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R Power electronics application goes into new era

Changes for the Better

P Generation: Renewalle encrgy genenatons are incrneading Heavy impact on
o » DPower Electronics

> Transmission & Distnibution: #CEDC syotems are expanding
P Carbon weatrality goals ane demanding expandion and evolution of power electronics applications
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Mitsubishi Power Devices

DIPIPM™
Q Modules realizing single-control power supply and photo-coupler-less

system for household appliances and low-capacity inverters

IPM
Modules with built-in control and protection circuits
for AC servo robots and PV power generation

Power Modules for Vehicles
Modules realizing high performance and reliability for propulsion inverters in HEVS/EVs

ENERGY
INNOVATION
Wijtln

POWIER
DEVICE

IGBT and SiC Modules
Modules for general-purpose inverters used in various applications

HVIGBT and SiC Modules
High voltage, large capacity and high reliability are realized for traction
and power transmission application

High Power Devices
Wide lineup including thyristor and stack from general purpose to high
speed switching purpose

Transistor Array
Directly operation by output of 3V microcontroller, contribute to downsize
or lighten each application machines

7 i R

A S Y

- HVIC

HVIC, which can directly control gate drive by signal from microcontroller
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Diodes

1950s

HV***: High Voltage *** (2 1,7kV)
TRIAC : Triode for Alternating Current
GTO : Gate Turn-Off thyristor

GCT: Gate Commutated Thyristor

IPM : Intelligent Power Module

IGBT : Insulated Gate Bipolar Transistor

SiC : Silicon Carbide

1960s

Thyristors
JFET s

MOSFET : Metal-Oxide-Semiconductor Field-Effect Transistor
MMC : Modular Multi-level Converter
SLC: Solid Cover Technology

M-00091

Transistor
Power modules

(Insulated module)

GTO thyristors (4,5kV/3,0kA)
with world's largest capacity

GCTs (6,0kV/6,0kA) with
world's largest capacity

1970s 1980s

RC thyristors (2,5kV) with
world’'s highest
withstand voltage

TRIACs (300A) with
world's largest
capacity

I

l

IGBT modules
Industry IPMs

Light Triggered Thyristors
(8,0kV/3,5kA) in
DC power transmission

Hybrid EV IPMs
DIPIPMs

(Transfer molded modules)

1990s 2000s

1

CSTBT™ IGBT

Installed HVIPMs
(3,3kV/1,2kA) in Shinkansen

Hybrid EV T-PMs

) Expand IGBTs, IPMs
(600V up to 6,5kV)

Historical Highlights of Mitsubishi Power Devices

7th gen. SLC modules
for industries

Integrated pin-fin
module for xEV

SiC MOSFET
modules

|

2010s

2020s

Expand SiC modules
(600V up to 3,3kV)

World first installed HVIGBTs

IGBTs and IPMs

(4,5kV/900A) in HVDC with MMC

Trench SiC
MOSFET

|

2030s

[ ]
12’ IGBT and 8" SiC
Wafer enhancement
to meet booming demand

3.3kV Full SiC modules
installed in trains

SiC SBD and MOSFET

© Mitsubishi Electric Corporation
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History of Silicon Carbide R&D

1994~2004

Development

Solar power, Home appliance

2005~2009

Practical test in research

In factory

2010~2014

In BUIIdIng

System development & Field test

Power
transmission

2015~2018

SiC users increase Expand new application

Power loss ) [ Power loss Y[~ Power loss [ oNC )| Improve productivity and
0, i 0, I 0, i . .
50%reductionf [70%reduction| | 90%reduction — géilvz%nit .|| performance of SiC device.
2010/Oct. ec. PV
2015/Jan. Renewable
Application
srkw || 1w 20w
Inverter Inverter Inverter e
Top level Top level PV Power APS for
;8865\;? 20([))9/Feb 205’9 Nov conditioner Railwl%?, I2nver/ter for Railway :
\ I\ ) \ ) \_ 2011/Jan. 2013/Mar. 013 DeC ) H|gh speed
charger
SiC
Power modules 50A/600V
For PV
CATEC) el e TR
\_ 2010/Jan. 2013/May
SiC device - Trench
development 1" gen. planar gate Pla”argate

