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Bachelor 1977,
Master (Engineering) 1979:
University of Tokyo
Prof. H. Funakubo

Max-Plank Institute fiir

Metallforschung, 1979-1984
Dr. rer nat. , Uni. Stuttgart, 1983
Prof. Fischmeister,
Prof. Gerold, Prof. Pteztow,

Dr. Elssner, Dr. Rihle

7888 0fEX0 Tadatomo Suga

1984-: Faculty member,

The University of Tokyo
Dept. Precision Engineering

1994.2 ~ 2004.1
Research Center for Advanced Science
and Technology (RCAST)

2003-2007 Director

of Eco-materials
Research Center,

National Institute for
Materials Science
W)

2006-2008 Council
Member of the
Science Council of

2004.2~2019.3
Dept. Precision Engineering.

Institute for Advanced
Microsystem Integration
(IMSI) 1998~

Ecodesign Promotion
Network
(EcoDeNett)1999~.

| |

EcoPack China
2005~2019

JSPS Research
Committee 191
2015~2021
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Carbon Neutrality (iix 7 50)
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Solutions: 7'\ — VB R EXBE (B R 140 BF)

C SHI3EFE6H18H
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Solutions: New Green Technologies

m New Material
B Semiconductor bonded wafers / Engineering wafers

m New Devices / Module / Components

B 3D integrated semiconductor devices, Power modules @
&5

m New Process / Equipment ot
B Innovative interconnect technology, Wafer bonder

FHEE: New infrastructure
> EOREHIE: Smart manufacturing

ZEEXM/A2EXM: Internet of Vehicles/Internet of Things
AIES BEAI T Al smart vision

5GEiH,; 5G communication

ThER3S{4-EE AX: Power device integration




Examples: Power electronics

for high power density and high frequency




Output Power density [kVA/L]

Output Power Density trends for EV/HEV/PHEVs

SUGA LABORATORY 13

2000 High Reliability
¢V '
1500 +—
e 4
Automotive:
direct Water cooling ,
1000 4G DWC
IGBT
@ 3G-DWC
500 /
IGBT @ 2G-DWC *DWC Direct Water Cooling
Industry : Air cooling i
4"Gen 4‘ 1G-DWC X .
Y 6'"Gen
0 | | | | , o | |
1995 2000 2005 2010 2015 2020 2025 2030

* Output Power density [KVA/L] = Max output power [kVA] / Module volume [L] in continuous
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Power module Q

High power density, High reliability, High performance

Power devlgu Wire-bond

N * .
( Dle-anachmnlmm %
e 20NN = =

N ] — ] }Subslmc
__Grease or
bonding
Heat
sink

)

Insulation 1 1 v ~Power
- &> T All-SiC traction inverter
Double side cooling
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Solution of Thermal Problems of High-Power Module .

New Materials and New Interconnect technology

Si, SiC - Dia Direct Bonding

GaN - Dia Direct Bonding

GaN
\ Source  Drain GaN or Ga203
Sior SiC \«
Cu Heat Sink / DBC Cu Heat Sink / DBC
Graphite Graphite

Diamond Heat Spreader

Solder — Sintering — Au-Au — Cu-Cu



Power Semiconductors
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New Materials: Si — SIC — GaN — Ga,0;

10000
1000
s * Flectric Rallfraction _—muffier Semiconductors
s I (Boost C ) \ 'W‘h
E SiC_ S 104 =y
= 100 Si IGBT =
O 3 Motor Contralier "
CaN o 102
g :
2 L0 a
10°
1 “ Voltage (V)
0.01 0.1 1 10 100

Rated Voltage (kV)

FIG. 4. Applications for Si, SiC, GaN, and Ga,0: power electronics in
terms of current and voltage requirements,

FIG. 5. Additional possible applications for Ga,0O5 include fast chargers for
electric vehicles, high voltage direct current (HVDC) for data centers, and
alternative encrgy sources. These are used to interconnect separatc power

doi.org/10.1063/1.5062841
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Power Semiconductors

New Fabrication Process: SAB Wafer bonding

H* lon Implantation '

Atomic layer 3
deposiﬁon ofAl;_.Oa 2.
: Ar ion beam
H* nch
Iayer

B-Ga,O, (201)substrate ALD AlO. deposition s b
with H* implantation e s e urface activation for bonding

l

B-Ga,0, (201)

monocrystalline thin

Surface smoothing by CMP lon s!lclng by annealing Bonding at room temp.

