors that 
can measure a 10 kPa range of relative pressure are 
utilized to detect gasoline evaporative leakage.

Fuji Electric has developed a pressure sensor cell 
for fuel leak detection (FTPS: fuel tank pressure sen-
sor) that uses a CMOS process-based digital trimming 
scheme.  This paper presents a product overview, dis-
cusses considerations relating to the high sensitivity 
and burst pressure design, and reports the results of a 
product evaluation.

2. Features

Figure 1 is an overview of the pressure sensor cell 
for fuel leak detection (FTPS).  A conventional pres-
sure sensor has two chips, one is a sensor gauge and 
the other is an analog circuit to compensate the sensor 
characteristics and amplify the output signals from 
the sensor gauge.  Furthermore a conventional pres-
sure sensor also needs EMC (electromagnetic compat-
ibility) protection devices such as chip capacitors, chip 
resistors or SMD (surface mounted device) fi lters.  
Therefore the conventional pressure sensor may have 
increased susceptibility to failure due to many soldered 

and wired electric connections between the terminals 
of chips and other components. 

Fuji Electric has developed the FTPS using inte-
grated single-chip technology to achieve a downsized 
and highly reliable pressure sensor.

Concepts of the FTPS development are listed be-
low.
(1) “All in one chip” confi guration including a sensor 

gauge, amplifi er, compensation circuit, noise and 
surge protection devices, and diagnostic circuit all 
integrated into a single chip

(2) Downsizing by using Fuji Electric’s standard small 
pressure sensor cell package

(3) World’s smallest one-chip pressure sensor with in-
stalled EMC compliant

(4) Reduced cost through production with Fuji Elec-
tric’s common facilities for producing standard 
pressure sensor cell packages

(5) High sensitivity and high burst pressure by using 
Fuji Electric’s proprietary diaphragm etching pro-
cess

3. Structure of the FTPS

Figure 2 shows an overview and cross section of 
the sensor unit for the FTPS.  A Wheatstone bridge 
confi gured from four diffused piezo resistors is on the 
diaphragm.  To achieve high sensitivity and high burst 
pressure, the diaphragm is etched by Fuji’s proprietary 
isotropic etching process to form a round shape.

The output voltage of the Wheatstone bridge is am-
Fig.1 FTPS cell

Fig.2 Sensor unit for FTPS

Diaphragm (piezo resistor)Amplifier, Compensation circuit 

Through-holeGlass base

<Chip cross-section>EMC protection device
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plifi ed.  The offset voltage, temperature characteristics 
are trimmed by the compensation circuits to achieve 
high output characteristics.  The compensation circuit 
is confi gured from Digital-to-Analog converters, a shift 
resistor and an EPROM (electrical programmable read 
only memory) to store the trimming data.  Also, protec-
tion devices to protect the circuits from surge voltage 
and electromagnetic noise from automotive systems 
such as the igniter or from external sources are also 
installed in the chip.  The above circuits are based on 
manifold absolute pressure (MAP) sensor technology 
which has been used since 2002.  The glass of the sen-
sor unit and the resin package have a through hole for 
introducing the reference pressure in order to measure 
relative pressure.  The sensor chip and glass are sealed 
by an anodic bonding process to prevent leakage with 
an airtight seal and to relieve stress from the resin 
package and die bond area.

The sensitivity of the FTPS is approximately 200 to 
300 mV/kPa, which is about ten times higher than the 
sensitivity of a MAP sensor.

The chip design for the newly developed FTPS tar-
geted the following improvements.
(1) Improvement of amplifi er linearity and gain in or-

der to obtain higher accuracy and sensitivity
(2) Design of the diaphragm for high sensitivity and 

high burst pressure
Figure 3 compares the cross-sections of the FTPS 

and MAP sensor.  The external dimensions of each res-
in package are the same so that the same production 
lines can be used in order to reduce machinery cost and 
production cost.

4. Design Verifi cation of the FTPS 

4.1 Design of the amplifi er for high sensitivity and high 
accuracy
Figure 4 shows a block diagram of the pressure sen-

sor circuit.
The components are based on the MAP sensor’s 

circuit.  High sensitivity of the FTPS is achieved by 
increasing the gain of the amplifi er that amplifi es the 
output voltage of the Wheatstone bridge.  High accu-
racy is achieved by improved linearity of the amplifi er 
for the MAP sensor.  Figure 5 shows the results of the 
improved linearity and compares the accuracy of the 
FTPS with that of a conventional amplifi er for a MAP 
sensor. 

4.2 Design of the diaphragm for high sensitivity and high 
burst pressure
The thickness and diameter of the diaphragm are 

Fig.4 Block diagram of output sensor circuit
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4.4 Output characteristics of the FTPS
Figure 8 shows the output characteristics of 

the FTPS when measured at the relative pressure 
of ±6.6 kPa.  The operating pressure range can be 
changed from ±6 kPa to ±10 kPa (relative pressure) by 
trimming the compensation circuits on the chip and by 
changing the thickness of the diaphragm.

