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Points of my talk:

o Importance on surface/interface design to create functions
o Bonding & debonding in single process

1. Research backgrounds :
1.1. Interfaces for Cutting-Edge Applications
1.2. Essential Surface/Interface Characteristics

2. Lineage to Low-Temp, Non-Vacuum, Reliable Hybrid Bonding
2.1. Direct Bonding Using High Vac (1990s)
2.2. Half Non-Vac Process (early 2000s)
2.3. VUV-Based Non-Vac Process (around 2007~)
2.4. New VUV-Based Process (around 2010~)

3. For "Cradle to Grave" Tech: Bondability and Debondability
3.1. Trigger of “Solid-State Debonding”

3.2. Process Design
3.3. Bondability & Debondability

4. Summary
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Before Getting Started
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- Green fabrication etc.

0. What we are
NIMS

Team for surface and interface design to create multiple functions
A. Shigetou (Team leader)

Two post-doctoral researchers from India and China
Two Ph. D. candidates from Taiwan

3 technicians
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47 Native oxide
Vapor-VUV surface modification

(Left) TEM image of the
bond interface between
metal - polymer by vapor-
™ VUV method at 150C s.:- )

(T : =
: The creation of an "ultra-thin
3ogd~s§ate adhesion/non-adhesion control
coonding layer" by different approaches:
= 1. Modification of chemical
binding structure through
beam-induced optical methods
2. Autonomous formation of
ino/micro-
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NIMS

1. Research Backgrounds

1.1. Interfaces for Cutting-Edge Applications
NIMS

The better tunability of interfaces the better system performances
Multi-layerad P l & 4 nm n-GaAs guantum well

graphen fims

PDMS1

L (Si 242 10" gm3)
1 150nmi\u!3anl/ &
i) | = 50 nm Al ;G A8 barnier
T
___________ 3nmTisonmAu ¥ TN 1Gay /A8 bamier
500 nm AuO nm Ti et

=i

2nd GaAs subsirate

(Up) Quantum well IR photodetectors
and (down) semi direct-bonded GaN
/ SiC interface: Shigetou et al., ECTC
2015 and Miyazaki et al., 4t A3
MetaMtr. Forum 2019, respectively.

'y [ FEui o
Semi direct-bonded interfaces of (Left)

PDMS and (Right) multi-layered graphene:
Shigetou et al., IEEE NANO 2012 etc.

Transparency, conductivity,
carrier/electron mobility...

100 um

Adhesion, responsivity, bandgap,
diffusivity, reliability...

Nano/micro scale

Direct-bonded Be-V for
p P N neutron excitation target
| Chemical binding structure and layer thickness \ d

' Bond mechanism | Contact mechanics ]\M’\.

" Fracture mechanics




1.1. Interfaces for Cutting-Edge Applications
NIMS

Automotive IoT: Seamless signal transmission via structural materials

o "Systems in Materials” packaging
o Integration regardless of materials and fabrication scales
o Seamless bonding: Use of intrinsic surface properties

Industrially simple hybrid
bonding scheme

Fabrication scale [m]

10° 102 107 10° 10’

knowledge on surfaces/interfaces, special

Electronics Packaging: nm - um, deep
fabrication atmosphere acceptable

: z = =
@ 4
¢ o g
B <O 1 Lightweight & o
Hrl 0L d:gassaql‘a lable {

mechanical parts

rocess Unit

Carbon/glass fibers Electronics for SMART automotives SMART & robust structural matr
Bio-mimetic matr  (Biosensors, RF, anti-shock & heat etc.) Power / green electronics etc.

1.2. Essential Surface/Interface Characteristics

NIMS
o Non-vacuum & low-temp (around <150°C) for diverse materials EglblelE]
o High-reliability such as anti-hydrolytic interface < Almost done
o Easy solid-state debonding < Not yet

——— Insulator 1
‘| ‘ T ===__ Interconnections
] N =T

= B J Ultrathin bridge layer

Being T
borderless o)
o
Q . Shigetoutet al.,
H st
Packagin e Proc. 51 ECTC
ging S (2001)
8 + Shigetou et al.,
Advanced o Trans. Adv. Pckg.
packaging S (2007) etc.
% YERID BONDING
Q
BEOL 3
: I ﬂ ﬁ i mmenimmmeme
FEOL S ErSEion
o
>
Device layers Lg AMD Hotchips 2021 Sr. Fellow-R. Swaminathan




1.2. Essential Surface/Interface Characteristics

NIMS

Hybrid interface must be seamless to:

L Green technology (eco-logy)
= CElillesifn el Simple & low-cost (eco-nomy)
o Material properties P Y