6

© Mitsubishi Electric Corporation

M-00091

Development of these modules and applications has been partially supported by Japan’s Ministry of Economy, Trade and Industry(METI) and New Energy and Industrial Technology development Organization(NEDO).
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e Advanced device technologies

V Silicon-based
VvV SiC-based
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eAdvanced device technologies
Vv Silicon-based

Ve S)Cazsac
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Roadmap of Silicon IGBT technology

Meeting increasing demand

w RC-IGBT

43

1,6 CSTBT™ O0OMmin
1,4 IGBT s N
' ,__w Ultra thin process H e
1,2 Finer pitch P U
A DUH BTaiatE 7
1,0 7th Gen. , wj:rp: pl:i_il_..m
0,8 IGBT TN + HH
C] > - -
0,6 _ :
0,4 CcERbRaRssEs ;
Joe e 1
012 } : . 1+ 1
{ A +-
0,0 j 1 jasaanss
3 Gen. 4th Gen. 5t Gen. 6" Gen. 7th Gen. s aoog
IGBT IGBT IGBT IGBT IGBT

Chip size evolution (600V/10A) e

M-00091 © Mitsubishi Electric Corporation
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Roadmap of Silicon Device technology

Ultra-Thin & Optimized Buffer

Legacy ’05 ’10 '1 5 ’20 '25 Time scale: Chip development-based

4th gen Sthgen 6Mgen 7t gen 8t gen
Trench IGBT CSTBT™ CSTBT™ CSTBT™ CSTBT™ i R e
PT LPT LPT LPT Thin LPT L
® » N

=i FH

n- & (IE)
n+ N\YI7RE(IE)

=}
2"d gen 39 gen Next gen
= IGBT Diode
15t gen M % Fine structure having
IGBT+Diode n i novel features
In 1 chip - — - —
3rd gen 6th gen 7th gen gth gen _l/LJ\,_lM,—U_
RFC RFC J U U \

e P P P
Diode 1200V#% IGBT '
N~ drift

N drift
g PT: Punch Through

— ——— LPT: Lite Punch Through
RFC: Relax Field of Cathode

10
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RC-IGBT, atwo-way device integrating IGBT and Diode functions

IGBT

v

Diode

~—

Ere [MJ]

o
w

398K )

o
()

(1:=15A, V=300V, T

©
i

0.0

M-00091

Conventional
IGBT + Diode

conventional RC-IGBT

N\
hh YN

New RC-IGBT

1.2

1.4

(1=15A, T;=398K )

1.6

s ™
- m J
RC-IGBT
LPT type
Embedded diode Embedded IGBT

V:[v] New RC-IGBT device cross-section

T. Yoshida et al., ISPSD2016, Prague, 2016, pp. 159-162.

30% smaller module

Heat dissipation path

)

1point

g

-

J

Reducing connection
¢ RC-IGBT’s downsizing merit for home appliance module

Thickness:3.5mm

18.8mm

' Thickness:3.6mm '

LA

L N A

.
B EEve—

B Automotive RC-IGBT benchmark |

1200V RC-IGBT

|

ol

competi‘tors

i

38mm

Eoff

O

bishi

Mitsu

g

performance

High

VCEsat

32.8mm

€ Smaller chip size

€ High current density

€ Lower temp swing
Better P/C performance

11
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Trade-off among IGBT performance indicators

Mitsubishi Technology for better trade-off

Toughness :
SOA 2™ @ CSTBTI™ structure & thinner wafer
for better Vce(sat)

Further Improvement of IGBT performance (1/2)