4.5 Standard specifi cations
Table 1 lists the standard specifi cations of the 

FTPS.

4.6 Package option and mechanical interface
The FTPS cell package options support a wide 

range of mounting methods such as a housing type for 
mounting directly in a fuel tank or a pipe cap on cell 
package for tube installation.   

Fig.8 Pressure vs. output characteristics
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Table 1 FTPS standard specifi cations

Item Unit Specification Notes

Overvoltage V 16.5 < 1 min

Proof pressure kPa 60

Storage temperature °C - 40 to +135

Operating temperature °C - 30 to +125

Operating pressure kPa ±6.66 *1 *2

Output range V 0.5 to 4.5

Load resistor kΩ Pull-up 300
Pull-down 100

Diagnostic output 
voltage

V < 0.2 *3

Sink current mA 1

Source current mA 0.1

Pressure error %F.S. < 3.0

Temperature error Scaling
factor

< 1.5

EMC certified standard

V > 4.8 *3

*1 Relative pressure
*2 Full-scale pressure range trimming is optionally available.
*3 Output voltage when the Vcc or Vout line is open
 The diagnostic output voltage depends on the load resistance.

JASO D00-87 / CISPR 25
ISO 11452-2 / ISO 7637

also factors that determine the sensor sensitivity.
Using the fi nite element method (FEM), we inves-

tigated the optimum thickness and diameter of the dia-
phragm for FTPS.  Figure 6 shows the model for FEM 
analysis of the diaphragm and Fig. 7 shows the FEM 
analysis results.

4.3 Results of burst pressure test
Burst pressure depends on the thickness of the 

diaphragm and decreases as the diaphragm becomes 
thinner.  Therefore we evaluated the FTPS diaphragm 
burst pressure using the thinnest diaphragm within 
the tolerance for high sensitivity.  We found that the 
diaphragm and the adhesion between the sensor unit 
and resin cases do not broke at pressure of 500 kPa 
which corresponds to approximately seventy-fi ve times 
the 6.6 kPa operating pressure on each surface of the 
circuit and on the back of the diaphragm. 
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5. Conclusion

Fuji Electric has developed a pressure sensor cell 
for fuel leak detection that uses a CMOS process-based 
digital trimming scheme.  This paper presented a prod-
uct overview, discussed considerations relating to the 
high sensitivity and burst pressure design, and report-
ed the results of a product evaluation.  The basic speci-
fi cations of the newly developed sensor cell are well 
suited for applications within the pressure range of 6 
to 10 kPa (relative pressure), and package options sup-

port a wide range of mounting methods.  Automotive 
regulations for safety and environmental protection 
will become stricter throughout the world.  The mar-
ketplace needs for pressure sensors will be increase in 
the future.  Fuji Electric intends to develop new pres-
sure sensors with high accuracy and high performance 
in order to contribute to the automotive market and 
protect the environment.
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1. Introduction

Fuji Electric has developed highly effi cient and 
low-noise proprietary multi-oscillated current resonant 
circuits for use in switching power supplies.  As a cus-
tom device for this circuit, Fuji Electric has commer-
cialized the “M-Power 2”, housed in a small package 
(SIP23) containing a control IC and two power MOS 
FETs (metal oxide semiconductor fi eld effect transis-
tors), and this device has been well received for use in 
power supplies for fl at panel televisions.  As a result of 
the trend toward increasingly larger sizes of fl at panel 
televisions in recent years, large capacity power sup-
plies (having an output power of approximately 400 W) 
are being required.  To support even larger capac-
ity power supplies, Fuji Electric has developed the M-
Power 2A series of devices provided with power MOS 
FETs having a lower ON-resistance, and featuring im-
proved control IC functionality. 

This paper introduces the M-Power 2 series and 
the M-Power 2A series of multi-chip power devices, and 
the operating principles of the multi-oscillated current 
resonant power supply, to which these devices are ap-
plied.

2. Operating Principles of the Multi-oscillated 
Current Resonant Converter

2.1 Circuit confi guration
Figure 1 shows the basic circuit confi guration of a 

multi-oscillated current resonant converter in which 
an M-Power 2 device is used.  In the upper and lower 
arms, the low-side switch Q1 (power MOSFET) is sepa-
rately-excited (PWM controlled) and is driven by a con-
trol IC and the high-side switch Q2 (power MOSFET) 
is self-excited and is driven by an auxiliary winding 
P2 of an isolated transformer Tr, and current resonant 
operation is implemented with a series resonant circuit 
consisting of the Tr leakage inductance and a resonant 
capacitor Cr.  P2 and the Vcc control winding P3, which 
supplies power to the control IC, are designed to be 
tightly coupled to P1, and each generates a voltage pro-
portional to the P1 voltage.  However, the P2 voltage 
has the reverse phase of the P1 voltage.