Thermoplasticity
: : Thermoset/Infusible Metals
Crystalline |Noncrystalline
PEEK PEI Polyimide (Pl) Hastelloy
PAEK PPSU Cyanate ester Inconel/Stellite
PPS PES Bismaleimide Ti, Ti alloys
LCP PSU Epoxy group Al, Al alloys
PA PC Phenal group Fe, Fe alloys
PBT ABS Unsaturated polyester |Stainless group
POM Co, Cr, Cu
PP(S) Noble metals
Example of structural materials officially used in automotive companies.
Those in red letters are also utilized in electronic substrates and packaging.
= Covalent/coordinate bond regardless of the combination
= Chemically stable organic materials: Highly marketable in molding process
10
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2. Lineage to Low-Temp, Non-Vacuum,
Reliable Hybrid Bonding

11




2.1. Direct Bonding Using High Vac (1990s)
NIMS

Surface Activated Bonding (SAB) at RT : Use of dangling bonds

Initial adsorbate
(oxide, physisorbed

Ar fast atom beam (Ar-FAB),
ion beam, prasr]'la treatment...

Bonding by attractive force btwn

tami ts ... .

g & 4 g B R le”th“I" I atomically clean surfaces :
‘?5*\*\)\* £ e o L L . o Covalent/metal bond only
otctelctoto O-G-O-0-0-0 g¢gggog

- . T Metals (metallic-bond): Au, Cu, Al, Sn, alloy ...

-

3588338

2. Bonding in vacuum without
remarkable heating

Inner atoms
aoepau|

0. Initial surface

1. Surface cleaning process
mainly by physical beam
bombardment in vacuum

Semiconductors (covalent-bond): SI, 11V ...

High density, direct interconnection ...

Wacuum condition (partially ambient air)

Room temperature or considerably low temp.

Change in chemical/physical surface conditions induced by beam irradiation

1) Minimum surface activation condition

2) Acceptable increase in surface roughness to ensure full contact

1) + 2) = “clean & flat” surface

3) Acceptable adsorption from the environment to maintain bondability

3) = Q-time

12

- cléan surface

Direct Bonding Using High Vac (1990s)

NIMS

100 oAy 320-v.)) 1 1-v] +1-v;
- e g gurkee ¥ — =

e o —— e~ e A 7 EE E,
g i for a clean i e - K
2 or E'*3? |—<y*
£ 60 surface : T
5 =G =
Z 40 —--01s unconiacte contacte -
g ® ’ For CMP-Cu film : Ra 2nm ‘
E 4 il | 2 e R
S ~ x Sy Concept of Hertz’s contact theory

0 Les S (:
0 2 4 6 8 10 12 14
Depth (nm)

E-LERCSBIYFIRECMP-Cu | EMEROEHOBS &  2nm |

Inactivation @ 0.2 Pa-s

REDLF AR CORIMR L 100 e
| mpBieicoRsHsE :8m | o8
: < 80
25 2l § g
Opti ) L gg 60 .
ptimum process window Eao 38 Good bondability
for this CMP-Cu film: S + £3 4 ]
[
Etching depthof 8 - 15nm  g15 | | 7 Adetiate & é At consiant exposure |
+ vacuum exposure of less 2§ A etch(iqn depth: %S 20 e (B0.0)
than 0.2 Pa*s. E 1.0 4 i—-— g depth: = o Mconstantvacuum |
@ 8~15 nm _©_pressurs (20x10°Pa)[ | |,
05 P l i 01 1 10 100 1000
1] 5 10 15 20 25 Amount of exposure (x10-3 Pa"s)
Etching depth (nm)

Change in mean surface roughness
correspondence to the etching depth.

Relationship btwn the bonded area
and-the exposure amount to oxygen

13




2.1. Direct Bonding Using High Vac (1990s)
NIMS

% | world’s first Cu-Cu bonding at RT

A. Shigetou et al., J.
4 Surface Sci. 2001 B¢

Fe contamination from ion gun

SiO2 cannot be barrel worked as adhesive layer!

bonded by SAB
method---?

Idea of

ultrathin
bridge layer

14

2.2. Half Non-Vac Process (early 2000s)
NIMS

Cu-Cu Modified diffusion bonding supported by SAB : Cu-Cu bonding @
150C via controlled thickness of native oxide

o High vac needs high cost — Working temp going high — All RT process really
needed? — 100°C higher than RT = 2 degrees up in diffusion coefficient!

o Tuning of surface inert layer (ex. native oxide) is necessary: Thinner than
volume diffusion distance of Cu ions!