Cheng, Z, etal.: Thermal Transport across lon-Cut Monocrystalline 3-Ga,05 Thin Films
and Bonded B-Ga203-SiC Interfaces. ACS Appl. Mater. Interfaces 2020,



Examples: Semiconductor 3D Integration and Smart Sensors
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BSI-CMOS Image sensor

Wafer bonding

Froet-thommatad strucium Dach-lkpnretsd strociume

" Hybrid bonding
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Conventional bonding methods %3?@

m High temperature process using bonding
agents (solder, sintering agents, adhesives)

m Resulting to formation of brittle reaction layers,

and/or thermal stresses / large warpage _
m Low yield, low reliability R i
. IMCin solder joint S
Mismatch in CTE A | o - s e
coefficient of thermal expansion Reaction oro ducts
Heating Bonding Low reliability due to IMC (intermetalic

Thermal stress compound) formation

, i

CTE LINRO, f
Small | y.

Compressive

Tensile
CTE :
Large 1500(:

%“.irr" \ [ e ,:r.‘

Warpage and cracks due to thermal stress
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Trend of Semiconductor 3D Integration '

TECHINSIGITS
=

High density
Sub-micron boding

Sony IMX260 Wafer Bonding

Bump bonding Bump-less bonding Direct bonding
Solder bonding Solder-less bonding  at Room temperature
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Future of 3D integration Q:Q.

2D-integration

Jack Kilby's pioneering 2.9D-integration

integrated circuit (1958) . .
>10 million transistors (2012) 28nm 2.5D FPGA “Virtex-7 2000T” Xilinx (2011)
Cognitive Computing
10 billion Neurons 3D-integration

Currently only 10 tiers

.

1 million Neurons
Neuromorphic Computing device (IBM 2014)

to go over 10,000 tiers (2'4=16,384)




Core Concept: Key Technology

Surface Activated Bonding (SAB)

Z=(E |/D |,- 'ftﬁ/ﬂn*_"/\
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Solid state contact between two materials

Contact of diamond (001) surfaces 1st Principle MD Simulation

olo'e

o

150 fs 300 fs

[eV]

-2466 +
-2468 +
2470
2472 +
2474
2476 +
2478 +

-2480

100

200 300

2464 e

TotalEnergy[eV]

Surface Distance[nm]

Time[fs]

Energy gain by bonding




Surface Activated Bonding (SAB) Q:Q.

Removal of native oxide and

Bonding only by contact
contamination from surface

on activated surfaces

Surface activation \

Oxide layer / v

) / Ar DII9999900
Contaminations \ \ / DIDIIIIPPI

‘ / DI22999000
* ’ DI

Contact & Bonding
m Direct bonding at room temperature m Bonded pairs

B High through put, High alignment accuracy m Cu, Ni, Al, Au, Ti, etc

m No thermal damage, no reaction layer, no void. B Si, Ge, GaAs, SiC, etc

W High flexibility in material selection B Ga,0;, LiINbOs, Sapphire



ZIIVLI= 7/ M H

Room temperature the bonding of small aluminum rods in ultra-high vacuum
chamber using 1.5 keV Ar atom beam irradiation for few minutes.
The result was In the video clip. copyright@th3k 7? X 7 2 2012




@/I imm dameterAl - Room temperature bonding of Al-Al
" 4 by Surface Activated Bonding (SAB)
. . Ar Fast Atom Beam 1.5keV

Surface layer of ~10nm removed

0 "5

Contact and Bonding =
Plastic deformation

Before Bonding  Fracture test




Applications of SAB in volume production




() TOYO KOHAN CO,LTD.

Metal laminates by SAB (FINE CLAD®)

Uncoiler Thickness Sum~~1.0mm, Width 70cm
Material A

Recoiler

Uncoiler
Material B
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Substrate for High-Temperature Superconductors
High temperature superconductors (HTS) for
power cables is made by pulsed laser
deposition (PLD) on a biaxially-textured Cu
layer, which is fabricated as a clad on a
reinforcement material sheet by the SAB.