2.2 Basic operation
Figure 2 shows the operational timing chart.
During period (1), in the state where Q1 is ON and 

Q2 is OFF, a current fl ows through Cr to P1 and sup-
plies power to the load.  Output voltage control is imple-
mented by feeding back to the control IC the signal 
from the output voltage regulator circuit as a voltage 
reference.  The control IC compares the voltage refer-
ence to a reference signal value that increases in pro-
portion to the time elapsed since the zero-crossing of 
VP1 (from negative to positive) and performs PWM con-
trol of Q1 so that the output voltage becomes constant.

During period (2), when Q1 turns OFF, the polar-
ity of VP1 inverts from positive to negative.  Current 
for charging the Q1 output capacitance and current for 
discharging the Q2 output capacitance fl ows from Tr, 
and the Q1 drain voltage rises and the Q2 drain volt-
age drops. 

During period (3), after the discharge is completed, 
the Q2 body diode begins to conduct.  At this timing, 
ZVS (zero voltage switching) becomes active when Q2 
turns ON.  The gate voltage turn-on voltage is moder-
ated by a resistance connected to the Q2 gate terminal, 
and the circuit is set such that ZVS will become active 
and prevent Q1 and Q2 from both turning ON simulta-

Fig.1 Basic circuit confi guration of the multi-oscillated current 
resonant converter
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neously and a short-circuit current from fl owing.  Also, 
with Q2 in an ON state, a current, inverted from that 
of period (1), fl ows to P1 and supplies power to the 
load.

Operation during period (4) is the same as during 
period (2).  Afterwards, the operation returns to period 
(1), and when discharging is completed, the Q1 body 
diode begins to conduct.  At this timing, ZVS becomes 
active when Q1 turns ON.  After the timing of the 
negative to positive zero-crossing of VP1 is indirectly 
detected by the P3 voltage, and after the time Td, dead 
time for prevention of an arm short, has elapsed, Q1 is 
turned ON.

2.3 Features
The converter has the following features.

(1) High effi ciency
(2) Low noise
(3) No arm-short by lower frequency side operation 

(the resonant breakaway phenomenon)
(4) High effi ciency during light load operation

Features (1) and (2) above provide the same benefi t 
as the conventional current resonant circuit frequency 
control method.  However, features (3) and (4) are diffi -
cult to achieve with the frequency control method, and 
a signifi cant advantage of the present method is the 
ability to provide these countermeasures and improve-
ments easily.

3. Overview of the M-Power 2A Series

Figure 3 shows the appearance of the M-Power 2 

and M-Power 2A series devices.  These devices use the 
same package construction.  The M-Power 2A series 
features improved control IC functionality, and its pin 
layout differs from that of the M-Power 2 series.

3.1 Structure
Internally, the M-Power 2A has an all-silicon 

multi-chip confi guration, and the M-Power 2A houses 
a control IC and two power MOSFETs (Q1 and Q2) in 
a SIP package having a height of 10 mm and width of 
30 mm, which is suitable for application to low-profi le 
power supplies.

3.2 Control IC functions
The control IC, which was developed specially for 

multi-oscillated control, has some general functions.  
One is a computation function to control the PWM 
(pulse width modulation) operation of the Q1 accord-
ing to the indicated value for the secondary side output 
voltage.  The other is a protection function by latched 
shutdown against the overcurrent, load short-circuit, 
overheat, overvoltage and undervoltage lockout.  Also, 
the latched shutdown function of the overcurrent pro-
tection and the overheat protection is provided with a 
timer setting.

3.3 Power MOSFET
The power MOSFET used is a SuperFAP-G series 

power MOSFET having the characteristics of low-re-
sistance and high switching speed, and aims to reduce 
loss.

4. Improvements to the M-Power 2A and Differ-
ences from the M-Power 2 Series

The improvements to the M-Power 2A and differ-
ences from the M-Power 2 series are as listed below.

4.1 Structural improvements
Compared to the lead frame structure of the M-

Power 2, the M-Power 2A has a larger mounting area 
for the power MOSFETs (Q1 and Q2), and enables 
the mounting of power MOSFETs having lower ON-

Fig.3 Appearance of M-Power 2 and M-Power 2A series de-
vices
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Table 1 Functional comparison of M-Power 2 and M-Power 
2A

Item M-Power 2

Input power 
at standby 
(when Po = 0 W)

M-Power 2A

0.6 W 
(burst operation)

0.41 W 
(burst operation)

Switching 
restart timing

Minimum of 
CB oscillation

FB voltage 
reaches VthFB

Dead time for 
prevention of 
arm short

Fixed Adjustable

Circuit to prevent 
audible noise at 
light load

External circuit Built-in

Overvoltage
protection (OV) 1 shot latch Timer latch 

at 270 μs

Overcurrent
protection (OC)

Plus detection 
(+900 mV)

Minus detection 
(-171 mV)

Short circuit 
protection (SC)

Plus detection
(+1,500 mV)

1 shot latch
No function

Timer latch at 100 ms Timer latch at 36 ms

Built-in
standby mode

External
standby circuit

resistance (in order to ensure suffi cient current capac-
ity, the provision of two main current terminals).  As a 
result, the MP2A5038 (500 V/0.38 Ω) is well suited for 
application to output switching power supplies of ap-
proximately 400 W.