At 2 x 10° Pa (background)

At8x10'Pa

initial adsorbate layer
JCMP-Cu CwTaN sio;

L -

thin and uniform adsorbate
| O: with controlled humidity
s

===

—

0) Initial Cu surface covered
with thick adsorbate layer

Ar atoms

e 9

1) Ar-FAB t

2) Exposure to ambient
pressure condition

diffusion of Cu atoms

for surface cleaning

3) Heating at 150°C

interfacial layer

50 nm

. . &
Adhesive layer in non-vac atmosphere =
Tunable design of bridge structure

15




2.3. VUV-Based Non-Vac Process (around 2007~)
NIMS

1. Non-vac atmosphere = Adhesion layer on the surface

2. Process tep lower than Tg = Less deformation & reaction

Key of surface modification is on inorganic side

Physisorbed, i taminant - . -
ysisorbed/organic contaminar Covalent or ionic bond: High binding energy that

Ex. Metal surface Native oxide/chemisorbed layer ’ cannot be dissociated with UV light only

Functional Binding energy

| wavelength
| 9P | kcal/mol [ ka/mot i (nm) ( h
C=C 186.8 | 791.1 | 13
c=N 222 | sao | 19
=0 190.0 796.1 151
c=C 1405 5887 204
H—F 1349 | sesz | 2w
‘;ff ::5: It :::j ! ;:: Surface layer 1 O Tunable chemical structure
ey T e T Ultrathin o Tunaple thlcknes; y
~W=Cl_| 1018 | a0 | = ]M O Materials compatibility
G-H 976 | aes |  2m3 O High bond strength
N—H 9.9 385.1 an H H : H ili
2= s | ams | e O High interfacial reliability
c—Cl_ 768 3222 a2 | Y,
C=0 764 3201 374
Sl ] Mah. | ebas | 450
16
16
2.3. VUV-Based Non-Vac Process (around 2007~)
Water vapor as the source of bridge layer
= Predictable adsorption behavior
' L e2 @ Lone pair of oxygen to cation sites @
More than 10 A . K .
molecular layers --\\ \ @@ Proton conduction on anion sites
! 12
lel ¥ N~
e’ — i
f h'\ =1.15
/ - : o
/ 1 | D @ / §
Less than 10 \ s g 1
molecular layers N a
— 8105
™ -
I,'I 'Il E 1
Clean surface ", g
in high vacuum So095
I
LT 1
o 5 0 1% 3 0.9 ! ! ! ! !
s & 0 20 40 60 80 100
Bincirg Erongy eV b
Humidity (RH %, at 15 °C)
Change in valence band spectra of SrTiO3 . .
concomitantly with increasing water Change in the ground state of Cu and SiO2 at
adsorption different humidity conditions
M. A. Henderson, Surf. Sci. Rep. 46 (2002)
17
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2.3. VUV-Based Non-Vac Process (around 2007~)

NIMS

Water Vapor-assisted ultraviolet (V-VUV) method : Highly modified hydrophilic bonding

o
o
o
o
o
o

o Nitrogen atmosphere (at around 9.0 x 104pay

In N2 atmosphere, <150°C

Bridge thickness ~10nm

“Exposure (s-kg/m3)"as the process parameter
Contact @ RT — Heating @150°C

No bonding pressure is required in theoretically
Different interfacial functions by different solvents

&

Hydrate bridging layer

Eﬁec! 2: Formation of hydrate
bridging layer

1. VUV irradiation in humidified nitrogen atmosphere

— —

2. Touchdown and heating
100 - 200 C around

. Lone pair, ‘\
Surf Reduced thickness
uriace e————— "+ - Dehydration concentration H
contaminant inside bl‘gﬁdigng Ia?'er
\ - Rapid diffusion of due to
VUV»Q 72 nm) | Oxide Effect1: Surface cleaning and reduced oxide thickness Covalent
= partial deoxidation of oxide electron ~OH

« T. H. W. Yang, C. R. Kao,
A. Shigetou, Langmuir Vol.
33 No. 34, 2017 etc.

« JP Patent No. 6251935 etc.

Outline of V-VUV method in case of WATER vapor

18

2.3. VUV-Based Non-Vac Process (around 2007~)

NIMS

e - A% Eﬂjlﬁﬁﬁ ‘ Electronic Packaging ‘

‘ Bio/Medica/Optical materials ‘

M.

RI2SHEEKTIEST DHEMHT

Newspaper artlcle The Da|Iy
Industrial (2012/10/25)

Cu-Cu Bumpless Interconnect for
Hybrid Bonding. Cu-Cu, Cu-SiO2, Cu-PI
interfaces on the same plane @ 150 C.