®Active & _
Dummy gate - @ IPM: Intelligent Power Module
structure Losses with short-circuit detection ease the SOA criteria,

enabling the use of low Vce(sat) IGBT
@ Trench IGBT with active and dummy gate

VCE(Sat) ‘ ' Eoff, on for trade-off control

Ron, DC loss Switching energy,
Carrier lifetime control AC IOSS E
%I(I:DSMTBT @ Novel Trench-gate concept =B )Iilt)JIIActive or IPM
(Ongoing R&D effort) A D A D A D_| =3%Active ¥ Dummy for

Improvement of E_, and controllability/optimizing n Industry application
options for turn-on dV/dt and dl/dt _

M-00091 © Mitsubishi Electric Corporation
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Further possibility of IGBT performance improvement (2/2)
Ongoing R&D effort to optimize performance by a novel split-gate structure.

@ New Trench-gate structural concept

7thGen. under R&D investigation
Gate (Under development)
Rg Emitter High dV/dt option Standard High di/dt option

IT

o
Coa[E £
E S '
: c
Ceoxz £
iActlve Dummy =
rench (A) trench (D) -
|
""""""" 4 t 4 \ Optimized
Collector Vee .o Ic Vee Ic Vee Ic N buffer for
2 S di Q .
2/ \') Improved a dv S thin wafer
() N > dt -dt Il Z »
x Time Time Improved " Time

M-00091

Lower Loss + Controllable SW Speed 13
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eAdvanced device technologies
Ve Silicon=9:3acd

V SiC-based
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Status Quo and Roadmap of SIC-MOSFET tech

Low Conduction / Switching Loss by unique structure
High Reliability and Long-term stability

Trench MOS
B o

MOS SBD
|

|

n-drift p contact

SBD-embedded MOS

BN =
(3.3kV=)
Start Ofpl‘OdUCt Ce" strutture -
development
2nd generation planar MOS

—
(600~3.3kV) -

First product

- Feqtures
1st generation - Low on-resistance and Low switching loss
(1) Adoption of JFET doping technology (2) Shallow p-well doping

planar MOS - (3) Thin wafer process (4) Faster switching by optimizing Ciss/Crss

~2010 ~2015 ~2020 ~2025 .

M-00091 © Mitsubishi Electric Corporation
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Trench SIC MOSFET for Low on resistance

v Original trench MOSFET structure, with (D tilted ion implantation technology,
Requires no special process equipment, leading to superior productivity
v (2@Grounded p+ BPW reduces gate oxide electric field for good reliability
v @n+ JFET Doping at current path for low on resistance, 50% better than planar MOSFET

RT
5.0
: : ~ 40T+ _I"
> R 2 -
® . L - 50%
Tilted ion © o © G =
_ L~ n+ 5= n+ ntf==]n+ =
Implantation ‘l‘m BRWJ JD JD jppwiID 2.0
through n- Drift layer (JFET Doping g
x 1.0
@BPW n- Drift layer trench n+ SiC substrate
n+ SiC substrate Drain 0.0 Optirized
i imize
D Planar \ F;r b
Schematic structure of Mitsubishi’'s new trench SIC-MOSFET ewtrenc
Y.Fukui et al., ICSCRM2019, Kyoto, 2019, Mo-1A-02. R.Tanaka et al., ICSCRM2019, Kyoto, 2019, Mo-1A-03. Ron,sp COmpaI'ISOn

16
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Ron vs. Vth of SIC-MOSFET

3)
1200V

. Planar MOS
€y -37%
O
G
E
O New trench MOS
S 3
L0
—
®
&
= 2
O
o

1

0 2 4 6

Vth@150°C (V)

 World-class low on-resistance trench-gate
SIC-MOSFETSs have been realized.

\ On-resistance is remarkably reduced
especially in higher Vth range.

