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Overview

Advances in Power Devices to Support Tomorrow’s Society

by Yasuji Nagayama*

I n the 21st century, when so much attention is being concen-
trated on environmental issues, advances in reducing energy con-
sumption and in clean energy have an essential part to play in
measures to reduce the volume of CO, generated. Central to these
efforts are energy-efficient electrical equipment, as typified by in-
verters, and solar and wind power among other clean sources of en-
ergy. It is here, in the conversion of electrical power, that power
semiconductor devices will play the crucial role. They are literally
indispensable.

Mitsubishi Electric Corporation, as a leading manufacturer of these
devices, boasts a research and development organization that suc-
cessfully implements our corporate vision-to use technological in-
novation to launch new products and create new markets relying
upon integrated expertise not only in semiconductor processes but
also in package development and applications. The IGBT, the power
chip at the heart of so many of these devices, is now taking prodi-
gious strides in reduced losses thanks to the development of trench
structures, and is making major contributions to energy saving. Higher
integration and intelligence are also creating new generations of
devices that provide solutions. Our accumulated expertise in periph-
eral devices is also developing LVICs and HVICs that combine with
power chips to create intelligent power modules (IPMs) based on
entirely new concepts.

As these IGBT modules and IPMs advance from one generation to
the next, they are creating new markets for the power modules of
the future. This issue of Advance introduces some of the latest tech-
nologies and products in this vital field. O

*Yasuji Nagayama is General Manager of Power Device Works.
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The NF Series: New Trench-type IGBT
Modules with Low Power Drive

by Mitsuharu Tabataand Tooru Matsuoka*

The NF series features IGBT modules that use
CSTBTs. CSTBTs, which surpass the theoreti-
cal barriers for IGBT performance, have the most
advanced fundamental characteristics while still
using essentially the same technology as con-
ventional trench IGBTSs. In planning NF Series
products, ease of use and compatibility were
considered, rather than focusing exclusively on
reduction of losses. The NFH Series was devel-
oped at the same time for high-frequency switch-
ing applications.

The NF Series

Mitsubishi Electric Corporation has marketed
dual-IGBT 100A to 600A IGBT modules contain-
ing CSTBTSs, developed as the fifth-generation
IGBT (see Table 1). This series serves the strong
market demand for dual-element IGBT modules.
The corporation’s conventional H series prod-
uct is used in awide variety of applications, and
many firms have developed a broad range of ap-
plication technologies for these products. In
order to take advantage of these existing tech-
nological resources while switching to state-of-
the-art elements, the dual-element NF series
features package dimensions (Fig. 1), drive char-
acteristics, short-circuit characteristics, etc.,
similar to those of the H series. The CSTBTs
should be thought of as an extension on the tried-
and-true trench IGBT technologies, with im-
provements in terms of high reliability/stable
supply design.

Based on the fourth-generation trench IGBT
structure, this fifth-generation IGBT chip uses
three superior technologies: the carrier stored
trench-gate bipolar transistor (CSTBT) structure
(providing improved performance), the plugging
cell merged (PCM) technology (which controls

Fig. 1 NF Series and H Series: In each pair, the H
Series unit is on the left and the NF Series
unit is on the right.

the channel density), and the light punch
through (LPT) structure (which facilitates par-
allel connections with high-voltage elements
and facilitates faster switching, while improv-
ing failure capability or endurance). Each of
these technologies is described below.

The n- drift layer resistance, which is high
when the element is OFF in order to maintain
the breakdown voltage, is reduced by the injec-
tion of holes from the P collector region when
the element is ON. The concentration of these
holes falls with the distance from the injection
point, so the resistance tends to remain high in
the vicinity of the emitter. CSTBT is a technol-
ogy in which innovations have increased the
concentration of holes in the vicinity of the
emitter.

On the other hand, even though trench IGBTs
have the advantage of providing extremely high
current densities, this characteristic becomes a

Table 1 Product Line (all products have dual elements)

Series /Ges 1)
W) 100 150 200 300 400 500

NE 600 CM150DY-12NF | CM200DY-12NF | CM300DY-12NF | CMA400DY-12NF | CM400DY-12NF
1200 CM100DY-24NF | CM150DY-24NF | CM200DY-24NF | CM300DY-24NF | CM400DY-24NF | CM500DY-24NF
600 CM200DU-12NFH | CM300DU-12NFH | CM400DU-12NFH | CM500DU-12NFH

N 1200 CM100DU-24NFH | CM150DU-24NFH | CM200DU-24NFH | CM300DU-24NFH | CM400DU-24NFH | CM500DU-24NFH

*Mitsuharu Tabata and Tooru Matsuoka are with the Power Device Works.
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disadvantage in applications that require short-
circuit capabilities. While short-circuit capabili-
ties require the channel density to be reduced,
simply expanding the gap between trenches has
an impact on the withstand voltage. Given this,
PCM technology fills in the trench gates for one
out of every few trenches, causing the gate to
short to the emitter to prevent operation. This
makes it possible to obtain input capacitance
characteristics and short-circuit capabilities
similar to those of planar IGBTSs.

The structures of IGBTs can be categorized as
punch-through (PT) or non-punch-through (NPT)
structures. Generally, PT structures, with their
lower saturation voltage, are particularly effec-
tive for low withstand voltage applications, while
NPT structures are more suitable for higher with-
stand voltages, where switching losses are a
larger proportion of total losses and lower satu-
ration voltages matter less.The light punch-
through (LPT) structure is positioned between
them, and is used in 1,200V-class IGBTSs.

Because this product series is compatible with
the H series, the rated currents (model names)
are set in away markedly different from general
products. The CSTBT is a descendant of the
trench IGBT, with an extremely low saturation
voltage and high DC current-carrying capabili-
ties; however, in many 1,200V applications
where switching losses predominate, when the
rated current is set by the DC current-carrying
capability, problems arise in terms of compat-
ibility with the H series. To ensure compatibil-
ity with units in the H series that have the same
rated current for that type name, the margin in
the NF series is about one rank above that which
is usual for the current-carrying capability. While
this causes a shift in the current-carrying capa-
bility ranking in the direction of having too large
a margin for new designs, which often have
lower switching frequencies, this approach was
adopted to ensure compatibility with the H se-
ries.

On the other hand, in the later part of the third
generation products, the corporation made ma-
jor improvements in packaging (specifically in
the U and F Series). The power-cycling life ex-
pectancy was improved dramatically through the

move to a single soldering cycle and through
the selection of the optimal solder. The NF se-
ries from now on uses packages with improved
internal structures while maintaining compat-
ibility with the third-generation IGBT in terms
of external dimensions (Fig. 2), and power-cy-
cling life expectancies have again been improved
dramatically through the optimization of the
wire-bonding conditions and parameters (Fig. 3).
Similarly, major improvements in the later part
of the third generation dramatically decreased
the stray inductance of the main terminal parts,
and, based on this technology, the NF series has
succeeded in reducing the inductance by about
half that of the H Series, while still maintaining
compatibility with the H Series’ dimensions.

Fig. 2 An H Series-compatible cover on an F
Series base case equals NF Series

The NFH Series

The corporation has also marketed the NFH
series of IGBT modules, taking advantage of
broad latitude in adjusting the carrier density
spread in the CSTBT structures to increase the
turnoff speeds of the elements (see Table 1 and
Fig. 4). The 30~60kHz circuitry, and the H bridge
circuit in particular, have been adjusted, target-
ing applications such as medical equipment,
induction heating, welding equipment, high-fre-
guency power links, etc., equipment that in-
volves turn-on soft switching and turn-off hard
switching. The turnoff speed for general-use
IGBTs is rather slow, making them difficult to
use in these applications. In particular, the low-
noise countermeasures of recent IGBT modules
often counter the requirements for high-fre-
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Fig. 4 Comparison of turnoff waveforms for the
NFH Series and the H Series

guency responsiveness. Generally, when minor-
ity carrier lifetimes are reduced excessively in
order to provide high-speed response in IGBTs
the on-state voltage drop will be extremely high
due to the reduction in modulation in the n- layer
at lower currents. However, this phenomenon
is less likely in the LPT structure used in the
CSTBTSs for the 1,200V Class.

Based on the U and F series packages, with
their reduced stray inductances, the NFH se-
ries takes the skin effect into account in
strengthening the internal interconnections. The

4 . Mitsubishi Electric ADVANCE

1,000,000,000 ——
1 NF - Series >
100,000,000 s
10,000,000 \
—— F-Series o
T T TTTTT \
2 1.000.000 [ T
Is) S H - Series St
AN
\
100,000
Failure rate;1% 1
10,000
1,000
1 10 100 1000
ATjl°d]
Fig. 3 Power-cycle compatibility
Ciondifions: rated current, freewheeling diode, outline, etc.,

have been set independently in accordance with
the fact that the NFH Series’ IGBTs are used in
applications that are very different from those
of standard IGBT modules. The NFH Series of
IGBT modules gives preference to switching
speed over short-circuit capabilities. In this way,
the NIFH series specializes in high-speed turn-
off characteristics, and even though losses are
small, this series is not intended for general in-
verter applications, but rather can be used to
pursue performance that has been difficult to
achieve with conventional IGBT modules in
high-frequency switching applications.