Structural Materials

PDMS - PDMS
interface with
transparency loss
< 2%

Relative Trmmagarmncy (v &, st u)

[
a0 w0 a2 s w0 s
Wiresiangth {nen)

CFRP - Steel,
and PEEK - Ti64
bonding @ 150 - PEEK - Pt
200 C, including bonding for
less thermal artificial
strain at the bone parts
interfaces.
A
J. Elctr. Mtr. (2012), IEEE NANO (2012), Microelctr. Rel. (2016), Mtr. Sci. Eng. C. (2017) etc. 19
19
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2.4 New VUV-Based Process (around 2010~)
NIMS

New tasks for water V-VUV method:

o Hydrolysis degradation : In particular @ inorganic — organic interfaces
o Different lifetime for different materials (will talk later)

Target materials: Cu, Al, Ti (Ti-6Al-4V), PEEK, PI, Si, SiC(N), GaN etc.
Water adsorption is hard to be avoided in actual IoT modules

o
. -4 |Penetration
of Water)

(Water
:jmc‘}"“\ Absorption)

Irreviersible hydrolysi - £ V-VUV
Irreversible M-O-C (single oxygen bridge)
hydrolysis at V-VUV bonding interfaces:

» Water penetration to interface

» Broken M-O- quickly forms chemically stable
oxide

» Crack initiation due to stress concentration on
unbonded oxide sites

So, let's make the hydrolysis reaction equiriblium!

20
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2.4. New VUV-Based Process (around 2010~)
NIMS

Alkyl chains with hydroxyls at the and and muti-dentate carboxylates at the
bottom (inorganic side)

Examples of Carboxylate (except for hydrogen bond)
: Bridgeable structure

!
: ¢ T )
§ : ,? § '51 };933239‘;'; ‘"8;?.:;‘,‘5 m Hydrophobicity can be
6-,Cy 1a ,C. 6 ,C_ s WA : Alkyl chain tuned via alkyl chain length
0”70 | 0 o0 7— — m Alkyl chain keeps
: i : : / connected to the other
’ ! '+ Strong bonding = Alkyl P
M : M M (:hainsgstayir!;grpnn;}:('cﬁd material
Unidentate | Multi (bi) dentate 10,the organic sloe
+ & v Stay connected
| Organic side to organic side
——————— §—————-—— - ' OH or
IBridge layer: N »=0 Reversible § “One side is re-bonded
o C " | Alkyl chain length oo 7 H —FE C while another one is
0 |= Bridge thickness 0 0 O/ ‘g disconnected”
. sho | )
T
_M — IYI_ +Inorganic side —M M— —M M—

Schematics of anti-hydrolysis bridge layer

21
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2.4. New VUV-Based Process (around 2010~)
NIMS

% Example of Al - polyimide bonding

Alcohol - assisted VUV (E or IPA-VUV) method : As low-toxic source of CH radical

o Use of atomized ethanol, IPA, etc.
o Same process as water V-VUV: Exposure (s-kg/m3) as process parameter
o Batch process to water cleaning available in near future

N2 atmosphere with

cthanol vapor

contantinaiit
native oxide

2) surface cleaning &

« Nature Scientific Reports 9 (2019)
« Materials & Design 195 (2020)
« JPN Patent No. 7018223

partial deoxidization

y thickness < 10 nm

« CHN Patent No. I1C202391
« JPN Patent Application No. 2022-

90266

T X 4) touchdown at RT etc.
& heating at around

150 C for dehydration

condensation & hydro-

ystsan_eqilibrium

inorganic material

3) hydroxyl-carrving

1) VUV irradiation with
acyelic alkyl formation

parameter of s¥kg/m-?
O Pseud hydrophobic surface

o0 Q-time longer than 24hrs
for Si-relati terial

Outline of Ethanol-VUV surface modification / bonding
method.