4.2 Control IC function and performance improvements
Table 1 compares the functions of the M-Power 2 

and the M-Power 2A.
(1) Improved output voltage dropout characteristics 

at sudden change in load
In the case of unloaded burst operation as shown in 

Fig. 4 for a power supply equipped with an M-Power 2 
device, if the load is suddenly changed to a near maxi-
mum loaded condition, a phenomenon occurs in which 
the output voltage drops signifi cantly.  The voltage 
drop occurs because after a sudden load change (from 
no load to maximum load) during burst operation, even 
if the output voltage reference value, COMP voltage 
(FB (feedback) voltage in the case of the M-Power 2A), 
rises, switching does not restart unless the CB (burst 
operation frequency) oscillation reaches its lower limit.  
Thus the M-Power 2A has been devised such that 
switching restarts soon after the point in time when 
the FB voltage rises, and therefore there is almost no 
drop in output voltage, and a dramatic improvement is 
realized. 
(2) Surge voltage prevention of the overvoltage pro-

tection 
The M-Power 2’s overvoltage protection operates to 

instantaneously implement a latched shutdown when 
an excessive voltage (overvoltage) is input.  However, 
it is desired that latched shutdown does not occur 
for an overvoltage pulse having an extremely narrow 
width, such as a lightening surge.  Therefore, with the 

M-Power 2A, the overvoltage protection function is pro-
vided with a 270 µs timer, and does not react to narrow 
width overvoltage pulses.
(3) Less resistive loss for overcurrent protection detec-

tion
With the M-Power 2 series, overcurrent protection 

circuit has an operating voltage of 900 mV, the current 
detection resistance loss increases as the power supply 
output power increases, and increasing the size of the 
detection resistor results in greater heat generation.  
On the other hand, the M-Power 2A has a lower operat-
ing voltage of 171 mV, and achieves reduced detection 
resistance loss.  The following improvements have been 
made in the M-Power 2A.

(a) The current detection method has been 
changed from plus to minus, and the infl uence 
of the power MOSFET’s drive current has been 
eliminated.

(b) The current detection terminal is separated 
from the power MOSFET’s source terminal, 
and an externally attached fi lter can be de-
signed freely in accordance with the power sup-
ply specifi cations. 

(c) Two GND terminals (PGND and SGND) are 
provided, the infl uence of noise on the control 
IC lessened, and the pattern layout has been 
made easier to design.

(4) Built-in compensation circuit for light load burst 

Fig.4 Schematic drawing of operation at sudden load change
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operation 
With the M-Power 2, the operation is burst dur-

ing a light load, and in cases where an audible burst 
operation sound from Tr creates a problem, it is recom-
mended that a circuit be attached externally to provide 
a solution.  On the other hand, with the M-Power 2A, 
a compensation circuit for burst operation is built-in, 
thereby enabling a reduction in the number of exter-
nally attached components.

(5) Reduced power consumption of control IC
The M-Power 2 has a built-in standby function, but 

the M-Power 2A eliminates this function in order to 
reduce the consumption of electrical power by the con-
trol IC.  However, in the case where a standby function 
is required in one converter, a standby function circuit 
can be attached externally.  (See Fig. 5.)

5. Conclusion

This paper has introduced the newly developed M-
Power 2A series of products that feature an improved 
control IC for power supplies in fl at panel televisions 
and the like (Table 2).  Accordingly, the M-Power 2A 
series of devices are well suited for application to large 
capacity power supplies for use in large screen fl at 
panel televisions and the like.  In the future, Fuji Elec-
tric plans to expand the product lineup to support vari-
ous other requests.  Fuji Electric also intends to strive 
to develop power supply systems and to commercialize 
custom power devices in order to support requests for 
even more sophisticated power supplies.

Table 2 Fuji Electric’s M-Power 2A series product lineup

MOSFET
(Q1, Q2)Model name Package

Control IC

500 V 16.5 V SIP23125 to 
150°C

VDS RDS (ON) VCC (ON) Tj (OFF)

MP2A5038 0.38 Ω

MP2A5050 0.50 Ω

MP2A5060 0.60 Ω

MP2A5077 0.77 Ω

MP2A5100 1.0 Ω

MP2A5135 1.35 Ω

Fig.5 External standby circuit
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Multi-output PDP Scan Driver IC

1. Introduction

Over the past several years, driven by advances in 
PDP (plasma display panel) and LCD (liquid crystal 
display) TV technology, fl at-screen TVs have rapidly 
become popular in the market for home-use televisions.  
The market had previously been divided among large-
screen PDP TVs and small-screen LCD TVs, but LCD 
TVs have recently entered the large-screen market, 
and competition with PDP TVs is intensifying.  Also, 
with the increase in terrestrial digital broadcasts, and 
the greater popularity of such products as game devices 
and DVDs (digital versatile disks), there is demand for 
not only larger screen displays, but also for higher pic-
ture quality, lower cost and lower power consumption. 