The new NF series, by incorporating the very
latest technical developments while maintain-
ing the greatest possible compatibility with the
previous generation, ensure that the many com-
panies using Mitsubishi Electric’s products will
be readily able to make the transition to take
advantage of the superior performance offered
with the minimum disclocation of their produc-
tion lines. The NF and NFH series will also open
up new applications where their superior per-
formance will offer significant competitive ad-
vantages. [
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L Series IPMs: Low Loss, Low Noise, New
Control

by Nobutake Taniguchi and Takahiro Inoue*

The newly developed Mitsubishi Electric Cor-
poration L Series intelligent power modules
(IPMs) feature a new, smaller package, and have
reduced losses due to the use of a fifth-genera-
tion IGBT (the CSTBT), and reduced noise due
to a newly developed control/driving circuitry.
Typical packages are shown in Fig. 1 and their
dimensions, etc., in Fig. 2.

Fig. 1 The L Series 5th-generation IPMs

Chip Technologies
To reduce losses, the L Series IPM uses a car-
rier-stored trench-gate bipolar transistor (a

CSTBT) fifth-generation IGBT in a fifth-genera-
tion IPM circuit. The CSTBT is a leading-edge
power chip that provides an excellent trade-off
between low “on” voltages and the IGBT turn
off loss.

To reduce noise in the forward direction, the
new IPM uses the same lifetime-control tech-
nology as in the fourth-generation intelligent
power module.

The use of these leading-edge power chips, in
combination with the new control/driving meth-
ods described below, constitutes a fifth-genera-
tion IPM with significantly reduces losses and
noise.

CoNTROL CIRCUIT TECHNOLOGY. Although
reduced switching losses are often associated
with increased electromagnetic interference
noise, and, conversely, reduced electromagnetic
interference often means increased switching
losses, the IGBT control/drive method was
reviewed and new control ICs were developed
in order to provide this fifth-generation IPM with
superior performance in both of these areas.

In the conventional control-circuit approach,
used up to and including the fourth-generation
S-DASH IPMs, the parameters that determine
the switching speed (that is, the output voltage,

Pa&l;)age Type A (Terminal screw type) Type B (Terminal solder type) Type C (Terminal screw type)
135 |
|_ 120
Shape
LxWxH(mm) 66.75x120x31 55x120x27.5 110x135x34.7
Weight(g) 380 340 800

Fig. 2 Dimensions of the 5th-generation IPM package types

* Nobutake Taniguchi and Takahiro Inoue are with Power Device Works.

March 2004 + 5



TECHNICAL REPORTS

gate resistance Rg, etc., of the control IC) could
not be changed. Because of this, setting the
switching speed so as to reduce the electromag-
netic interference would have the drawback of
increasing losses in all electrical current do-
mains.

In contrast, the switching speed in the new
power-module circuits can be toggled between
two levels by the IGBT collector current. Fig. 3
is a block diagram of this fifth-generation IPM

ControlIC|~———————————————-=I
1
! |
' swi 8 Ic
1
1
Input signal SW3 :
| I =
. 1 g
! |
! > SW2 .
1
1
: ; Current +ViCS
. Comparator-l- ? j detector
. 1 reS|Stan<:ev
1
.

Fig. 3 Control circuit for the 5th-generation IPM

control circuit, and Fig. 4 is a time chart for the
control circuit. In the figures, V is the control
input signal, I_is the collector current, V,_ is
the collector-current detector voltage, and ly is
the gate-drive current. If the collector current |
is less than the current value that would switch
the switching speed, the IGBT is driven by only
a single current source (SW1: ON, SW3: OFF),
but when the collector current | _is higher than
the current value for switching, the IGBT is
driven by two current sources SW1 and SW3 are
both ON).

Consequently, the gate voltage rises more
gradually in the low-current domain, resulting
in “soft switching” and making it possible to
reduce the electromagnetic interference noise
by reducing the dv/dt turn-off in the forward di-
rection. On the other hand, in the high-current

(n-1) (@]

VIN ov on off on [

Ic 0A — ’\ // —\

Vics // \
100%

Ig 0A 500 — [F--------

Fig. 4 Control-circuit timing chart
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domain, the switching is done at the normal
speed, making it possible to reduce losses.

Fig. 5 shows the dv/dt collector-current de-
pendency when turning off in the forward direc-
tion, with and without this soft switching. In
the low-current domain, the soft switching is
able to reduce the dv/dt when there is a for-
ward-direction turnoff.

Fig. 6 shows the V__. waveform when turning
off in the forward direction, with and without
the soft switching. This succeeds in reducing
the forward-direction turnoff dv/dt when the
IGBT is turned off. Fig. 7 shows the results of
measuring radio-frequency noise when a motor
is actually running, using a fourth-generation
intelligent power module versus the new, fifth-

6000 Witihout soft switching

5000
4000
3000

2000

1000

Fwd turn-off dv/dt [V/us]

Collector current [A]

Fig. 5 Relationship between dv/dt and the
collector current in forward turnoff

generation module. This noise is reduced by
approximately 10dB. The above approach suc-
cessfully provided a control-circuit method that
reduces both losses noise in the new module.

PACKAGING TECHNOLOGY. Three new types of
packages have been developed for the fifth-gen-
eration intelligent power module. These pack-
ages are as shown in Fig. 1 and 2.

Ratings from 50~300A/600V and 25~150A/
1,200V are covered by two packages-a screw-
type primary terminal shape (A and C in Fig. 2).
The range of choices offered to the customer is
increased by the product line including one pack-
age, with a pin-type primary terminal shape, for
the 50~75A/600V and 25~75 A/1,200V range (the
B type in Fig. 2).

The fifth-generation packages are about 32%
smaller than the fourth-generation IPMs (the S-
DASH series) in terms of the mounting surface
area of the packages in the 50~150A/ 600V and
50~75A/1,200V (types A and B in Fig. 1) due to
aggressive package size and weight reductions
achieved by optimizing the chip layout and the
positions of the electrode contacts.
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Vec
(100V/div)

Ve
(100V/div)

FwDi dv/dt
3.5kV/us

FwDi dv/dt

GND 5kV/us

GND

With soft switching Without soft switching

Fig. 6 Relationship between dv/dt and the collector current in forward turnoff

Table 1 Fifth-Generation IPM Product Lineup
Available variants, ratings and product numbers. Rated current Ic (A) and collector loss (W)
Packagetype
Motor rating Modelnumber | Rated Voltage Inverter section Brakesection
PM50RLA060 A
3.75kW 50W 131W 30A 103W
PMS0RLB060 B
PM75RLA060 A
5.5/7.5kW 75A 390W 50A 297TW
PM75RLB060 600V B
11kW PM100RLA060 100A 462W 50A 297W A
15/18.5kW PM150RLA060 150A 625W 75A 390W A
22kw PM200RLAO060 200A 781W 100A 462W (]
30kw PM300RLA060 300A 1041W 150A 625W ©
PM25RLA120 A
3.7kW 25A 150W 15A 130w
PM25RLB120 B
PM50RLA120 A
5.5/7.5kwW 50A 480W 25A 347W
PM25RLB120 1200V B
PM75RLA120 A
11/15kW 75A 595W 40A 446W
PM75RLB120 B
16/18.5kW PM100RLA120 100A 781W 50A 480W ©
30kw PM150RLA120 150A 1041W 75A 595W (03
40 40 |
£ 30 30 X |
= b
3 20 A\ 20 el |
@ n A . A | R
- 10 ‘r"'i,"."’"'_r:r.l‘.‘fﬁ"l'.ﬂ"l' D L el TP L ToN s e o ot o e i i
0 1 | 0 L 1
30MHz 130MHz 30MHz 130MHz
Frequency Frequency
5th Generation RPM 4th Generation IPM
Fig. 7 Comparisons of EMI noise in an IPM rated 50A/600V (time axis equals 50ns per div.)

(Conditions: Vcc = 300V, Carrier Frequency = 4kHz, Output Current = 17A (rms), Dead Time = 5ps)

For the 200~300A/600V and 100~150A/1,200V
packages (type C in Fig. 1), the primary and con-
trol terminal positions are identical to those of
the fourth-generation S-DASH series, where the
substrate size is reduced while maintaining geo-
metric interchangeability with the previous gen-
eration.

In terms of improvements in previously irrecon-
cilable parameters, in overall performance, and
packing technologies that ensure reduced size
and compatability with the previous generation,
these new IPMs will contribute significantly to
higher performance in smaller, lighter power
equipment. [
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High-Capacity Dual-Element IGBT
Module: Mega Power Dual

by Junji Yamada and Seiji Saiki*

The Mega Power Dual series is a series of high-
capacity dual IGBT modules that provide both
low losses and low noise through the provision
of leading-edge CSTBTs and soft-recovery free
wheel diodes. The module packages were de-
veloped specially to provide a compact, easy-to-
use structure.