PLD-RE123

vSZ
o

subsg

Ag
Cu

HTS Conductor
" 'HTS Shield

Superconducting layer (YBCO)

Buffer layer A\ )

=30y Shield

Barrier layer _, |
\ Former N Electrical Inswation
Biaxially-textured
Cu layer

10-30 um ™ Reinforcement material sheet (Hastelloy)

(¥ TOYO KOHAN CO,LTD.



MEMS absolute pressure sensor fabricated omRron
by SAB wafer bonding 2012

Atmospheric pressure Diaphragm with

Piezo-sensor
2 -* '* ‘- =

Vaccuum

The pressure sensor detects
variation in atmospheric pressure
relative to a vacuum cavity created
inside the sensor chip by SAB. The
resolution is 5 Pa, corresponding to
altitudinal variation as small as 50cm.
It is installed in a commercial
Pedometer which can track the
walking record also for the number of
steps on stairs.

Sensor chip

frame
T SAB

98010

96C05
99C00

08eas |-

Sansor output [Pa)

= 58200

96585

98E80

The resolution is 5 Pa, corresponding to aItitudiﬁgT[\s/eaclriation 50cm.
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LiTaO3/sapphire SAW device fabricated by SAB

LiTaO3

Amorphous layer

&

Inter-Digital

Reflector

electrode Transducer
Reflector
SAW electrode

Sapphké

Piezo-electric substrate




SAB Applications for Photovoltaic Devices
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m Multi-junction Solar Cells: Semiconductor wafer bonding
World Record Solar Cell with 44.7% Efficiency Fraunhofer ISE

Press Release 22/13, September 23, 2013

World record solar cell with 44,7%
efficiency, mace up of four solar subcells
bazed on liI'V cornpounc
semiconductars for use in concentralor
photoveligcs. 7 raunhofer ISE

Wafer bonded four-junction GalnP/GaAs//GalnAsP/GalnAs
concentrator solar cells with 44.7% efficiency

Frank Dimroth'*, Matthias Grave', Paul Beutel®, Ulrich Fiedeler’, Christian Karcher’,

Thomas N. D. Tibbits", Eduard Oliva’, Gerald Siefer', Michael Schachtner’, Alexander Wekkeli',
Andreas W. Bett’, Rainer Krause?, Matteo Piccin?, Nicolas Blanc?, Charlotte Drazek?, Eric Guiot?,
Bruno Ghyselen?, Thierry Salvetat®, Aurélie Tauzin®, Thomas Sinnamarshaiv? Ania Nahrinck®
Thomas Hannappel®" and Klaus Schwarzburg®

Contact gt Gy,
L
Anti-Reflective = 4#"‘%..
Coating - 7%
Top Cell: GalnP, \ J/

Tunnel Junction _— Bides
Middle Cell: GaAs | 142 &
Tu | Junct

nne ion SIS T CLS) Viker
Bottom Cell: Ge /' i Gaig 1510y 2Ny 3Py | 1 126V
Ge / n .

S| Substrate

P InF substrate |




Collaboration in China
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All-SIC pressure sensor fabrication
using SAB of SIC wafer at room temperature

A ¢ o s 38
Lo Tansane kil



SUGA LABORATORY 37

MEMS for Harsh Environmental Applications

» Harsh Environments includes extremes of temperature, pressure, shock, radiation and
chemical attack.

Gas turbines/Aircraft engines [11

- v

Automotive engines [2]

et ==

>600°C P 2 e~ 300-600°C

\T]‘ﬁt‘tps.’/frampages.us ; Efficient = ] http://buster1951.cgsociety.org
&
Safe
—— — g e
[3] http://www.greenpeace.org [4] www.wallcoo.com