22

2.4. New VUV-Based Process (around 2010~)

~
s

Major experimental procedures:

. Ultrasonic washing: Acetone (only for Al) — ethanol — ultrapure water 1min each

. VUV irradiation at different amounts of exposure (s-ka/m3)

. X-ray photoelectron microscopy (XPS) for aoverall check of surface chemical
binding status: 2x10-7Pa, Mg-Ka, 450W, detection at 15°, ¢0.8mm

. Fourier-transform IR spectroscopy (ET-IR) for precise analysis on carbon
binding condition: After E-VUV, transferred to FT-IR equipment in air

. Bonding: contact @RT, 0.04MPa, heating @ 150°C for 10min

. Transmission electron microscopy (TEM) & electron energy loss spctr. (EELS)

o ul N WN

Sample heating
stage (lower side)

Background vacuum (Pa)
- Airlock; < 2.0 x 10 i
- Bonding: < 5.0 x 108

- XPS: < 3.0 x 107

EB depo Al thin film on Si
(10 mm x 10 mm x 140 nm)

Si wafer

|™{Bonding chamber
Standby chambar

(Ar-FAB available)
VUV source

/' (wavelength 172 nm)

Polyimide (Kapton) thin film

V Cut into

Sensors:
n = Humidity
- XYZ, il - Pressure (15 mm x 15 mm x 25 um)
- Arion gun l | Sample
Standby chamber introduction (LEFT) Schematic representation of E-VUV
il bonding apparatus including XPS/AES. E-VUV

chamber equips ultrasonic atomizer and
humidity/pressure sensors. (RIGHT) Outline of
test vehicles.

{ Airlock chamber | ] T
Y EEN Nitrogen gas

23
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2.4. New VUV-Based Process (around 2010~)

NIMS

Less matrix damage: ~2nm deep area is reorganized by V-VUV

PMDA 0DA
r \

S

e
aph

r A
o
L.
Q o
--.DIQI Oo/
12

Typical structure of polyimide

l Both has “bondability” l

Conventional beam process

in high vac VUV irradiation
JL O |00
ke
2790 A 15224 A

= fragmentation : C-O-C, = Low damage on matorix
C=0, C-N

m C concentration derives
damages on dielectricity

350+ *
R Y ¥ ‘
Pl y
®  o-.c O0=C Benzene
s {
e W e e & ¢
XPS valence spectrum of polyimide before beam irradiation
—— Before irradiation
—— Ar-FAB bombardment in high vac
= )
" Wyl | | Yang, Kao,
# Benzene Shigetou,
Langmuir 2017

N IS 0
Binding Enargy o)

24
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2.4. New VUV-Based Process (around 2010~)
Spectroscopy such as XPS is effective to identify the chemical species and atomic
concentration, but not suitable to identify the chemical structure
o Al Ols specgra : -OH, C-OOH groups
1 - e 130
A Ols Initial 0% of AbOs | Al Ols spectra before/after E-VUV treatment.
. e :j:g;:;; 7 - Black line indicates before irradiation, colored
% g lines are for different exposure conditions.
% 3 OH of Al (a) Spectra normalized with the highest
H] = hydrate intensity to highlight the difference in chemical
£ z # binding conditions. FWHN increment due to -
2 g OH creation is seen.
@ (b) (b)-(d) Results of curve fitting of spectra after
| - e | = | E-VUV treatments. -OH and C-OOH peaks
L 537 535 533 53 520 527 537 535 533 531 529 became apparent.
R . b ;
E;,:,r":t:"& 282 s*kg/m? 742 s%kg/m? E;‘,r";t?'a The layer thickness x can be calculated using
7| C=0 of carboxyl 3 C=0 of carboxyl the peak area obtained by the angle-resolved
£| N / s | observations :
3| OHof . 5| OHof X _ i
% | carboxyl & \ 0% of A0 &| carboxyl & \O of Alz03 Ip=1,-e X/Am sin A0
| C-OH N =| C-OH X
| \ z 1 Im : Peak intensity of the targeted chemical
ﬁ g | component obtained at the detection angle 61
E X © ‘\td} Iu : Peak arga obtained at different angle
o e e gl S _ . | Am:Inelastic mean free path of the targeted
538 536 534 532 530 528 538 536 534 532 530 528 bridge layer material
Binding Energy (eV) Bincfing Energy (eV)
25
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2.4. New VUV-Based Process (around 2010~)