CSTBTs With The New PCM (Plugging-Cell
Merged) Structure

CSTBTs have a structure with an additional n
layer, relatively highly doped, between the p base
layer and the n- layer of a conventional trench
IGBT. In the conventional trench IGBT, holes
are injected into the n- layer from the p* layer
on the collector side, and pass through to the
emitter side when the device is on. On the other

Plugged Cell barred n layer

n- layer
p+ substrat
/
! /
Hole accumulation layer Holes
Fig. 1a

Cathode side

Conventional
IGBT
Low High
Fig. 1b

Fig. 1 CSTBT structure and characteristics

hand, in a CSTBT, the impurity concentration
in the n layer that forms a junction with the p
base is higher than in the n™ layer, so the intrin-
sic junction voltage at the p base-n junction is
about 0.2 volts higher than the junction voltage
for the p base-n~ junction in the conventional
trench IGBT. As is shown in Fig. 1a, this junc-
tion voltage is a barrier preventing the move-
ment of holes from the n layer into the p base
layer. In other words, because the n layer limits
the movement of holes into the p base layer,
the holes accumulate within the device. This
charge accumulation function causes the dis-
tribution of the minority carrier holes in the
CSTBT to be higher than in the conventional
structure, as shown in Fig. 1b, and as a result,
the ON voltage characteristics of the CSTBTs
are substantially lower than in trench IGBTs.
Furthermore, plugging-cell merged (PCM)
CSTBTSs, with a structure in which the embed-
ded cells are partially merged, have lower input
capacitances than trench IGBTs, and can be
driven by gate-driver circuits on a par with con-
ventional third-generation planar IGBT modules.
In addition, because it is possible to control the
ICE,, a short circuit capability of at least ten
microseconds, the same as for the third-genera-
tion planar IGBT, has been secured, even with-
out the use of an RTC circuit.

Soft Recovery Diodes

Although the noise that is generated during
switching results from the external line imped-
ance rather than from within the device itself,
this noise can still be substantially attenuated
by modifying the switching waveform of the de-
vice. In particular, the recovery of free-wheel
diodes (FWDs) can soften the electric current
oscillations that are generated by triggers, and
so attenuate noise. The IGBT modules devel-
oped in this project take advantage of local car-
rier lifetime control in the FWDs to achieve
rapid-yet-soft recovery characteristics without
sacrificing a low forward voltage drop (VF) for
the diode.

New MDP Packages
By overcoming the shortcomings of conventional

*Junji Yamada is with the Power Device Works and Seiji Saiki is with Fukuryo Semicon Engineering Corporation.
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packages and using a variety of new structures
and new device technologies, Mitsubishi Elec-
tric Corporation has produced a package that is
both compact and easy to use. These new tech-
nologies are described below.

SMALLER MODULES. Optimizing the multilayer
interconnect structures and the distances be-
tween layers in the packages has made it pos-
sible to reduce the size and weight of devices
through a dramatic almost 60% reduction in the
module area, relative to a conventional (single-
element) device with a rated current of 1,000
amps.

LOW-INDUCTANCE STRUCTURE. As is shown in
Fig. 2, efforts to miniaturize the main electrode
structures through the multilayer interconnec-
tions within the package itself, and efforts to
minimize the insulation distance between op-

Insulating paper ;
g pap Main electrodes

Insulating substrate P Chip

Fig. 2 Cross-sectional structure and current
pathways of the main electrodes

posite polarities to achieve an insulator 0.4mm
thick, has made it possible to reduce the within-
package inductance to about half that of con-
ventional single-element 1,000-amp rated
current devices.

SIMPLIFIED INTERCONNECTIONS. These use
multihole step terminals. As shown in Fig. 3,
the use of multihole step terminals, in which
there is a step height in the p and n terminals,
facilitates insulated-laminate parallel-plate con-
nections. Additionally, 3M6 nuts are provided

on each in order to secure an adequate contact
area with an insulating-laminate parallel flat
plate, and the use of the nuts without chamfer-
ing has doubled the contact surface with the
insulating-laminate parallel flat plate compared
with normal nuts.

N terminal P terminal

N

inal
Insulating
layer
’
{P} P

Fig. 3 Configuration of the step terminals and
mounting holes

On the other hand, the provision of the P and
N terminals on the ends makes it possible to
reduce the insulating-laminate parallel-plate
surface area, which is effective in improving the
ease of assembly, reducing the weight of the
device, reducing the interconnection induc-
tance, etc. Furthermore, the design of the out-
puts and interconnections is simplified by
locating the P and N terminals and the output
terminals at opposite positions on the packages.

SEPARATING STEP TERMINALS AND MOUNTING
HoLEs. This increases the isolation. As shown
in Fig. 3b, the mounting holes and step termi-
nals that contact the insulating laminate paral-
lel flat plate are separated for adequate isolation.
For efficiency in assembly and replacement, the

March 2004 -+ 9
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mounting operations can be simplified by hav-
ing the same bolt size (M6) for the terminals as ]
Mounting holes

for the mounting holes. / _ \
s & &
-

CONTROL TERMINAL CONNECTOR. As shown
in Fig. 4, connectors to the gate terminal, the
emitter sense terminal, and the connector-volt-
age detection terminal are used, which is very
convenient for assembly and replacement. Two
pins are used for each control terminal, and a
locking structure is also used, thereby reducing
the frequency of malfunctions due to contact
failures. Other structures, such as countersin-
king the holes in the case in order to make it
more difficult for contacts to become detached,
are used to increase reliability.

Fig. 5 Cooling pathway mounting holes
Connector voltage detector terminal (2P)
The advanced technology and improved perfor-
mance of the modules introduced here, with their
new packaging, ensure them a major role in the
products and systems of the near future . [

Gate terminal (2P)  Emitter terminal (2P)

Fig. 4 Connector terminals

As shown in Fig. 5, the design of water-cool-
ing fins and the cooling paths is simplified, be-
ing free of intersections between the mount holes
and the ducting for water cooling because the
chips and mount holes are structured parallel to
the principle electrodes. Finally, the product line
features three types of dual-element products,
the 900A/1200V product, the 1400A/1200V prod-
uct, and the 1000A/1700V product, facilitating
use in a three-phase inverter with a single-unit
capacity of between 300 and 460kVA.

10 - Mitsubishi Electric ADVANCE
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Next-Generation DIP-IPMs Driven by
3V Microcontroller

by Shinya Shirakawa and Touru Iwagami*

In the newly developed dual in-line package in-
telligent power module (DIP-IPM) Ver. 3 Series,
the fifth-generation planar structure IGBTs or
carrier stored trench-gate bipolar transistors
(CSTBT) have been used to bring to market six
new products with rated voltage of 600V and
rated currents ranging from 5A to 50A. Direct
driving by the 3V system MCU is now within
range, making it possible to simplify the input
interface.

Background

DIP-IPMs are intelligent power modules with a
transfer mold structure, developed by Mitsubishi
Electric Corporation for the home-appliance in-
verter market, and are used extensively in con-
sumer white goods such as air conditioners,
washing machines, and refrigerators. Although
there has long been strong demand for smaller,
more efficient, power modules with lower noise
emission for the home-appliance inverter mar-
ket, recently the stronger demand is for cost
reduction, due to the recent decline in home
electrical appliance prices.

Overview of the DIP-IPM Ver. 3 Series

Like the earlier DIP-IPM Ver. 2 series, the DIP-
IPM Ver. 3 Series products are deployed in two
types of packages, large and miniature, depend-
ing on the current ratings. Fig. 1 shows DIP-
IPM Ver. 3 products, and Fig. 2 shows the
structure within the package. The DIP-IPM Ver.
3 miniature package is manufactured from
molded resin after mounting the power chip and
the control IC on a frame, and has the exact
same structure as the Ver. 2 miniature pack-
age. The DIP-IPM Ver. 2 large package is
manufctured by performing resin molding after
first mounting the power chip and the control
IC on the frame (the first molding), and then
performing resin molding again with an alumi-
num heat sink in place (the second molding).
The DIP-IPM Ver. 3 large package is structured
using only a single-step resin molding process
after mounting the power chip and the control
IC on the frame and after soldering separated
copper heat sinks to the back of the frame of
the power section. The use of this new package

(a) Miniature Package

(b) Large Package

Fig. 1 The DIP-IPM Ver. 3 packages

Lead frame

IGBT, FWD IC ll IGBT, FWD 'JC
et J
4N\ M

e

Heat sink block Mold resin

Mold resin

Fig. 2 Internal structures of the DIP-IPM Ver. 3
products

structure in the Ver. 3 large package makes it
possible to reduce costs and to increase the ca-
pacity by increasing the efficiency of thermal
dissipation. Table 1 shows a list of the DIP-IPM
Ver. 3 Series product lineup.

As with the DIP-IPM Ver. 2, the internal cir-
cuitry in the Ver. 3 comprises a power circuit
section (IGBTs and FWDs) with a three-phase
inverter structure, and an LVIC and HVICs for

*Shinya Shirakawa and Touru lwagami are with Power Device Works
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Table 1 List of DIP-IPM Ver. 3 Series Products

ProductNo. Rating Package
PS21562 5A/600V

PS21563 10A/600V Miniature
PS21564 15A/600V

PS21865 20A/600V

PS21867 30A/600V Large
PS21869 50A/600V

control. The LVIC provides IGBT gate-drive func-
tion, short-circuit protection, and control sup-
ply under-voltage protection, while the HVIC
offers IGBT driver function and control supply
under-voltage protection. Fig. 3 shows a block
diagram of the inside of the DIP-IPM Ver. 3 (large
package DIP-IPM).