M-00091

Gate oxide lifetime of SIC-MOSFET

1015 s

tgp (63%) (5)

S} 6 7 8 IH9 HI']D
E (MV/cm)

Electric field dependence of t;,

\ Gate oxide lifetime more than 107 year
(@ 5MV/cm, 150°C)
\ Stability confirmed by 1000hrs HTGB

(@ Vg +20V and -20V (DC)
17

© Mitsubishi Electric Corporation



z MITSUBISHI
ELECTRIC

Changes for the Better

Conventional SIC-MOSFET

SBD embedded SIC-MOSFET

SBD-embedded SiC-MOSFET

@)

SBD embedded SiC-MOSFET

SBD

i},

|
5

Cross sectional view of MOS caell

v Suppressing bipolar current flowing in
reverse direction, hence free from
bipolar-current-induced degradation

v No anti-parallel SBD required,
reducing total chip area and cost

M-00091

Vbs (V)
-5 -4 -3 -2 -1 0

Conventional M
(BD conductio

SBD embedded *°
MOSFET | 160
(lower 3 -180
quadrant Vf) -200

3.3kV class
SBD-embedded SiC-MOSFET vs. Conventional SiC-MOSFET

il
<B

Equivalent circuit diagram

Reverse recovery waveforms

T 3000
L <1\ V]
Y - 2000/\
SBD embedded >
sic-MoOsFeT | 1000 a
very low Irr/Qrr
i (¢ Y 0
| 175°C
- —1000
i Cpnventional SiC-MOSFET
(incl. BD current) | -2000
-2 -1 0 1 2 3 4 5
Time (us)
18
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e Advanced module products

V DIPIPMSs forconsumer and home appliances
V J-series forautomotive
V High power forindustry

V Cutting-edge packaging techs forvarious apps

M-00091
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V DIPIPMSs forconsumer and home appliances

f ~ e &
_f,‘;xngQJ

C | g_.acdcluas nackaving tac
/ Cuttlng-edge ggcKaging tecns

20
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Mitsubishi DIPIPM™ family

Many thanks for your support as always!
Over 1 Billion production in total !

43x114.5mm

Integration

® Low loss CSTBT IGBT and RC-IGBT w@smn

€ Highly integrated device with Gate driver, Y A4
protection, bootstrap diodes, and temp. monitor - e

‘ Wlde range Of Ilne UpS de facto standard packages DIPIPM'l'TM

for white goods market

Large
DIPIPM+™

18.8x32.8mm (L Il 24x38mm

Large
Mini DIPIPM™
DIPIPM™ |

Small package

15.2x27.4mm

Super mini
DIPIPM™

SLIMDIP™

i3 31x79mm
- 31x52.5mm

SoPIPM™

.

0.2kw 0.5kw 0.75kwW 1.5kw 2.2kwW 2.8kwW 3.7kw 5.5kwW

Inverter capacity
M-00091

m >

© Mitsubishi Electric Corporation
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Silicon IGBT DIPIPM™ family Line up

Rated current
1 5 10 15 20 30 35 50 75 100 [A]

I

Rated voltage 600V DIPIPMT_MJW

Large DIPIPM™
arge Ver.6

Mini DIPIPM™

Ver.6 & Ver.7 —» Super mini DIPIPM™

1 Lot SLIMDIP™
“ iSOPIPMTM

Rated voltage 1200V

Large
DIPIPM+T™

DIPIPM+T

Large DIPIPM™

Mini DIPIPM™ . ; 1 Lo B
.| CIBorCl
B 6in1

() Under development

22
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SLIMDIP™ series

Reasonable DIPIPM™ for low-cost inverter

Features
«  30% smaller package DIPIPM™ by integrating RC-IGBT
- Easy PCB layout by additional GND terminal for bootstrap circuit

« Expanding operable case-temp range T, =115°C | 18.8x 32.8 mm
Line up
Part No. Application Rating Suitable fc Evaluation Board
SLIMDIP-S Fridge, Fan 5A/600V High . Isavailable
SLIMDIP-M Fan, W/M 10A/600V High
SLIMDIP-L AIC 15A/600V Low

SLIMDIP-W W/M, A/C 15A/600V High
SLIMDIP-X A/C 20A/600V Medium

% SLIMDIP-Z AIC 30A/600V Medium
W/M: Washing machine, A/C: Air conditioner 23
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e s Full SiC Super mini DIPIPM™ and its merits

Changes for the Better

For not only feasibility study but also commercial use!