The peripheral circuitry accounts for a large per-
centage of the cost of PDPs, and requests are intensify-
ing, year after year, for lower cost driver ICs for driving 
the PDPs.  Since the driver ICs also control the emis-
sion of light from the panel, the driver IC performance 
directly affects the PDP performance.  Consequently, 
lower cost and higher performance are continuously re-
quested of the multiple driver ICs used in a panel. 

There are two types of PDP driver ICs, scan driver 
ICs that select scan lines and address driver ICs that 
select data.  Fuji Electric is developing both of these 
types of IC drivers.  This paper introduces a 96-bit scan 
driver IC developed with the aim of increasing bright-
ness and reducing cost.

2. Features of PDP Scan Driver ICs

A PDP is constructed from a rare gas mixture of 
Ne, Xe, or the like, encapsulated between two overlap-
ping glass panels on which are formed an electrode ma-
trix consisting of a horizontal arrangement of sustain 
electrodes, for emitting, and a vertical arrangement of 
address electrodes, for selectively addressing display 
data.  The intersections of the address electrodes and 
sustain electrodes demarcate a single PDP cell.

The cell to be displayed is selected by opposing 
discharges between the address electrodes and the 
sustain electrodes, and surface discharge is performed 
among the sustain electrodes.  The UV rays generated 

by such discharge excite fl uorescent material in each 
cell, causing light to be emitted.

Figure 1 shows the confi guration of a PDP module.  
Scan driver ICs drive horizontal electrodes in the pan-
el, and simultaneously control all the discharge cells 
within the panel.  The number of ICs used varies ac-
cording to the type of the panel.  Typically, a HD (high 
defi nition) panel contains at least 720 vertical pixels 
which confi gure the screen, and uses 12 conventional 
scan driver ICs which has 64 outputs.  Also, panels 
having 1,920 × 1,080 pixels for displaying the intricate 
detail of a high vision broadcast are known as full-HD 
panels.  A panel that supports full-HD (having at least 
1,080 vertical pixels) must use 18 conventional scan 
driver ICs which has 64 outputs.

3. PDP Scan Driver IC Technology

3.1 Device process technology
Scan driver ICs use the SOI (silicon on insulator) 

method of dielectric isolation technology.  Because the 
isolated device area can be made small without any 
restrictions on the device, this method is optimal in 
terms of cost and performance for scan driver ICs that 
feature a high breakdown voltage, large current and 
multiple outputs.  In a multi-output scan driver IC, the 

Fig.1 PDP module drive circuit
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output circuit area occupies 50 % or more of the entire 
chip area, and therefore in order to reduce cost, the 
most effective means for reducing the IC chip area is to 
reduce the output circuit area.  Thus, a scan driver IC 
which requires a large current fl ow uses an IGBT (in-
sulated gate bipolar transistors) capable of a large cur-
rent fl ow even in a small area, instead of a MOS (metal 
oxide semiconductor).  Fuji Electric’s newly developed 
scan driver ICs have a higher breakdown voltage than 
conventional scan driver ICs, and are equipped with a 
low ON-resistance SOI-IGBT device.  The lower ON-re-
sistance makes it possible to reduce the amount of heat 
generated during operation, and the higher breakdown 
voltage supports higher brightness.

3.2 Circuit technology
Figure 2 shows the main operation and output 

stage circuit of a scan driver IC.  A PDP uses a reset 
period, an address period, and a sustain period to dis-
play a single screen.  The main operation of the scan 
driver IC consists of address and sustain operations, 
and is described simply below.
(1) Reset period

In the reset period, a pulse of approximately 350 V 
is applied so that wall charge can be generated stably 
during the address period.  The applied voltage causes 
a priming discharge to occur, and wall charge to be re-
moved.
(2) Address period

In the address period, cells are selected or non-
selected according to a combination of address driver 
IC pulses and scan driver IC pulses.  When a cell is se-
lected, N1 (IGBT) turns ON, and when de-selected, N2 
(IGBT) turns ON and outputs a waveform.  A selected 

cell fl ows a large current through N1 (IGBT) and per-
forms a preliminary discharge.  At this time, a voltage 
of approximately 70 V is applied to the address driver 
ICs, and for each scan line, a current of at least 1 A 
fl ows to a scan driver IC.
(3) Sustain period

In the sustain period, a voltage of approximately 
180 V is applied alternately to the sustain circuit, and 
the repeated application of pulses causes cells selected 
during the address period to sustain their discharge.  
The discharge current is supplied from both N1 (IGBT) 
and D1 (diode), and a gradated display is implemented 
according to the number of repeated discharges.