‘ P
linput Gate F._‘
. |Signal | [Level [[Drive ,,,_l
Condition | |Shift & UV
£ -ing Hvic [lock
[
lInput Gate
. [Signal | [Level [[Drive ,7._|
Condition | |Shift & UV
1< -ing Hvic  [lock U
[ o |
! \%
{Input Gate ——
. [Signal | |Level | [Drive W——l
Condition | [Shift & UV W
<+ -ing HVIC lock ®
p I
Input Signal | [cate |
‘|Conditioning | |Drive 7—U Q.
T
‘|Fault Logic & Protection
UV lock out  [|Circuit
N
= LVIC

Fig. 3 Internal block diagram (large DIP-IPM Ver. 3)
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Power-Device Technology

The DIP-IPM Ver. 3 Series uses fifth-generation
planar IGBTs (0.6um design rule) in all products
with rated currents of up to 30A, and uses
carrier stored trench-gate bipolar transistors
(CSTBTs) in the product with the 50A rated cur-
rent. This makes it possible to reduce the satu-
ration voltage and shrink the chip size relative
to the DIP-IPM Ver. 2, which is equipped with a
fourth-generation planar IGBT.

The CSTBT, which has carrier-storage layer
and a carrier concentration distribution nearly
the same as that of a diode when in the ON
state, is beginning to become practical as the
next-generation power device, due to the advan-
tage of enabling a saturation voltage even lower
than that of conventional trench IGBTs.

ASIC Technologies

HVICs, where 24V CMOS elements and 600V
withstand voltage DMOS elements are inte-
grated on the same chip, are used as the high-
side IGBT driver elements in the DIP-IPMs,
making it possible for an MCU, etc., to drive
the DIP-IPM directly, without the use of a opto-
coupler. The use of a new process in the control
IC has made it possible simultaneously to re-
duce the chip size and the circuit current. This,
in turn, makes it possible to reduce the circuit
current for the high-side IGBT gate drive so that
the bootstrap capacitance can be reduced.

Packaging Technologies

A single-step molded structure with built-in sepa-
rated copper heat sinks is used to increase the
current capacity of the large-package DIP-IPM.
The use of this new structure greatly increases
the thermal dissipation capabilities over those
of the conventional DIP-IPM Ver. 2 large pack-
ages.

Advantages

One advantage of the DIP-IPM Ver. 3 Series is
its simpler input interface. Typically, MCUs are
used to control DIP-IPMs, but in recent years
the trend in MCU drive-supply voltages is shift-
ing from 5V to 3V. The optimization of the input
threshold values in the DIP-IPM Ver. 3 Series
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for compatibility with 3V system input signals
enables direct drive by 3V MCUs and digital-
signal processors (DSPs). Furthermore, by using
high-active 1/0 logic (where the output is high
when the input is high) and integrating an in-
ternal pull-down resistor at the input of the DIP-
IPM, the need to connect external resistors is
eliminated, enabling simplified input-interface
circuitry. Fig. 4 shows an example of a DIP-IPM
Ver. 3 input interface circuit schematic in com-
parison with that of the DIP-IPM Ver. 2 (low
active).

+15V +15V
DIP-IPM +5V Pull-up to

vee Vee internal
- ower supply
MCU IN MCU iN

GND GND

DIP-IPM
DIP-IPM Ver. 3 DIP-IPM Ver. 2

Fig. 4 Comparison of input interface circuits

The second advantage of the DIP-IPM Ver. 3
Series is the product lineup of large DIP-IPMs,
with 30A and 50A rated current capacities. The
use of the novel large packages with the high
thermal dissipation and the low saturation volt-
age IGBTSs (the fifth generation planar IGBTs and
the CSTBTS) in the DIP-IPM Ver. 3 Series has
enabled products with rated currents of 30A
(PS21867) and 50A (PS21869). This makes it pos-
sible to use DIP-IPMs in motor-control applica-
tions with relatively large power capacitances
that have, in the past, had to use conventional
plastic case-type IPMs. This is asignificant con-
tribution to reduced system costs.

The third advantage of the new series is the
product lineup of small DIP-IPMs with the rated
current of 15A. Although the DIP-IPM Ver. 2
Series included products with rated currents from
3~10A in the miniature packages, the use of the
fifth-generation planar IGBT in the DIP-IPM Ver.

3 Series has made it possible to add a 15A rated
current miniature package product (PS21564).
This in turn makes it possible to use the minia-
ture-type DIP-IPMs in air-conditioner compres-
sor applications, which is difficult for the
DIP-IPM Ver. 2 miniature type.

Mitsubishi Electric Corporation will continue to
supply DIP-IPM Series products fulfilling the
needs of future markets as well as providing
excellent cost/performance and excellent
reliability based on a well-established market
record. O

March 2004 - 13
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A New DIP-PFC Converter with Power-
Factor Correction

by Mamoru Seo and Xiaoming Kong*

Mitsubishi Electric Corporation has developed
and marketed a new type of active converter
dual in-line package power factor correction
(DIP-PFC) that integrates a power-factor correc-
tion function with a current-rectification func-
tion for regulation of harmonic currents in
inverter power supplies. In these products, not
only is the package size smaller than the
corporation’s previous products as a result of the
use of the transfer-mold technology, but this prod-
uct has also reduced power losses through the
use of a low-loss IGBT.

The Structure and Applications of DIP-PFCs
Fig. 1 shows the DIP-PFC developed by the cor-
poration, and Fig. 2 shows its circuitry. The DIP-
PFC is an all-silicon chip comprising only two
low-loss IGBTs (Q1 and Q2), four high speed di-
odes (D1to D4),and an IGBT driver (LVIC), sealed
into a package fabricated through the use of the
transfer-mold technique to form a compact power
module.lt

Fig. 1 ADIP-PFC

This circuit integrates the PFC function and
the rectifying function, and is housed in asingle
small package fabricated using transfer-mold
technology, while also contributing to reduced
inverter system footprints and part counts by
eliminating the external diode bridges which is
necessary with conventional active-filter IPMs.

The DIP-PFC series includes two products with
rated input currents of 15 and 20A(rms) for use

[~———————---------——----- A
' op
| AD1 D2 |
! ?R
1 1
' 1
. LviC ! ¥S
! 1T Q2 i 1
Vp ¢ Vee Q L L D4 |
: Rour — mD3 — A 1
1
1
VINO—Vin iI’N2
! 1
1 SOUT 1
GND®>—GND 1
: Vo °N
1
' 1

Fig. 2 DIP-PFC circuit configuration

in inverter applications up to the 3.7kW/200VAC
class.

Functions and Features of the DIP-PFC

DIP-PFC functions include:

* AC/DC currentrectifying function:
This converts a single-phase alternating cur-
rent into a direct current using normal full-
wave rectification.

* |GBT drive/protection functions:
The LVIC equipped in the unitcontainsadrive
circuit for two IGBTs and a control supply
under-voltage lockout protection circuit.

The provision of an external power-factor cor-
rection control IC, which controls the switch-
ing of the IGBT, enables high performance
full-switching PFC control and a variety of pro-
tection functions:[2]

1. The exclusion of the harmonic components
of the input current makes it possible to
achieve power factors of virtually 100%.

2. The output voltage feedback makes it pos-
sible to achieve a stabilized output voltage at
the set value.

3. Avariety of protection functions are available:
Over-voltage repression at light loads (OV1).
Output over-voltage protection (OV2)
Short-circuit protection (SC)

Soft-start function (SS)

*Mamoru Seo and Xiaoming Kong are with Power Device Works.
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Key Technologies

Problems that had to be overcome when devel-
oping the active converter using the transfer-
mold method included thermal dissipation due
tolosses in the IGBT switching element and the
control of surge voltages caused by the steep
dl/dtwhen switching large currents rapidly. The
following technologies were introduced to solve
these problems.

A NEw CIRCUIT STRUCTURE. Circuits using the
conventional single IGBT structure, shown in
Fig. 3a have large per-IGBT losses because the

Converter PFC

a) Conventional A/F-IPM method

PFC Converter

Il
N
Load

>

b) DIP-FPC method

Fig. 3 Comparison of application circuits

current after full-wave rectification all goes into
a single IGBT when the IGBT is turned on. On
the other hand, in the dual-IGBT circuit that is
currently used, shown in Fig. 3b, the current in
one period goes through (1) and (2) in the figure,
switching back and forth with each half wave,
totwo IGBTSs, Q1 and Q2, matching the polarity
of the AC power supply. This makes it possible
to cut the current carrying period of each IGBT
element in half, thereby cutting in half the
power loss in each individual IGBT.

OPTIMIZATION OF THE LEAD-FRAME PATTERN.
The parasitic stray inductance of the pattern was
minimized in order to reduce surge voltage when
switching large currents rapidly.

DIP-PFC Specifications

Table 1 shows the key specifications of the
PS51259-A, arepresentative member of the DIP-
PFC series. Fig. 4a shows the input current and
input voltage waveforms when the PS51259-A
is used with a resistive load. The input current
is a sine wave, synchronized with the AC volt-
age, producing a power factor in excess of 99%.
Harmonic current distributions such as shown
in Fig. 4b now can be controlled to less than the
current harmonic control level (i.e., IEC61000-
3-2). Fig. 5 shows the results of loss simulations
for the DIP-PFC (parameters used: V, =200V, V,
= 380V, Fgy = 20kHz). The DIP-PFC reducted
losses by approximately 10% below the total
losses when the conventional active filter IPM-
PM52AUVWO060 is used with an external diode
bridge.