Concerns of SiC discrete  Mitsubishi SiC DIPIPM™ DIPPFC

7~

Safe operation
by integrated protection function

Higher destruction risk
by smaller SOA

\

Low noise with adjusted
characteristics

Higher noise
by faster switching

Short term evaluation
by compatible package

Part No. Application Ratings
PSF15S92F6-A6 15A/600V
A/C, small INV

PSF25S592F6-A6 25A/600V

Long design time

M-00091

© Mitsubishi Electric Corporation
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Benefits of Full SiC Super mini DIPIPM™

Loss Reduction with Noise Reduction enables High efficiency system

Total Loss Low Noise due to low recovery loss
80
— 70 :
= Super Minj DIPIPM Ver.6
“%_ 60 A
Approx. ia)
;%0/ Di_SW o, 20
(b
v = Di_DC 2 40
reduction c
mTr SW = 30
mTr DC = 20
IS
S 10
0
Super mini Ver.6 DIPIPM Full SiC DIPIPM 30 100 300
PSS15592F6-AG PSF15592F6-A6 Frequency [MHZz]

B Conditions: Vcc=300V, VD=18V(SiC) /15V(Si), fc=5kHz, lo=1Arms,
PF=0.95, M=0.8, Sinusoidal, Tj=125°C

M-00091 25
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/. DIPIPM s
V J-series forautomotive

YNy | \i\E ) P
/ rlign oower

‘ ‘l"(” ~ Ccy r - . ‘_‘(’"f ~ l ©
/ Cutting-edge gackaging tecns

26
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History of Automotive power devices

> Since 1997, Mitsubishi Electric has pioneered the mass production of power
modules for hybrid and electric vehicles.

> High-Quality track-record with more than 26 Million xEVs on the road
worldwide utilizing Mitsubishi Electric’s power devices for Drivetrain.

World-Wide xEVs using Mitsubishi Electric Power Devices

XEV power DeVIc_e Shipment Record 1997: MP of the world'’s first IPM for automotive
-Accumulate Veihcle Number Base- ] ) . .

2 2015: MP of a power module integrated with a cooling fin
> 2016: Developed a power module implementing SiC
53 2020: MP of SiC for automotive
20
19
18
17
15
14
13 - - - -
1 ¥ Miniaturization
10
9
; W Low loss
6
5 - - LY L)
; W High reliability

e 2

FY97FY9BFY99FYOOFYO1 ; XEVS

FY02
FYU3FY04FYO5FY06FY07FYOSFYOQFY10FY11FY12 FY13 FY14 FY15 FY16 Fy17 FY18
FY19

* An xEV drivetrain may include more than one power device. %Lﬂ%ﬁa%cg) 27
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B Comparison

Inverter advantage using J1IA

Inverter/E-Axle using J1A can be miniaturized and has many advantages.