NIMS
Bidentate Al carboxylate formation
AN
5-10"I 7 v (Al-0)
eI 6 T 10 ATR-FTIR results showing the
1 \ ‘:} f ] / change in binding structure of C on
3 Al surface after E-VUV treatment
g 794 s-kg/m3 — at different exposure conditions.
=z Peaks at 1500 - 1700 cm!
E represents the formation of
3 carboxylate.
é 218 s- kg/m
A =v,s— 8 =151 cm-?
E- vuva — Bidentate = /—C é)
T T \‘\ T T C. Ohe, J. Phys. Chem. B l 1
3500 3000 1500 1000 103, 1999. 1 :
1 M* M
Wavenumbers (em™) . Growth of alkyl chain
No. | Wavelength (cm~) | Assignmen Wavelength (cm~) | Assignment /
1 3338-3504 . 6 1703 {C=0) of COOH y
2 2954 v,,(CH,) 7 1616 1,(CO0")
3 2929 v,,(CH,) 8 1465 8(CH,)
4 2870 ¥,(CH,) 9 1430 1(CO0")
5 2856 11,{CH;) 10 1108 C—C—0) of -CO,R ester
N - o
26
2.4. New VUV-Based Process (around 2010~)
Formation of
C-C bonds NIMS
Al (on native ol Esterification _Saturation: 2000 s-kg/m?
oxide) i P
2
Polyimide VUV-dissolved e Ratio of C-C to C-
sites are occupied /¥ 1 H, meaning a_IkyI
W \ , " s ---a | formation ratio,
3./ op (b Pue on PI surface with
Ve WF‘LC*-;L"’“ o 8 parameter of
- 50 - P
Fa 2 e o M T P Exposure.
W w4 W O a0l ' Calculated from
I 0 XPS C1s curve-
| ‘ / Q56 - fitted spectra.
¢ w e \ PR E Layer growth
'&__._f A ,L) °N \_._§° g 20 Saturation exposure linearly followls ’
g IC — - 2 + 320-470 kg-s/m3 Exposure until a
e ,-: @ b ‘H}H{ 3 e g:s/ the reaction sites
/ v " are occupied.
Hydroxyls are H 200 00 00 200 1000
oxidized
Exposure (kg+s/m?) 57

27




2.4. New VUV-Based Process (around 2010~)
NIMS

No crack after storage testing at 85%RH-85°C for more than 3 months

o As-bonded sample: Close adhesion via 10-nm-thick bridge layer
o After storage testing: precipitation layer from Al side for 20nm width

e B o
A ;

Al diffusion

Interfacial layer

Al (111)

o

¥

TEM images of the bond interfaces btwn Al and PI. Exposure amount of ethanol-VUV was Al
1890 s-kg/m3, PI 400 s-kg/m3. (Left) As-bonded interface, (Middle) diffraction spots at

Point a & b, showing that the bridge layer is amorphous. (%) interface after 3 months of storage
testing.

28
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NIMS

3. For "Cradle to Grave" Tech: Bondability and
Debondability

% Contents from JIEP/IEEE EPS/CPMT ICEP 2024 & 2025
% From here Cu-Cu interface

Being )
borderless Wafers / interposers
Packaging ]
Advanced T
packaging \ 5;?3,'5
i
oS
BEOL N
o= g &
FEOL =

Device layers

29
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3.1. Trigger of "Solid-State Debonding”

NIMS
o Automatic nucleation of oxide nanocrystals of inorganic materials
o Limited thickness growth of bridge layer
ANOH),
Polyimide Polyimide Polyimide {<35nm)
_:E-\I'U\'Jwalld surface .
AlLO, Al,Oy Al;0,

Al

Polyimide

-

Possible source of AI(OH)s :

® The excess of Al ions produced
by the reduction of the top surface
of the natural oxide film by protons
reacts with water molecules
generated by dehydration
condensation of bridge layer ends

TEM image of Al - polyimide interface bonded by the ethanol-VUV
process. The interface was kept in 85°C-85%RH condition for more
than 3 months. T. Yang et a., Trans. JIEP 2019

30
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3.1. Trigger of "Solid-State Debonding”

NIMS
Bonding technology that incorporates debondindability

A clear "trigger” for solid-state debonding at low temperature that does not overlap

with actual operating or reliability test conditions.
o Trigger condition must be reached with existing industrial equipment.

Expansion A Conventional separation

triggers
(melting, burning etc.)

Trigger: Set to about -100°C . )
(can be reached in a common Thermal expansion oc stress
industrial freezer) R B (. g i i e

Working temp. |
.( ...... ._'._._._.'_'._._._._.’. !
Concept of o
temperature-based
solid-state
debonding trigger.
Sharp expansion

Difficult to set the
trigﬂer at higher temp
for high heat-resistant

only at the trigger mtrs
temperature, - P
showing the same .

: Temp. high

thermal properties Temp.
as common low
materials in an
operation -
environment. e S I S s et j [— Bridge layer

; Reliability test temp. ;  —— Common materials
- — - Negative CTE mtr.