Application of the DIP-PFC

A specific control IC, developed in parallel with
the DIP-PFC, has to be used in conjunction with
it for proper operation. The DIP-PFC is designed
with the same external dimensions as the
corporation’s large DIP-IPM, even using the same
mounting height, and so can use the same heat

Table 1 Key Specifications of a DIP-PFC (PS51259-A)
Item Symbol Parameter Rated Value
Input power-supply voltage Vi Between S-Rterminals 90~264V
Output voltage Vo Between P-N terminals 450V (max)
Input current (rated) li V, =200V, V, =300V, f,,,, = 20kHz, T < 90°C 20A (rms)
Collector-emitter saturation voltage Ve V, =15V, V=5V, Ic = 50A 1.8V (typ)
Diode forward voltage drop Ve I. = 50A 2.1V (typ)
Ton Vce = 300V, V, = 15V, 0.29us (typ)
Switching time Toff I.=30A, T, =125°C 0.46ps (typ)
Trr V,, =5 <0V, inductive load 0.13us (typ)
Diode peak recovery current Irr I\iC: ;Oi(’)qr\j':vfsfclsv' 134 ()
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Fig. 4 Input current waveform and harmonic
distribution
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Fig. 5 Comparison of power losses between the
DIP-PFC and the A/F-1IPM method

sink when used paired with the DIP-IPM. This
makes it possible to minimize the length of the
interconnect patterns and the size of the printed
circuit boards, thereby reducing system cost.
Fig. 6 is a photograph of the DIP-PFC inverter
unit produced by the corporation for air-condi-
tioner compressor control consisting of a small
control circuit board with the control IC and the
DIP-IPM mounted together with the DIP-PFC.

With growing market demand for further improve-
ments in efficiency and reduced costs, it is our hope
to produce products with even higher performance
and more added value in the future. O

16 - Mitsubishi Electric ADVANCE
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6.5kV IGBTs

by Eisuke Suekawa and Yasuto Kawaguchi*

Recently there has been a shift from the con-
ventional GTO thrystors to high-voltage IGBT
(HVIGBT) modules as power-switching devices
in converters and inverters in response to mar-
ket needs for smaller, lighter, and quieter sys-
tems in sectors that use large electric motors
such as trains, electric power, and heavy indus-
try.

Mitsubishi Electric Corporation has already
marketed a 4.5kV-class HVIGBT capable of con-
trolling 3.0kV line voltages in railroad applica-
tions and other industrial applications, but there
are calls for the development of IGBTs with even
higher withstand voltages that can control line
voltages up to 4.3kV. In response to these de-
mands, the corporation has developed a 6.5kV-
class IGBT chip using a light punch through
(LPT) structure to optimize the cell structure to
provide an improved reverse-bias safe-operation
area (RBSOA) and short-circuit safe operation
area (SCSOA) capabilities without sacrificing
critical electrical characteristics.

The Chip Design Concept
IGBT structures can be categorized into punch
through (PT) types and non-punch through
(NPT) types. Because the PT types have an n+
buffer layer, the n- base layer can be made thin-
ner, which is useful in reducing the collector-
emitter saturation voltage (Vcgsay) and the
turn-OFF loss (Eoff). However, in IGBTs with
rating voltages in excess of 1.7kV, if the n- base
layer is too thin, the increase in the h of the
internal pnp transistors will cause an increased
leakage current, restricting the RBSOA. To solve
these problems, the new 6.5kV-class IGBT uses
an LPT structure in which the thickness of the
n- base layer (tn-), the specific resistivity (pn-)
and the collector structure have been optimized.
Fig. 1 shows cross-sectional schematic dia-
grams of aconventional NPT-IGBT andan LPT-
IGBT. In the LPT-IGBT, the wafer design is
performed using the tn- and the pn- so that the
depletion layer does not reach the n+buffer layer
when the supply voltage applied is within the
actual use range, and so that the depletion layer
reaches the n+ buffer layer when the rated volt-

NPT LPT

Fig. 1 Comparison of conventional NPT and LPT
chips

age isapplied, thus making it possible to choose
the minimal tn- that is able to insure the re-
quired collector-emitter breakdown voltage char-
acteristics (Vcgs). Consequently, the LPT-IGBT
makes it possible to reduce the Vge,y and the
Eoff.

Generally, in railroad applications, the rated
withstand voltage must be guaranteed for junc-
tion temperatures Tj between -40°C and +125°C.
Fig. 2 shows the Vs as a function of the tn-

8000 r
& (n-#A
S 509 B tn-#B
© A tn-#C
¥
A
'é) 7000 |
s /0/
g 500 B
= i /
i rating voltage
6000 .

05 1 15

pn- [a.u.]

Fig. 2 Dependence of breakdown voltage on pn-
and tn~ (at Tj = -40°C)

*Eisuke Suekawa is with Power Device Works and Yasuto Kawaguchi is with Fukuryo Semicon Engineering Corporation.
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and the pn- parameters at Tj = -40°C. The V ¢gg
has a positive temperature dependency, and the
lower Tj, the lower the Vgs. From the figure, it
is clear that the selection of the specification A
wafer n- layer makes it possible to guarantee
the rated voltage Vcgs in the range of operating
temperatures required for railroad applications.

Reduced Leakage Current

The IGBT leakage current (Icgs)is similar to the
collector-emitter reverse current (Icg) of a pnp
transistor at the open-base condition obtaining
in an IGBT. From transistor theory, the follow-
ing equation is obtained:

lceo = Nee (PNP) X IGRO wovvvvvvreeeeeseeeeseesccsireeee Eq. 1

where lcgo is the collector-base reverse current
and hg: (pnp) is the common emitter current gain.
Eg. 1 indicates that the h (pnp) of the inter-
nal pnp transistors should be small in order to
suppress their lcgo, but low hee(pnp) causes
Vcesar) tO increase. Fig. 3 shows the dependence
of lcgs and Vcgay ON the ratio between the p*
collector-layer concentration and the n+ buffer-
layer concentration (y;) at high temperatures.
Here, itis evident that at high temperatures the
Ices can be suppressed and spikes in the Vcggay
can be prevented by having a y; of about 10.
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Fig. 3 Dependence of V., and hot-collector
leakage current (I ., ,) on the p* collector-

layer/n* buffer-layer concentration ratio

(v)
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Improvement of RBSOA

When the IGBT turns OFF, the holes that exist
in the n- layer pass through the p base layer to
be discharged into the emitter electrode. At this
time, the hole current that is discharged forms
the base current of the npn transistors in the
IGBT. Fig. 4 shows schematically the hole-cur-
rent path in the conventional IGBT cell struc-

Emitter Electrode

—

P-base

n- layer

hole current

Fig. 4 Path of hole current in the conventional cell
structure

ture. When the resistance of the p base layer
directly under the n* source layer (the pinch re-
sistance) is high, the effects of the voltage at
this part cause the npn transistor to turn ON,
preventing the thyristor effect from being
controlled by the gate, resulting in thermal break-
down in the IGBT. Reducing the pinch resis-
tance is effective in increasing the amount of
current that can be controlled when the IGBT
turns OFF, so pinch resistance was optimized in
this experiment.

Fig. 5 shows the controllable current when
switching OFF as a function of the pinch resis-
tance. The figure shows that even a reduction
in pinch resistance of about 40% does not im-
prove the amount of controllable current when
switching OFF.

Next, investigations were performed into in-
creasing the electric field in the p well layer by
increasing the diffusion depth of this layer in
order to reduce the hole current extracted
through the p base layer directly under the n*
source layer. Fig. 6 shows schematically the path
followed by the hole current in a cell structure
with a deeper p-well layer. In the experiments,
chips were manufactured on a trial basis with
increases of about 5% and about 9% in the dif-
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when switching OFF improved by a factor of
100 T some two- or three-fold over the conventional
— i IGBT. These results suggest that the parasitic
§ 80 | ’ behavior of the npn transistors within the IGBT
= ° can be suppressed by reducing the resistance of
% 60 | d the p-well layer and by transferring the concen-
g I tration of the electric field from the p-base layer
= to the p-well layer. In addition, optimizing the
§ 40 ¢ design of the p-well layer more than doubled the
e I controllable current at switch OFF compared
g 20 | with the conventional design, without impair-
= ing major electrical characteristics such as
ol Vcggary EOff, and Vegs.
0 0.5 1 15 ) o
p-base layer resistance[a.u.] Chlp Characteristics
; . Trial manufacturing was also performed for chips
Fig. 5 Depegde”fe of turp-tOFF current capability rated at 6.5kV/33A. These chips were designed
on p-base layer resistance with a rated current density of 35A/cm?2. Fig. 8
Emitter Electrode
Va :G 6.0
Yol
'—l S [ ®
J'_l_ 55 r
¥ <N+ source <
¢ 50
n- layer =
= 45
g =
hole current >g 40
. - - 100 150 200 250 300
Fig. 6 Path of hole current in a cell structure with
a deeper p-body layer Eoff [mJ/pulse]
(Vec=3600V,lc=33ATj=125°C)

fusion depth of the p- well layer compared with Fig. 8 Trade-off relationship between V. and
conventional IGBTs. The results, as shown in Eoff