> Real-time sensing in harsh environments enables monitoring of combustion,
subsurface environments, and critical components.
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Integrated SiC Sensors & Electronics

m Requirement for MEMS Devices
W High temperature operation
W Harsh environment
B Real time sensing
m Solution
| All-SiC MEMS
m Key technology

m SiC wafer bonding using SAB
All-SiC JFET

hok S oyoops _ ANSE Bivonn
Resistant for Navigaﬁon Power Source
Wirebonding

Ultra-Sensitive
AIN/SIC Shock

High Temperature SIiC Sensor

Opamps, Power Mgmt.,
& Wireless Transmitter
Circuits

Antenna

AlN /SIC High-Q
Osciltator for Wireless
Telemetry

SiC

Accelerometer

sic for Navigation
Substrate

All-SiC Pressure sensor, Accelerometer, etc.
1 [

Epi-SiC

SAB of SiC-SiC

360um< | SIC substrate

All-SiC Microstructure
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All-SIC piezo-resistive pressure sensor

» Wafer thinning » Patterned wafer » Alignment bonding of thin epi-SiC wafer

F
> Piezo-resistors fabrication

50um SiC after thinning

Sete SIS e

oo s T Oamerpiodateyet. et Ty

S el (e

P - F e - o

e o e o4
- -

AP, "'_, -
':f L g s ‘.
oDy AR ST
- | --“.‘;,- »

-y

b
RS
Ay

5 “ ? > Hermeticity test: the lowest

leak rate is < 2 1012
Pa m3/s, <<MIL-STD-883H .

R From 11,200,

SAB of SiC wafers



Ga203 -SIC bonding

collaboration
with
Xin Ou. (Shanghai Institute of Microsystem and Information Technology, CAS)
Mark S. Goorsky (UCLA)
Samuel Graham (GIT)
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Ga203 - SiC bonding using Si-doped SAB

' Amor;ihaus SiC 230900

g ~1.8nm

Amorphous Ga,0,

Anmorphous Gas(0),

3-inch 4H-SiC
GayO, Ga-0;

3nm

» Room temp. bonding of BGa,05-SiC
by Si-doped SAB BF STEM images of the Ga,05-SiC bonding interface
« High bond strenath: 2.3 J/im? (a) before annealing (b) after annealing
J g <. Amorphous layer shrank
by interfacial diffusion

Xu'Y, et al. Direct wafer bonding of Ga,05-SiC at room temperature. Ceramics International, 2019



GaN-HEMT- Diamond Substrates




SUGA LA O.RéTORY 43

Bonding Single-crystal Diamond and Si
at Room Temperature by modified SAB

Cover layer /Surface activation Bonding 2 FUﬁT.SU

deposition

Amorphous layers

W' __Induced by Ar

Cover layer 0L/ . e 2 TBC
HODES ®

Diamond

Cover layer cov‘r .
after irradiation [ l h’:r

y — - A — ——— —

-
|Cover layer
1 s e ‘» \

Cover layer on
diamond

|

RMS 0320 nm 200 0m No Amorphous RMS 0.377 nm 500 om - \ ik Y, .“»"-'L:l;;_;._v_-.
\ e <1x10Pa@rT./ =22 | SIC Sic
Temperature distribution
atsS5w __100
P w/o diamond
Diamond w/o diamond with diamond < g T -
(5 mm x 5 mm) PmRRIEN SR S dgt e
v ‘ E 60 .",,,—.....— --‘
a
g 40 with diamond
8
§ 20
o 4 A
0 2 4 B

Power dissipation (W)



SUGA LABORATORY 44

MITSUBISHI
ELECTRIC

Changes for the Better

Mitsubishi Electric Develops World's First Multi-Cell GaN-HEMT
Bonded Directly to Diamond Substrate

News release: September 2, 2019

Published in SSDM 2019, Nagoya, in collaboration with the Research Center for
Ubiquitous MEMS and Micro Engineering, National Institute of Advanced
Industrial Science and Technology (AIST)

..........................