3.3 Smart gate control (SGC) technology
A problem associated with IGBTs is that if a large 

current is output continuously, latch-up may occur and 
cause the device to become damaged.  In particular, in 
order to reduce cost, if a device is shrunk and the cur-
rent density increased, then the device becomes sus-
ceptible to damage.  One conceivable cause would be 
an abnormal discharge due to an overload short-circuit 
condition or abnormal operation such as in the case of 
short-circuited output terminals.  Modifying a device so 
that there will be no damage when an abnormal opera-
tion occurs results in a larger device area and higher 
cost.  Therefore, a SGC (smart gate control) circuit, ca-
pable of outputting a large current during a discharge 
period when current is needed and limiting the current 
during a discharge period when current is unneces-
sary, was designed and used in practical applications(1).  
Since the SGC operation is controlled synchronously 
with a clock signal, the control circuits can be shared 
for a multi-output device and the control circuits can 
be miniaturized.

Figure 3 shows waveforms in the case where adja-Fig.2 Scan driver IC operation
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cent output terminals have been short-circuited.  Dur-
ing a short-circuit condition in the case where SGC 
technology is not utilized, current will continue to fl ow 
and the heat generated as a result of the increased 
duration of the short-circuit and the rise in voltage will 
cause damage.  However, in cases where SGC technol-
ogy is utilized, the current fl ow is stopped after a fi xed 
time has elapsed, and therefore if the short-circuit 
has a long duration, damage will not occur even if 
the voltage rises up to a certain level, and therefore, 
the current density of the device can be increased to 
reduce the device size.  The SGC makes it possible to 
extend the time until short-circuit damage occurs, and 
by switching the device OFF before the occurrence of 
short-circuit damage, a short-circuit will not cause any 
damage to occur.

4. Application to a PDP Scan Driver IC (FD3298F)

As PDP TVs achieve larger screen sizes, higher res-
olution and lower cost, driver ICs are being requested 
to have higher breakdown voltage, larger current and 
lower cost.  In response to these requests, and focusing 
on multi-output capability, Fuji Electric has increased 
the breakdown voltage without increasing the device 
size to develop a 96-bit scan driver IC that enables the 
number of scan driver ICs used to be reduced, from 12 
(previously) to 8, in a HD panel as shown in Table 1.  
Also, in a full-HD panel, cost reductions can be realized 
by reducing the number of ICs used from 18 64-bit ICs 
to 12 96-bit ICs.  Fuji Electric’s 96-bit scan driver IC, 
FD3298F, is introduced below.

4.1 Features
Main features of the FD3298F are listed below.

(1) 96-bit bi-directional shift register (with 15 MHz 
clear function)

(2) 180 V absolute maximum rating (supply voltage 
for output), 7 V absolute maximum rating (supply 
voltage for logic)

(3) Power output supply voltage: 30 V to 150 V
(4) 5 V supply for logic
(5) Driver output current: −0.4 A/+1.4 A (source/sink)
(6) Diode output current: −1.4 A/+1.2 A (source/sink)
(7) 128-pin TQFP with exposed pad (E-PAD)

4.2 Circuit confi guration
Figure 4 shows a block diagram of the FD3298F.  

The circuit is confi gured from a 96-bit bi-directional 
shift register circuit, a 96-bit latch circuit, data select 

circuits, and a 96-bit output circuit.  So that the output 
circuit can charge and discharge the discharge cells in 
the panel, a totem pole output circuit confi gured from 
two devices having a high breakdown voltage is used 
in the output circuit.  In order to prevent malfunction, 
Schmitt circuits are connected to the shift register 
input terminals, with the exception of the A/B signal 
terminal that determines the direction of the shift 
register.  Also, the logic output is a trailing edge output 
with respect to the clock signal.

4.3 Comparison with a conventional IC
Figure 5 compares the chip size of a conventional 

Table 1 Number of scan driver ICs used

Fig.4 FD3298F block diagram

OC1

OC2

LE

DA

CLK

CLK
DATA

CLR CLR

A/B A/B

DB

VDL GND VDH VDH

DATA Q96

Q1
Q2
Q3

LE

VDH

GND

Q96 L96

L1Q1
Q2
Q3

DO1
to

DO48

VDH

GND

DO49
to

DO96

96
-b

it
 s

h
if

t 
re

gi
st

er

96
-b

it
 la

tc
h

S
el

ec
to

r
S

el
ec

to
r

SD (VGA)

HD (XGA)

Full HD

Resolution Scan lines

1,080

480

over 720

64ch IC 
use number

18

8

12

96ch IC 
use number

12

6

8

Fig.5 Die size comparison of FD3298F and conventional scan 
driver IC

Conventional
scan driver IC

Area ratio : 1.0
Ratio of outputs : 1.0

FD3298F Area ratio : 1.42
Ratio of outputs : 1.5



Vol. 53 No. 3  FUJI ELECTRIC REVIEW88

scan driver IC and the FD3298F.  The chip size of the 
FD3298F is 1.42 times that of a conventional 64-bit 
scan driver IC, but the number of bits is 1.5 times 
greater, and since the number of chips used will de-
crease, the cost will lower than in the case of conven-
tional scan driver ICs. 