Fig. 7, indicate that the controllable current
shows the trade-off characteristics between

V cesary @Nd Eoff, and Fig. 9 shows the dependence
T 160 of Eoff on Vc. The use of the LPT structure, in
E) 140 + o —e which the wafer n- layer has been optimized,
<o . / prevented any large increases in Eoff given the
E 100 + Y power-supply conditions found in actual use situ-
S 80¢ / ations.
E o0+ 1 Fig. 10 shows the waveforms for evaluating
% 407 the RBSOA with V¢ = 4.3kV, Jc = 143A/cm?
£ 0T and Tj = 125°C. The optimization of the cell
e 0 ! ! structure enables turnoff of approximately four
g o 10 o times the rated current density.
Depth of P-well layer [a.u.] Fig. 11 shows the waveform for evaluating the
Fig. 7 Dependence of turn-OFF current capability short-circuit capabilities. We conflrmed_that
on depth of p well layer there are no breakdowns for ON pulse widths
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Fig. 10 RBSOA waveforms (V. =4.3kV, I_=
134A, Tj = 125°C) (V .- 1kV/div, I _: 50A/
div, Time: 1psec/div)
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Fig. 11 SCSOA waveforms (V. = 4.3kV, Tj =125°C)
(Ve 1kV/div, V. 10V/div, | 50A/div,
Time: 2pusec/div)

20 - Mitsubishi Electric ADVANCE

(tw) of up to 13usec under the conditions of V¢
=4.3kV and Tj = 125°C.

This project confirmed that the newly developed
6.5kV-class IGBT possesses the RBSOA charac-
teristics and short-circuit capabilities required
by the market, with no penalties in terms of
other major electrical characteristics. Work is
currently underway on HVIGBT modules con-
taining these 6.5kV-class IGBT chips, which are
not only expected to find applications in a broad
range of fields but are also to contribute greatly
to the miniaturization of power units. [
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2KV Breakdown
Voltage SIC-
MOSFET
Technology

by Masayuki Imaizumi and
Yoichiro Tarui*

I\/I itsubishi Electric Corporation has fab-

ricated a high-voltage power MOSFET using sili-
con carbide, which is looked upon as the most
likely semiconductor for the next generation of
power devices. The use of an epitaxial layer in
the channel part provides improved conductiv-
ity, producing an on-resistance of 40mQ-cm? for
a breakdown voltage of 1.9kV. This value corre-
sponds to 1/25 of the theoretical limit for silicon
unipolar devices.

Characteristics of the Epitaxial Layer MOS
Channel
Silicon carbide (SiC) is the leading candidate to
become the semiconductor material for next-
generation power devices due to its physical prop-
erties, which are superior to silicon (Si). Because
unipolar devices are able to take advantage of
the benefits of SiC, many research organizations
are working on developing metal-oxide-semicon-
ductor field-effect transistors (MOSFETS) using
this material.** However, the conductivities
obtained in SiC-MOSFETs are nowhere near
those predicted by theoretical models. The big-
gest reason for the difference is that the con-
ductivity in the MOS channel is low (i.e., the
effective mobility in the channel is low). This is
a result of the high density of electron traps in
the SiC MOS interface, which results in the cap-
ture of channel electrons and in increased Cou-
lomb scattering due to these captured electrons.
The corporation has improved the MOS chan-
nel conductivity by the use of a high-quality n-
type epitaxial growth layer in the channel.®
The corporation has performed systematic in-
vestigations into the effects of the doping con-
centrations and thickness of the channel
epi-layer on conductivity characteristics in SiC-
MOS channels, leading to the discovery that the
field-effect mobility exhibits different gate-volt-
age dependency characteristics when there is a

drain current and the gate voltage is near to 0V
(i.e., when there is a so-called “buried channel”)

from the dependency observed when the carri-
ers are concentrated at the interface alone. Fig.
1 shows a cross-sectional diagram of a vertical
MOSFET fabricated for evaluating the mobility

Si0
Source electrode | Gate electrode Drain electrode
|

n-type implantation n-type implantation

p-type implantation

Epi wafer

Electrode

Channel length 10um  Channel width 100pum

Fig. 1 Cross-sectional view of MOSFET for
mobility evaluation

in the epi-layer channel, and Fig. 2 shows typi-
cal corresponding 1 -V characteristics. The bur-
ied-layer channel-type characteristics produced
a peak value of about 60cm?/Vs for the field-ef-
fect mobility. When the gate voltage was in-
creased, the mobility fell with the increasing
density of carriers concentrated at the MOS in-
terface, dropping to a value of about 7cm?/Vs.
This indicates that high mobilities are produced
when the effects of the MOS interface are small
in the buried channel (which has diffuse bound-
aries) while the gate voltage is low, but when
the carriers begin to concentrate at the inter-
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Vp=0.1V

3e-5

2e-5

Drain current (A)

le-5

Interface channe

5 10 15
Gate voltage (V)

Fig. 2 1, -V characteristics of planar MOSFETs

*Masayuki Imaizumi and Yoichiro Tarui are with the Advanced Technology R&D Center
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face, the mobility falls because of the effects of
the charge traps. On the other hand, for an in-
terface accumulation channel, the dependence
of the field-effect mobility on the gate voltage is
low when the channel-layer thickness and dop-
ing concentrations have been optimized, produc-
ing a value of about 7cm?/Vs. Although the
asymptotic value for the mobility in a buried
channel is near to the mobility in the interface
accumulation-type channel, this is because the
qguality of the MOS interface determines the
value for the mobility. In an inversion MOS chan-
nel lacking a channel epi-layer over the p-type
implanted layer (fabricated for comparison), the
field-effect mobility was extremely low, with a
value below 1cm?/Vs. The conductivity achieved
through the use of the n-type epitaxial layer in
the MOS channel is clearly an improvement over
this low mobility. In the future, these charac-
teristics will be improved through further re-
search including oxide-layer fabrication methods.

The improvement in conductivity whenabur-
ied channel is formed is large. However, when
there is a buried channel, the OFF characteris-
tics when the gate voltage is OV can be prob-
lematic (i.e., the ON/OFF ratio is low). Because
of this, the channel epi-layer fabrication condi-
tions must be selected according to the charac-
teristics required of the MOSFET. In the
high-voltage MOSFETs described below, the goal
is to obtain a normally-OFF status, and so the
channel epi-layer was fabricated using condi-
tions that do not cause the formation of a buried
channel layer.

The High-Voltage MOSFET Structure and
Fabrication Method

Fig. 3 shows a cross section of the structure of
the high-voltage MOSFET produced in this

project, and Fig. 4 is a photomicrograph of the
completed electrode pattern. The gate and
source electrodes are interlaced, and the drain
electrode is fabricated on the back surface. The
channel length is 2um, and the channel widths
totaled 7.56mm (270um x 28). A junction termi-
nation extension (JTE) 100pm wide was provided
enclosing the device, with the electric field ter-
minated at the surface. The devices, including

Source electrode

Gate electrode

| Gate electrode |

SiO2
Channel epilayer

| Source electrode |

| n-type implantation

| p-type implantation

n-type drift layer Nd 9e+15cm™3 15um

n-type SiC substrate

Drain electrode

Fig. 3 Cross-sectional view of vertical MOSFETSs
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Fig. 4 Top view of vertical MOSFET

the JTE regions, were approximately 800 x 800um,
and the active area of each MOSFET was 270 x
420pm. Although the MOSFETSs fabricated in this
project were small, in the future it will be pos-
sible to increase the area of the MOSFETSs by
improving the quality of the SiC substrate.

A summary of the MOSFET fabrication pro-
cess follows. An n-type 4H-SiC was used as the
substrate, and an epitaxial process was used to
fabricate a drift layer 15um thick, with a donor
concentration of 9x10%cm=. Aluminum was im-
planted as a p-type dopant into the well region
and the JTE regions, and N ions were implanted
into the source region as an n-type dopant, after
which activation annealing was performed in an
Arambience for 30 minutes at 1,600°C. Because
activation annealing after ion implantation in
SiC requires high temperatures, there are still
problems to be solved, such as those of surface
roughness and various equipment issues. The
epitaxial growth for the channel layer was per-
formed after the activation annealing. The chan-
nel epi-layer in this project was 0.2um thick,
with a donor concentration of 1x10*cm™, and
was of the interface accumulation type, as shown
in Fig. 2. Although activation annealing in SiC
typically ruins the planarity by producing
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bunched giant steps on the surface of the SiC,
the planarity of the surface was greatly improved
through the growth of the channel epi-layer.®
After the growth of the channel epi-layer, reac-
tive-ion etching (RIE) was used to remove the
unneeded parts of the channel epitaxial layer,
and, after a sacrificial oxide process, the gate-
oxide layer was fabricated. The gate oxide was
grown by a thermal-oxidation in a pyrogenic wet-
ox (steam/oxygen) ambience, performed at
1,100°C for two hours. Aluminum was used for
all of the electrodes, fabricated using electron-
beam evaporation with lift-off patterning.