Mitsubishi Competitor A Competitor C
Series J1A Module 1 Module 2
‘ W e
Came -ﬂ' -
Size 120 x 115.7mm 216 x 100mm 154.5 x 126.5mm 162 x 116mm
(including $=13,844mm2 $=21,600mm2 $=19,544mm2 $=18,792mm?2
main terminal) (-29% ') (+11%) (REF) (-4%)
. 3409 1,340g 720g 5609
Welght (_530/0 !!) (+860/0) (REF) (-220/0)
) J1A (internal J1A (cross-section)
B Inverter advantage using J1A ( ) Resin
Cu-frame Cu-frame(DLB)
i | . .
tselgrr;?n \ Alwire AI—patterl\r/mlam terminal
€ System cost reduction rower chip S/OI'der
€ Expansion of internal spa et
@ Vehicle design flexibility 1GET chip A-bace fin SRR IR
‘ High efﬁciency Stable operation Insulation
for single chip drive substrate

M-00091

€ Ensuring collision safety

Features of Integrated fin

€ Saving resources

» Low thermal resistance

» Compact and Light weight

»  High corrosion resistance without Ni plating

» High thermal cycle reliability by solderless connection of substrate

2
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Wire bonding and DLB

DLB realizes high reliability by large
A bonding area of a chip and frame

Al Wire

Cu frame

Light wight

J1 series

DLB

Highrreliability.

J series (T-PM)
T-PM DLB/
Wire bonding/ Transfer mold type
Transfer mold type —

IPM

Integrated PCB/
Wire bonding/
Case type

-

-

6th gen. IGBT
J series T-PM structure

Mold resin

Cu-Heat chip solder

Output / Function / Performance

DLB/Integrated fin type

Evolution of Mitsubishi automotive power module

High power,
Low oSS

gdensity
Compact
under development

Next gen cutting-edge
technologies for drivetrain

Y Transfer-molded power core
as building block

Advanced RC-IGBT &
SiC-MOSFET chip sets

7th gen. IGBT

J1 series structure
Integration of a cooling fin and module
realizes low thermal resistance

Signal terminal : :
. Chip Solder Main Terminal
Wire /

Sth gen IGBT spreader Cu—frame
(DLB) u/wu UL I_IyXl_l i I_/I_I UL
Isolation
4th gen. IGBT sheet Isolationlayer Al Cooling fin Pattern
i i i | d
1997 2001 20009 2015 2020~

M-00091
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N, = : - 17y € r - by e
/| Cutting-edge gacKaging tecns

30

© Mitsubishi Electric Corporation

M-00091



* MITSUBISHI
ELECTRIC

Changes for the Better

Development roadmap for industrial applications

« To meet the various requirements from industry including renewables and emerging applications, our
product covers from legacy modules to new dual modules using both Si and SiC advanced chip techs.

Gen

Product family

Next gen IGBT and SiC

Lineup
expansion

Product family
expansion

Lineup expansion

1.7kV, 2.0kV, etc

2015 2020 2025

M-00091

31
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MITSUBISHI " .
#'W ELECTRC Industrial LV1I00 series
Key benefits
High Power, Compact, Reliab
» High output power with co Flexible
» Reliable SLC packaging tec ulti MW
» Low power loss by latest 7t gen chip package design for paralleling

nd multi-level configurable

P Z—»~ ~. o Main electrode

~

b (,‘___ & /N
/, C\
100 mm =2
%0
Extendable S |
> Upto 2.0k ne common package ®
. ! c
» High powe in future 5
> Wide LV10 ction type up to 4.5kV) € curent flow at

N switching

» Industrial LV100 is the next generation standard package for high power industrial applications

32
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The higher current density has been realized by
chip improvement and package improvement

Module size : Not to scale

M-00091

X-series (1800A)

R-series (1500A)

8.57 Alcm?

Package
Improvement
(Dual transistor)

5.64 Alcm?

IGBT chip improvement

X-Series

High Voltage Power Module Progress

10.71 A/lcm?

SiC Introduction

1
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V. DIPIPIVIS

[

i Jd=ca EULLE &

\ ‘ . - - :
/ rllgn oower

V Cutting-edge packaging techs forvarious apps

M-00091
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MR Cutting-edge Packaging Techs

Changes for the Better

% : Agglutinated BN
® : Scaled BN

chip
Sintered Ag

= S
Scaled BN . Agglutinated BN
normal P Agglutinated BN (grientation control)
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