Figure 6 shows the external appearance of the 
package.  The conventional IC package uses a TQFP 
100-pin (E-PAD) package, but since the FD3298F has 
a 96-bit output, the FD3298F uses a TQFP 128-pin (E-
PAD) package.  The increase in the number of output 
bits creates a problem of more heat generated, but by 
reducing the ON-resistance to a value lower than that 
of the conventional scan driver IC, the generation of 
heat during operation is reduced, and by increasing the 
number of E-PADs and pins, heat is dissipated more ef-
fi ciently from the package.

5. Conclusion

Fuji Electric’s PDP scan driver IC, FD3298F, which 
was developed with the aim to achieve higher break-
down voltage and lower cost has been introduced.

Fuji Electric intends to continue to develop device 
technology, circuit technology and process technol-
ogy for scan driver ICs in response to marketplace and 
panel manufacturer’s requests.

Reference
(1) Kobayashi, H. et al. PDP Scan Driver IC with Smart 

Gate Controlled IGBTs. IDW’04. PDP3-3.

Fig.6 External appearance of FD3298F and conventional 
packages
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A 2nd Generation Micro DC-DC Converter

1. Introduction

While miniaturization of cell phones, digital still 
cameras, portable music players and other types of 
portable electronic equipment is being accelerated, 
lower current consumption is being required in order 
to enable longer continuous usage of batteries.  For this 
purpose, the power supply control ICs installed in such 
equipment are required to have a smaller footprint and 
to operate at higher effi ciency to the extent possible.

In response to these requirements, micro DC-DC 
converters that integrate a control IC and an inductor 
have been developed and commercialized.

The originally developed prototype had a monolith-
ic structure in which a thin fi lm inductor was formed 
on the control IC, and although a thinner package was 
realized, problems remained with the product size and 
effi ciency.

Thereafter, using a structure in which a dual-pur-
pose substrate on which an inductor is mounted is 
connected to a control IC by fl ip chip bonding, the prob-
lems associated with the prototype were solved and a 
1st generation product was commercialized.

This paper introduces Fuji Electric’s newly devel-
oped FB6831J, a 2nd generation micro DC-DC convert-
er that realizes an even smaller size.

2. Features

The micro DC-DC converter, as shown in Fig. 1, 
achieves a smaller size as well as a fewer components 

confi guration by integrating the discrete inductor, 
selectable by the user according to the application in 
a conventional DC-DC converter, with the control IC.  
The concept of the micro DC-DC converter is to provide 
a DC-DC converter that is as easy to use as a LDO (low 
drop out) regulator.

Figure 2 shows the external appearance of the mi-

Fig.2 External appearance of micro DC-DC converter
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cro DC-DC converter.  The product footprint has been 
reduced by approximately 40 % with each successive 
generation.

The FB6831J is a micro DC-DC converter that has 
step-down output voltage from the input voltage of a 
single-cell Li-ion battery.  The FB6831J has a maxi-
mum output current of 500 mA.

Main features of the FB6831J are listed below.
(1) External dimensions: As shown in Fig. 2(c), the 

FB6831J realizes dimensions of 2.95 mm × 
2.40 mm, and a thickness of 1 mm (typ).

(2) Package: As shown in Fig. 2(c), by using a CSM 
(chip size module) having ten terminals arranged 
on two sides, a micro DC-DC converter module of 
almost the same size as the die size is realized

(3) Terminal confi guration: The use of a SON (small 
outline non-lead) structure in which the terminals 
do not extend from the exterior of the package 
(PKG) contributes to the smaller footprint.

(4) Inductor: L = 1.25 µH (300 mA), Rdc = 0.1 Ω
 As shown in Fig. 2(c), the inductor structure has 

the same toroidal shape as the 1st generation 
converter, but the terminals are arranged on two 
sides.  Further, by increasing the percentage of 
area occupied by the inductor coil pattern, the 
module area size has been reduced down to 60 % 
while an inductance value of 75 % that of the 1st 
generation converter is obtained.  Using a thick 
fi lm for the coil conductor has achieved an ap-
proximate 50 % reduction in Rdc.  Moreover, by 
selecting a ferrite-based substrate material with 
lower core loss, the design was optimized to resist 
magnetic saturation.

(5) Protection circuit: The FB6831J is equipped with 
an internal protection circuit to protect against 
such abnormal conditions as shorting to ground, 
chip overheating and UVLO (under-voltage lock 
out), and also to provide overcurrent protection.  
When an abnormal condition is detected, the pro-
tection circuit suspends operation of the chip.  Set-
ting the CE terminal to an L-level voltage releases 
the protection state, and setting the terminal to 
an H-level voltage returns the chip to its normal 
operation.

(6) Switching frequency: 2.5 MHz 
 High-speed operation is realized through opti-

mized design of the dead time control, driver 
circuits, high-speed comparators, and oscillation 
circuits.