Evaluation of Electrical Characteristics

Fig. 5 shows an example of the I | -V character-
istics of the MOSFETSs produced. Although the
threshold voltage was high, at about 10V, excel-
lent normally-OFF properties were obtained. With
a gate voltage of 25V, the ON resistance was
40mQ-cm?. A breakdown voltage of 1.9kV was
obtained with a gate voltage of OV. This break-
down voltage value is about the same as the
theoretical breakdown voltage for a pn junction
calculated based on the donor concentration in
the drift layer, indicating that the JTE and other
elements had been formed in accordance with
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Fig.5 1, -V, characteristics of vertical MOSFETs

the design. As evident from Fig. 6, the value for
the ON resistance relative to the SiC-MOSFET
breakdown voltage is about 1/25th that of the
theoretical limit value for a silicon unipolar de-
vice, vastly superior to the characteristics of an
Si-MOSFET. However, the value was still far from
the theoretical value (1~2mQ-cm?)for SiC.
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Fig. 6 Relationships between ON resistances and
breakdown voltages

When the resistance value is measured for the
comparative sample of a MOSFET with the same
structure but with n* doping in the channel part,
avalue of 20mQ-cm?2was obtained for the active
region. This value is thought to indicate the re-
sistance excluding the resistance of the MOSFET
channel part, suggesting a value of 20mQ-cm?
was obtained for the channel resistance. Because
this high value for the channel resistance is due
to low channel mobility, it is necessary to im-
prove the present 5~10cm?/Vs mobility to 50cm?/
Vs or more. When it comes to the resistance of
the other parts of the devices outside the chan-
nels, these can be reduced substantially by opti-
mizing the process and structure, and we
anticipate that these improvements will follow
through steady technological advances. [
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New Power-ElementTechnology

by Tadaharu Minato and Hideki Takahashi*

I mprovements in wafer pro-

cessing technologies such as
miniaturization and thin-wafer
technology have improved the per-
formance of our power semicon-
ductors. Justas DRAMs drove LSI
technology, low-voltage trench-
gate MOSFETSs, useful in minia-
turization, are the wafer-process
technology drivers in power semi-
conductor devices, with the tech-
nologies advancing from the
half-micron domain to the quar-
ter-micron domain. In power semi-
conductor devices, which are
basically discrete elements with
electrodes on both the front and
back sides of the wafer, the key
technologies are thin-wafer
technologies such as light punch-
through-type carrier-stored trench-
gated bipolar transistors (LPT-
CSTBTSs). Thisthinwafer technol-
ogy not only improves the cost/
performance ratio in IGBTs but
can also supplement the conven-
tional functionality of IGBTs by
those of reverse blocking-types
(RB-IGBTSs) and reverse conduct-
ing-types (RC-IGBTS).

In power semiconductor devices
there is a trade-off between the
forward current conducting capa-
bilities (the ON resistance and/
or the forward voltage drop) and
the turn-off capabilities (the for-
ward-blocking capabilities), where
advances in these devices are
measured in terms of improve-
ments in this trade-off relation-
ship. For bipolar IGBT devices,
forward voltage drop vs. turn-off
loss is the performance metric for
the trade-off relationship, while
the corresponding trade-off met-
ric for unipolar MOSFET devices
is specific ON resistance vs. for-

ward blocking voltage. Of course,
of greater importance than any
other characteristics is that the
device does not fail, or in other
words, that the safe operation
area (SOA) whether for forward-
bias (FBSOA), reverse-bias (RB-
SOA), or short-circuit (SCSOA), is
adequately wide given the appli-
cation. Consequently, power
semiconductor devices are actu-
ally notevaluated in terms of only
the trade-off between the simple
ON characteristics and OFF char-

mond devices. The efforts of
Muitsubishi Electric Corporationin
this area are described in a sepa-
rate paper.

MOSFETs As Technology
Drivers

In low-voltage MOSFETSs (of the
100V class and below), the chan-
nel resistance (Rch), which is
determined by the MOS gate
structure, and the charge accu-
mulation layer resistance (Racc)
are the dominant factors in the

SOA
Ron </_\>
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SW - loss
(Eoff)

FBSOA I_ﬂ RBSOA

SCSOA
[ SOA |

Current
conductivity Tum- off
under control capability

» Eoff
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ON - state§ OFF - state

characteristics : characteristics

Fig. 1 The triangular trade-off (left), shown in detail (right)

acteristics, but rather, as shown
on the left of Fig. 1, performance
is determined in a triangular
trade-off relationship that in-
cludes these three different safe
operation areas. As shown on the
right-hand side of Fig. 1, these re-
lationships comprise lower-level
trade-off relationships.

Given the above, it is best for
the materials from which the de-
vices are made to have superior
physical properties, and it can be
anticipated that in the coming
years, silicon devices will be sup-
planted by SiC devices and dia-

*Tadaharu Minato and Hideki Takahashi are with Power Device Works.
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total ON resistance of MOSFETS.
These resistances account for
more than 80% of the total resis-
tance in 20-voltclassdevices. The
implication is that shrinking the
unit cell size and increasing the
channel density of the micro-
scopic processes is extremely ef-
fective in decreasing the ON
resistance. In the year 2000, the
corporation developed its sixth-
generation pseudo-0.35um trench
MOSFET,1and then in 2003, the
corporation developed a trench
MOSFET (SAT-MOS)withan ON
resistance of 0.7mQ-cmz2, using




the 0.35um VLSI wafer process-
ing technology and its self-align-
ment contact (SAC) trench tech-
nology.l2

On the other hand, in the me-
dium- and high-voltage classes,
where the resistance isdominated
by that of the N- drift layer (the
thickness and doping concentra-
tion of which define the forward-
blocking voltage), the corporation
developed the super-trench power
MOSFET (STM) 34 applying its
own proprietary trench technol-
ogy. The “Si limit,” which is the
primary physical constraintin the
trade-off between the forward
blocking voltage and the specific
ON resistance in unipolar de-
vices, has been broken by using
the multi-reduced-surface field
(multi-RESUREF) effects, so that a
300 volt-class STM with a planar
gate made a breakthrough in
ultralow specific ON resistance
only 60% of the silicon limit. As

TECHNICAL HIGHLIGHT

method makes it possible to sim-
plify the manufacturing processes,
using structures and processes
that are well-suited for miniatur-
ization. However, there is an
extremely strong trade-off rela-
tionship between the specific ON
resistance and the avalanche
SOA, so STM devices have been
more difficult to use than conven-
tional devices (whether MOSFETs
or IGBTS).

In the middle- and high-voltage
domains, where SOA (the metric
which expresses the specific ON
resistance to the avalanche con-
dition capability) is more impor-
tant than the ON resistance,
optimizing the conventional pla-
nar gate-type MOSFET (or planar
MOS) is as effective as ever. The
corporation’s highly avalanche-
resistant planar MOS-FET, as
shown in Fig. 2, successfully pro-
duces the lowest ON resistance
characteristics (140% of the sili-
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Forward blocking voltage

Electric
field
strength

Fig. 2 The relationship between the forward blocking voltages and
specific ON resistances in various MOSFETSs

shown on the right-hand side of
Fig. 2, the multi-RESURF effect
is obtained by a structure of
repeated microscopically alternat-
ing p-type and n-type columns.
In STM, the repeated p-type
and n-type layers are formed us-
ing the corporation’s proprietary
structure in which boron and
phosphorus ions are implanted
diagonally into the left and right
side walls of a deep groove
(trench). When compared to the
multi-layer epitaxial method,
used to produce similar effects in
other companies, the use of this

con limit) of all conventional non-
multi-RESURF structures.

Evolution of IGBTs

As with MOSFETSs, the perfor-
mance of IGBTs has also advanced
in parallel with those in wafer pro-
cessing, such as increasing min-
iaturization. The corporation has
succeeded in reducing forward
voltage drops by applying the
trench structure to the MOS
gates of power semiconudctor
devices instead of the device iso-
lation used in large-scale inte-
grated circuitsl56l. In trench-gate

structures, it has become possible
to increase the level of integra-
tion in terms of both processing
technologies and device opera-
tion, without increasing the for-
ward voltage drops due to the
JFET effect that is such an impedi-
ment to further miniaturization
in planar gate structures. How-
ever, there is a problem in reduc-
ing the forward voltage drop by
increasing the level of integration.
This is the fact that it can lead to
an increase in the peak collector
current (I,,) when the resistive
and/or inductive load is shorted,
making it difficult to maintain the
SCSOA.

The product SOA isrealized by
the provision of a real-time cur-
rent control (RTC) circuit and by
the use of an intelligent power
module (IPM), in addition to in-
novations in the cell structure
such as adjusting the emitter-bal-
last resistance. From the perspec-
tive of increasing the strength of
the individual components while
further reducing costs, the SC-
SOA has been increased by sacri-
ficing the minimum forward
voltage drop through the adoption
of a wide cell-pitch structure to
keep the saturation current rela-
tively low, relaxing the cell pitch
rather than making it dense with
trench gates.