Y.
' Shrinkage
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3.1. Trigger of "Solid-State Debonding”

Use of antiferromagnetic nanocrystals:

O Steep expansion at about -100°C: Due to spin-lattice interaction below Néel temp
O Especially for CuO: Volume strain of around 0.003 in A 20 C across the trigger

o R : Bridge Composed of Cu-
Use of the Iqw temperatgre expansion properties layer related compound
of some antiferromagnetic nanocrystals
| Mtr. 1 \ ol
. L . . : Bridge Q5
3) Spin-lattice interaction: Lattice " = g! v S3
expansion for relaxation of geometrical Mtr. 2 (Cu ) | 7 o
frustration : | '
. . . After bondin Nucleation of CuO
2) Spin orientation cannot be g ) nanoparticles
determined geometrically— Cooling to
N below Ty
1) Fixing spin =
orientation < Stress =
\\ 1 1 1 1 t 1 -’—'. o
\ S - e, =
y w2
A nanocrystal with - Expansion of  Solid-state debonding
triangular spin  Kitani bridge layer
g Sp Taken from: Kitani et al., Thermal
configurations Measurement 44 (2017) 1 — AT O DB AR VR — SERER, FETES

07597418 &ixH : 2024-12-02
PCT/3P2022/027099 (EP, CN) , JP2021-115527

2
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3.2. Process Design

NIMS
. Mtr' E Anti-hydrolytic bridge layer:
O Vg ¥ 4 %o L Y~ 1; Dehydration condensation at the end of the bridge
L a5 30 o 2) Dynamic competition of hydrolysis
(V] & o
3 250 s
@

Mtr. 2 (Cu) - CuO nanocrystals:
Concept of IPA-VUV Steep expansion at the temperature below Ty (around -100 C)
bridge layer

Test coupon : Oxyten-free Cu plate

® To investigate the evolution of chemical binding status only on Cu
® Highest purity (>99.96%) of Cu commercially available
® Used in various applications: lead frames, heat sinks, plating source, etc.

Slicing into plates Sliced surface Mirror polishing : SiC paper #4000 + diamond splay 3um®

® 10mm Small cut-off to ensure
physical contact

>
‘ Around 1.5 mm I [ ]

Schematic representation of Cu test coupon: Mean roughness (Ra) 10nm around
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3.2. Process Design

Chemical structure indicating bridge formation on Cu

1) hydroxide (due to -OH) :Cu-0-H
2) Cu carboxylate at the bottom :Cu-0-R

Checked with Cu2p3 spectra

VUV only in vac

— VUV only in vac (native oxide)

the curve fitting.

"o, P o8 cu-0-
8u9_eo\{ - Native oxide;
A% Cu@x)0 :
1.8eV
Cu-OH a

,
'
'

a
|
I
'
'
'
}
f
I
'
I
'

' '
I I
' I
' '
' '
N
[N
I '
I '
I |
' I
' '
> I
' I
I I
I '
' '
I '

Normalized intensity to the maximum
intensity in order to highlight the difference
in-binding conditions

Cu2p3 spectra taken at 30° in
different Exposure conditions

NIMS

Checked with Cu2p3 spectra

Since the presence of native oxide is largest, the
energy gaps from the native oxide peak were used to

IPAVUV, E=6.028, 15°
IPA-VUV, E=6.028, 30°

Example of angle-resolved spectra
at E=6.028. Taken at 15 and 30°.

34

34

3.2. Process Design

Chemical structure indicating bridge formation on Cu

1) hydroxide (due to -OH)
2) Cu carboxylate at the bottom

m o R-C-OH
I
OH

VUV only in vac

VUV only in vac (native oxide) curve fitting.

cso - | C-0-(H)
N L 2.1ev _
" i C-O-(H) ¢~
4ol : -
-~..C-Cas f

Normalized intensity to the maximum
intensity in order to highlight the difference
in-binding conditions

Cl1s spectra taken at 30° in
different Exposure conditions

NIMS

Checked with C1s spectra

Since the presence of C-C is considered dominant,
the energy gaps from C-C peak were used to the

Example of angle-resolved spectra
at E=6.028. Taken at 15 and 30°.
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3.2. Process Design
NIMS

Evolution in bridge layer thickness according to Exposure :
o Layer growth has a saturation point : About 2.4 s-kq/

o Follows Freundlich’s isotherm equation : Isotherm reaction between the solid-state
surface and gas molecules occurring only at the surface of the bridge layer

— ° & SIS VLV only GO . Approximate curve was
b C1s VUV only C=0 forced to go 0 when E is
Cuzp3 VUVonly Cu-O- | o, assuming that no
_._{é:’:ﬁ;;_eﬁ\??gﬁo'ﬂ beidge formation at E=0.
1 j < Bridge growth reaches max — =~ -C1s IPAVUV C=0 . Zvaaﬁhn;?e”; froprgmzjiffe:gi
® | -9 -Cu2p3IPAVUV Cu-O- | glement peaks.
""""" - Cu2p3 IPA-VUV Cu-OH