(7) Low current consumption: Standby mode: 1 µA, 
Operating mode: 300 µA

 Each circuit cell was designed for low current 
consumption to realize the low level of current 
consumption required in portable electronic equip-
ment.

The main electrical characteristics of the FB6831J 
are listed in Table 1.

3. Module Technology for the Micro DC-DC 
Converter

The structures of the prototype, 1st generation and 
2nd generation models are compared in Table 2.  The 
2nd generation micro DC-DC converter assembly uses 
low loop wire bonding to realize a product thickness of 
1 mm (typ).

Table 1 Main electrical characteristics

Item Symbol

Power supply voltage

Current consumption

Output voltage range

2.7 3.6 5.5 VVDD

– 0.1 1 μAIVDD1

typminCondition

VDD Pin
CE = L

Iload = 0 to 500 mA

60 80 100 μAIVDD2
VDD Pin
CE = H, Unloaded

– 0.1 1 μAIPVDD1
PVDD Pin
CE = L

– 145 165 mAIPVDD2

0.8 – VIN – 0.7 VVOUT

Maximum efficiency
VOUT = 1.8 V, Iload = 200 mA – 90 – %1

VOUT = 1.5 V, Iload = 200 mA – 85 – %2

Output voltage accuracy Iload = 0 to 500 mA, VOUT = 1.5 V -3 – 3 %VOUTA

Oscillation frequency IOUT = 50 mA 2.3 2.5 2.7 MHzfOSC

UVLO ON threshold voltage 2.3 2.4 2.5 VVUVLH

UVLO OFF threshold voltage 2.2 2.3 2.4 VVUVLL

Output ripple voltage

VOUT = 1.5 V, Iload = 300 mA, 
Capacitor ESR < 100 mΩ – – 40 mVp-p

VOUT = 1.5 V, Iload = 500 mA, 
Capacitor ESR < 100 mΩ – – 50 mVp-p

Vripple

PVDD Pin
CE = H, IOUT = 300 mA
VOUT = 1.5 V

max Unit

η

η
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In the 1st generation assembly that used fl ip chip 
bonding, control IC pads were arranged at fi xed loca-
tions, and therefore the chip size of the control IC could 
not be reduced due to the constraint of the inductor 
size.  The newly developed assembly uses wire bonding, 
which allows for a greater degree of freedom in the po-
sitioning of the control IC pads and in determining the 
chip size, enabling cost-effective optimal chip design.  
On the other hand, because wire bonding has higher 
wire resistance than fl ip chip bonding, multiple wires 
are installed for the large current, low impedance ter-
minals.  After the wire bonding has been completed, 
the control IC surface is coated with a liquid resin, and 
the inductor substrate is diced to form the individual 
micro DC-DC converters. 

4. Application Circuit

Figure 3 shows a block diagram and Fig. 4 shows an 
example application circuit of the FB6831J.  Because 
this product is equipped with an internal inductor, an 
output MOS (metal oxide semiconductor) and a phase 
compensation circuit, the only external parts are I/O 
capacitors and voltage-setting resistors, to confi gure 
a buck converter, FB6831J contributes greatly to the 

miniaturization of portable electronics equipment.
The newly developed FB6831J incorporates the fol-

lowing innovations to realize higher effi ciency.
(1) Control circuit (IC): Optimized dead time, lower 

current consumption of each block, optimized os-
cillation frequency

(2) Output MOS (device) size: Size has been optimized 
such that conductive loss, low gate charge loss, 
and low drain capacitance loss are a minimum at 
the switching frequency.

(3) Inductor: Selection of substrate material that re-
duces core loss.  Terminal arrangement that opti-
mizes the coil pattern area

An actual measurement example of effi ciency is 
shown in Fig. 5.

High effi ciency of 90 % is realized at VIN = 3.6 V, 
VOUT = 1.8 V and IOUT = 200 mA.

Use of the newly developed and commercialized 
FB6831J enables the construction of a DC-DC convert-
er system enabling a smaller and thinner assembled 
device, and longer battery life.

Table 2 Structural comparison Fig.4 Example application circuit
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5. Conclusion

The FB6831J has been introduced as a 2nd genera-
tion DC-DC converter module for use with a single-cell 
Li-ion battery in applications mainly in portable elec-
tronic equipment including cell phones, digital still 
cameras and the like. 

In the future, Fuji Electric plans to add to its 
product lineup a micro DC-DC converter that sup-
ports various input voltages and output voltages.  Fuji 
Electric also intends to continue to develop inductor 

material capable of ensuring the required inductance 
values even when the physical size of the inductor is 
small, and to develop a low RonQg device having low 
gate charge loss and low drain capacitance loss even 
when the switching frequency is high to realize higher 
effi ciency and smaller size.

Reference
(1) Hayashi, Z. et al. High-Effi ciency DC-DC Converter 

Chip Size Module With Integrated Soft Ferrite. THE 
2003 INTERNATIONAL MAGNETICS CONFERENCE 
(INTERMAG 2003).
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