CSTBTSs. In addition to adopting
a trenched-gate structure, in the
carrier-stored trench-gate bipolar
transistor (CSTBT) shown in Fig.
3, an n-type layer with a higher
concentration than the n- drift
layer, termed the carrier accumu-
lation layer, was fabricated in or-
der to reduce the forward voltage
drop!”l. The electrons, n-type car-
riers injected from the channel of
the trenched gate MOS gate,
spread easily into the CS layer,
which has a higher concentration
than the n- drift layer, making it
easy to adjust the resistivity. At
the same time, itis more difficult
for the holes that are injected from
the p-type collector layer on the
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tremely valuable because of the
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Gate oxide layer

p’ diffusion layer

K

Emitter layer

Carrier stored n layer

n layer
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p’ sub layer

p base layer

Collector electrode

increased flexibility in device de-
sign. In the LPT structure the p
collector can be fabricated with a
relatively low concentration and
thus has positive concentration
characteristics that are desirable
from the point of view of SOA,
enabling unipolar MOS-FET-type
output characteristics.

Emitter electrode

78

NEw FUNCTIONAL DEevICEs. Al-
though the new functional de-
vices have textbook structures
and principles, they have been
difficult in terms of manufactur-
ing technology. Now, however,
thin-wafer technology has en-
abled their development, so not
only have the reverse-blocking
IGBTs (RB-IGBTS) described in
another article in this volume
achieved sufficient responsive-
ness, but reverse-conducting
IGBTs (RC-IGBTSs) with internal

Fig. 3 The CSTBT structure

back surface to enter into the p
base layer, because this enlarged
energy barrier of the PN junction
is the result of ajunction between
the high concentration n-type CS
layer and the p base is higher than
that of the junction between the
relatively low concentration n-
drift layer and the p base. The
result is that the conditions for
charge neutralization are fulfilled
directly under the p base, caus-
ing a larger carrier accumulation
effect, and thus reducing the for-
ward voltage drop. Note that the
principal of the CS layer can be
applied to planar-gate structures
as well.

LPT DeviICEs. In parallel with the
improvements in IGBT cell struc-
tures, the corporation has also
created an LPT-type device using
thin-wafer technologies. As a
shown in Fig. 4, IGBTs have been
ascending an evolutionary spiral
from the non-punch-through
(NPT) type to the punch-through
(PT) type using dual-stage epi-
taxial crystal growth, and through
the thin wafer NPT type, to the
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freewheeling diodes (FWDs) are
also under development.[10]
light-punch-through (LPT) type

(Fig. 5), which is an advanced PT-
type thin water.
The LPT structure resulted

The Approach to New Product
Development
The term IGBT indicates a unit-

cell structure in an area several
microns wide on a silicon chip.

from the goal of improving cost
performance, but is also ex-

IGBT Technology Trend
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Fig. 4 Technology trends in IGBTs
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Fig. 5 Operation of IGBTs with the wide cell-pitch structure

The user, on the other hand,
thinks of it as a black plastic
package several centimeters
wide or a dual in-line package
(DIP), and the final product char-
acteristics-typically SOA, reliabil-
ity, durability, etc.-are also
viewed as expressions of the de-
vice rather than the performance
of the chip itself.

Given the above, in the trans-
fer mold-type IPMs in DIPs and
in single in-line packages (SIPs),
taking advantage of the cor-
poration’s proprietary technolo-
gies, at least as much effort has
been put into the development of
the interface technologies be-
tween wafer-process and packag-
ing technologies as has been put
into the electrical characteristics
of the chip itself. This has in-
cluded several important develop-
ment themes. For example, lead-
free technologies not only require
a change in virtually all materi-
als, but when combined with
thin-wafer technologies, require
radical new technologies in
metalization as well. As the flag-
ship of these interfacial tech-
nologies, a well-balanced sub-
micron-rule planar gate-type IGBT
(Fig. 6) is being developed as a
foundation product. Although to
some degree the planar gate-type
IGBT performance attainable by
the given design rule is a little
behind the trench-gate one, it
serves as an indicator of the over-
all product performance.

Conclusions
In the low-voltage domain, the

performance of trenched-gate
MOSFETs has been improved
through miniaturization. In the
mid-voltage domain, the triangu-
lar trade-off among SOA, V,,,, and
E.¢ IS helped by leading-edge pro-
cess technologies while, at the
same time, selecting the CSTBT
structure (with its increasingly
wide cell pitch) or the planar gate
structure (with its finest minia-
turization) depends on the appli-
cation. In particular, in the
1,200V class and above, improve-
ments in cost performance are
realized by the thin-wafer tech-
nologies. In the high-voltage
domain, structures and manufac-
turing methods suitable for par-
allel connections of the chips are
under development, given the

potential for high-current applica-
tions as well.

Thin-wafer technologies pre-
sent us with a number of R&D
options, such as reverse blocking-
type devices and reverse current-
type devices.

Although no details can be given
here, several structural develop-
ments are also under way to
improve unexpected oscillations
and softness factors in free-
wheeling diodes by applying thin-
wafer technologies. High-voltage
devices, including 6,500V-class
devices, will also build on the
technologies developed in the
mid-voltage domain. O
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NEw PRODUCTS AND TECHNOLOGIES

Reverse-Blocking IGBTs for Use in Matrix Converters

Currently, the method most often
used to control the frequency of
three-phase AC power in equip-
ment for power applications
utilizes inverters. The matrix-
converter method is the focus of
attention as as alternative that will
eventually replace this inverter
method. Because the switches
from which matrix converters are
built require reverse-blocking
IGBTs which, as their name
suggests, can block current in the
reverse direction, power devices
used for matrix converters have in
the past been made from IGBTs in
series with diodes.

Mitsubishi Electric Corporation
has developed a reverse-blocking
IGBT as a power device for use in
matrix converters. As shown in Fig.
1, the reverse-blocking IGBT sur-
rounds the IGBT cell region by a
deep diffusion-isolation P layer that
extends all the way to the back
surface, so that the interface be-
tween the N~ layer and the P-type
collector layer on the back surface
is not exposed on the dicing sur-
face. As a result, this structure can
block a reverse current because
the depletion layer extends from the
diffusion-isolation P layer and the P
layer on the back surface to the N~
layer when a voltage is applied in
the reverse direction.

The current/voltage waveform

1-micron rule planar
data IGBT cells

Channelstop

the reverse direction. Even at
125°C, the prototype had a
blocking capability of 1,200
volts, although there was some
increase in the leakage
current.

The resulting reverse-
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of third-generation planar
IGBTSs in terms of the trade-offs
between saturation voltage
and switching loss, the key
characteristics of an IGBT,
while still maintaining the
withstand voltage in both
forward and reverse directions.
These characteristics are
obtained through the use of
fourth-generation planar MOS

Fig. 1 Cross-sectional view of the reverse
blocking IGBT and the breakdown

voltage waveforms

when a reverse bias was applied to
the reverse-blocking IGBT
developed in this project is also
shown in the figure. The horizontal
axis shows the collector-emitter
voltage (V) when the gate is
shorted to the emitter, and the verti-
cal axis shows the collector cut-off
current (I_..). At 25°C, the prototype
reverse-blocking IGBT could block
voltages of over 1,300V in the for-
ward direction and over 1,500V in

structure, along with a shallow
P collector on the backside
using the corporation’s
proprietary thin-wafer
technology. This reverse-
blocking IGBT produces the effect
of using a diode, and actual use
has confirmed the absence of prob-
lems with the equivalent diode
properties. The performance
achieved by this development gives
substantial advantages over that of
the conventional structure in which
IGBTs are connected in series with
diodes. It thus has an important role
to play in developing the matrix
converters of the future. O

IPM L Series with Power Loss Reduction and Noise Reduction

In addition to needs for high perfor-
mance, compactness, and power-
loss reduction in motor-control
devices for industrial equipment
such as general-purpose inverters
and AC servos, recent years have
seen regular increases in the re-
quirements for ease-of-use and
environmentally-friendly equipment.
Mitsubishi Electric Corporation
had already released the S-DASH
Series IPM product in response to
the demand for these types of pow-
er module, and in this development
project the corporation has pro-
duced its latest IPM product, the
fifth-generation L Series IPM. This
achieves both power-loss reduction
by adopting CSTBT chips in the
IPMs and smaller and lighter equip-
ment through the use of a new form
of package.
[1] Carrier-stored trench-gate bipolar transis-
tor: a transistor with an additional carrier-
stored layer in the trench gate to improve the

trade-off performance between E ,and V. .,,..

Loss (Ratio)

With : fc=10KHz, PF=0.8, Tj=125deg, VD=15V, Vcc=300V, lo=17Arms
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Fig. 1 Comparison of losses in
successive generations of

Mitsubishi IPMs

Applications

This series is optimized for applica-
tions such as miniaturizing inverters
in power-source equipment such
as UPS units, and for motor-control
equipment such as inverter servos

for 220V and 440V AC equipment.
It is also applcable to solar-power
and wind-power equipment.

Features

1. Low saturation voltage through
the application of the fifth-gener-
ation new trench chip (CSTBG)

2. The adoption of the new control
integrated circuit enables:
A reduction in the electromag-
netic interference (EMI), and
A major reduction in the current
consumption in controlled power
supplies.

3. New compact package

4. Increased rated current in the
brake parts O
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