0.5 It Correlation coefficient R > 0.96 Freundlich’s isotherm equation :

y=a-xbx°

[ @ ® 3, b, c: arbitral coefficient

/ e X: Exposure, Y: Calculated bridge thickness

) 4 . 0 ® Fitted to different isotherm equations. 1)
0 2 Exnosure (s*k @m-S} 8 0 Langmuir (saturation at monolayer formation)

P 187G , 2) Michaelis—-Menten equation (layer growth
Relationship between Exposure and the calculated bridge including chemical reaction inside) , 3)
layer thickness obtained from the curve fitting results of Freundlich equation (successive

angle-resolved spectra. adsorption, only at the top of the layer)

Calciulated Bridge Thickness (nm)
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3.2. Process Design

Bridge structure on Cu surface :

o Cu carboxylate at the bottom : Bidentate coordination
o Maximum thickness : Arounf 2.5nm _(may be a little thicker in normal air)

0.0125 Atmosphere Correction 1
Abs |
0. 3 nm 1.4 nm 0.8 nm
0.0100—
] cu =
0.0075 C OH
{ cu_
1 H, OH H OH O
0.0050— /J
] Schematic structure of Cu carboxylate
1 8(CH,) or {(C=0) derived from the results of XPS
00025 | o(CH2) angle-resolved measurement and
v(CO0) ATR-FTIR observation.

— Peaks off bands showing coordination structure

2500 2000 1750 1500 1250 1000
cm=1
ATR-FTIR spectra of oxygen-free copper surface treated with IPA-VUV E=6.028 s-kg/m -3. Since the measurements
were performed in air, the sample surface was exposed to air after the IPA-VUV treatment. Although the spectrum is
noisy due to the small thickness of the bridge layer, a group of peaks of bands originating from the bidentate structure

were observed. Ref : Fausto et al., J. Molecular Structure 349 (1995) 439.
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3.3. Bondability & Debondability

o Shear strength of oxygen-free copper specimens bonded at Exposure near 2.4 s
kg/m-3 : >20 MPa, cohesive fracture

o Since the overall shear strength is obtained by dividing the shear strength by the
nominal bonded area, the true shear strength can be larger

o No strength degradation after 85%RH-85°C storage testing for 1000 hours

Bonded b
body
j
Shear tool Push one side
of the samples

. adhesive Sample stage

Schematic diagram of the
shear test apparatus used in
this study. The maximum
Scanning electron microscope (SEM) images of fracture surfaces after shear load was 500 N. If the
shear test of oxygen-free copper bonded under conditions near the bond strength at the interface
maximum bridge formation condition. (Left) low magnification, (Right) was larger and did not
high magnification. In the high-magnification image, cohesive fracture fracture, the load was applied
between surfaces is observed. repeatedly.
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3.3. Bondability & Debondability

NIMS
o Test sample: Kept at -60°C for 24 hours (before the trigger temp)
o Transmission electron microscopy (TEM) observation: The bonded samples are thinned using
a focused ion beam (FIB). The final thickness is about 80 nm, and the sample is exposed to
air for about 72 hours before observation.
o There are some areas that appear to be contact defects caused by surface unevenness, but
these areas are not cavities and are filled with bridge component.

| TEM observation area |

Damage during FIB thinning

TEM low magnification image of-the bond interface between oxygen-free Cu plates.
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3.3. Bondability & Debondability

Nucleation of CuO nanoparticles was confirmed
Point 1

Point 2 (insufficient bonding region)

CuO nanoparticles

500 nm

10 nm

CuO nanoparticles _
CuO nanoparticles

TEM mid-

o magnification
- images
Point 1 Point 2 40
40
3.3. Bondability & Debondability
NIMS
v
s c Uniform debonding was found in all FIB positions
Cu u
v
4 FIB points
-
100 um
A
o Kept at -957C for 24

hours (the trigger temp)

o FIB observation at 4
different positions on the
interface
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Summary

Muti-functional interfaces will be a key to next generation’s device integration.
achieve it via industrially simple way, V-VUV method is developed:
. Seamless interconnection btwn BEOL & Adv. Pckg. is necessary
Low process temperature & non-vacuum is important

E-, IPA - VUV methods realized waterproof bondability
Debonding of Cu-Cu interface was feasible at around -100C
. Calculation for structural change is highly necessary now

Thank you for your attentionl

The research works in this presentation was/is supported by 1) Innovative Science and
Technology Initiative for Security, 2) Scientific Research funding, and 3) LSTC. We thank for those
successive supports.
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