]
! :
T Drain Pad Source Gate Drain

| 5 St Ped GaN-HEMT
" |

(~ 1um)

Nano Adhesion Layer

Diamond
(~300um)

The temperature rise of the GaN-HEMT decreased from 211 to 35 degrees Celsius.
The output per gate width improved from 2.8 W/mm to 3.1 W/mm as well as the power efficiency raised from 55.6 t0 65.2 %
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Bonding process

Si, metal, SiC deposition Surface activation Bonding

=

&

-in vacuum ~10"Pa
-bonding load 20 kN

Load-clock | B Process chamber
chamber

Confidential



SAB of GaN-Diamond
using Si nano-adhesion layer

HAADF-STEM

Diamond

.'?..-. Y
3

I 5nm el it . e mes =
(= SO S E ,y - _

TBC (thermal barrier conductance) by TDTR* method

. 3-42nm SiNx ~37 MW/m2K
SEEE (AlGaN-diamond) “00C T (142nm A10.5Ga0.5N) TDIR (just SiNx layer)
L. Yates CVD growth o ) )
of al. (Do aw Gl .>600°C ~5nm SiNx TDTR >100 MW/m?K world highest
Suga et al. SAB Room temp. <10 nm Si TDTR 2019

Suga et al. SAB Room temp. <2 nm Si TDTR



Polishing and bonding of diamond using GCIB




Polishing and bonding of diamond using GCIB

1 o o0
-
=4 @/@ ®®
Cluster = 1,000 - 10,000 atoms UUU rL —'ll _
[IPT Inc.

Bonding diamond

m only possible by Extended SAB
m Surface roughness Ra <0.5 nm
m Warpage < 10 um
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Gas-cluster ion beam (GCIB) irradiation
m High removal rate

m Low damage
m Reactive gas

10 [um] 10 fum]
(a) Belore irradiation (b) Ar cluster ion (1x107cm*) and
Ra=40nm O, cluster ion irradiation {1x10"%¢m3)
Ra=10nm

N. Toyoda, N. Hagiwara, J. Matsuo, |. Yamada, (1999)

Combined bonding process: GCIB-SAB

m  Seamless process of polishing and bonding
m Low damage bonding



Polishing of Diamond wafer by GCIB

20 [ne]

L4

After GCIB irradiation for 20 min

15

RMS:~10 nm

Ra ~ 40 nm PP
45
Optimized GCIB conditions =
m Gas: Ar-SF6, He-SF6
Fine polishing m GCIB 30keV, 104 ~ 10'6jons/cm?
RMS:~50 nm RMS:~25 nm
Ra: ~40 nm Ra: ~20 nm Ra:

L LY BN
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CVD diamond as grown on Si
Ra ~ 200 nm

GaN (Ga-surface)

diamond

SAM image of CVD diamond
bonded to GaN by extended SAB
/ with 10 nm Si nano-adhesion layer




Industry — University Collaboration




Institute for Advanced Mier{g.-_.gggste;
URL http://www.imsi.jp/ :

Founded in December 1997 by 11 semiconductor enterprlse§ Currently 41 comganx Y
members run the 8th stage (3 years for each stage).
Scope e
- Promotion of R&D for next generation

Global communication and standardization

Networking researchers and engineers
Cooperation with academia (Contract research)

Project working group

WG1- High speed signal transmission system
WG2 - SAB - Room temperature bonding
WG3 - GaN power module integration

Research committee
Application of Deep-Learning Concept on electronic systems.
Innovative Interface Bonding Technology - SAB




URL http://www.imsi.jo/  Since 1997 (i;n;_[% = 2021.10
Institute for Advanced Micro-sys,t_éﬁa Integrati
TOSHIBA Panasonic NEC

KIOXIA FCruitectic SONY

©) NTT §stnko ~ OLYMPUS
TAIYO YUDEN nanata gty Nikon
{3} KYOCERA AGC a.Zb” Denka = Hﬁlfﬁm

@ HitachiHighTech ¥ NICHIA  ADAMANT Aamilci /‘\é’!/”
/o ALPHA DESIGN CO..LTD. vam;ngoAﬁy Iﬂﬂg o 1t # ACCRETECH

:\‘;’*G TEL Canon ME

TOKYO ELECTRON CANON ANELVA CORPORATION

sussvicoee  bofidtech LAN  Ajfe=s NIDEC MACHINE TOOL




SAB equipment manufacturers

Plasma AB ' , ADB
Standard SAB be ah [Standard SAB canon
— CANON ANELVA CORPORATION
Modified SAB

= N
-84y
W,

‘l

¢ )
b |
g 1 - )
-’ £’ P
.
. f

| Standard SAB

Standard SAB

Modified SAB
OLED sealing ADB

Standard SAB
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