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Advanced Packaging
Interconnects — Challenges, solutions, gap between
Flip-Chip and Hybrid Bonding



What is packaging?




What is packaging?

97/3 Pb/Sn or Pb-Free
C-4 Solder Balis Polyimide / PSPI
CTE=29x10%/C or 23x104/C CTE=35x10%/C

Epoxy Underfill

CTE=25.35x10%C  —meon Chip

CTE=2.8x10%C Aluminum or Copper
Heatsink / Cap
— " CTE=23x104C or
Organic substrate 17x10%/C
CTE=17x10%/C

Epoxy /glass Board CTE = 16-20x10° /°C

S. S. lyer, IEEE TCPMT, vol. 6, pp. 973-982, 2016
*  Functions:

*  Mechanical support

*  Protection from external environment

»  Electrical connections

* Routing of I/Os via space transformation

*  Thermal management
* Electrical performance should not deteriorate — Signal integrity and power integrity

A| » Several materials with different CTE values — Thermomechanical reliability



Microelectronic technologies — The present

More than Moore: Diversification

Transistor scaling

Non-digital content
System-in-package
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Digital content
System-on-chip
(SoC)

Direction of  Au wire
magnetic flux

S00 pum

Baseline CMOS: CPU, Memory, Logic

Bio sensors

Ref: ITRS, 2011 Integrated passives

Ref: IEEE Internet of Things — The Hardware Enablers for the Internet of
A' Things — Part II (More than Moore) ONLINE

Ref: IEEE-Sensors 2013 — Design and Analysis of MEMS Gyroscopes



Transistor focus vs System focus

Technology. dmice &cmeuit
mnovations,
system mtegration

* 5 : Increased functionality,
Better Performance/ Cost Investment a .
and/or lower cost

Market growth Market growth

Transistor Scalng

Investment

Transistor Focus >ystem Focus

Integration with a transistor focus Integration with a system focus

Al Ref: Heterogeneous Integration Roadmap 2019 Edition Chapter 1 Overview



Heterogeneous Integration?

« |t refers to the integration of separately manufactured components
Into a higher-level assembly (System in Package — SIP) that, in the
aggregate, provides enhanced functionality and improved operating
characteristics.

»
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Die + Heterogeneous System in Package (SiP)

|
A' Ref: Heterogeneous Integration Roadmap 2019 Edition Chapter 1 Overview



Heterogeneous integration challenges
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IC Packaging performance gap S. S. lyer, IEEE TCPMT, vol. 6, pp. 973-982, 2016

Rao Tummala, “Fundamentals of Microsystems Packaging”, 15t
edition, McGraw Hill, 2001
1. Electrical performance of the chips in a package should be within the specifications

2. Dense architectures requires significant consideration of the bandwidth, signal integrity, power
integrity, crosstalks, losses, EMI/EMC etc.
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Trends

SoC Trend
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F. Wang et al., Adv. Mater. Technol., vol. 8, 2201186, 2023
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Interconnections

e Wirebonds

* Solder balls — Ball Grid Array (BGA)

Solder fFia ?om'
*  Flip chip - C4 =&, C2 ...
(8] Flux, Reflow Interconnect
TSV Conductor e ————— dens ity
« Through silicon vias by~ —=@ increases
\,(,_/ ,i:i :t::::::::::"

« Bumpless/hybrid bonds/direct bond interconnect

1"



Advanced packaging groups and ranking

Semiconductors (Regular, SoC, Chiplets, etc.)

| | | I | | I
Single chip Multichip
— Inorganic Passive Active
Thin-Film or Organic TSV- TSV-
or Bridge TSV-less Interposer Interposer
cOoB Interposer
or
DCA
b v - v L ) J
Package Substrate (Carrier)
fcCSP
2D 21D 2.3D 2.5D 3D
PBGA
PCB

Groups of Advanced Packaging

John. H. Lau, IEEE TCPMT, vol. 12, pp. 228-252, 2022

Electrical Performance

° Bumpless Chiplets 3D IC Integration

Bumpless 3D IC Integration

®
° pBump Chiplets 3D IC Integration

>

® pBump 3D IC Integration _

2.5D (C2 or uBump) IC Integration

S

° 2.5D (C4 or solder bump) IC Integration

.2.3D Fan-Out (Chip-Last) IC Integration

° 2.3D Flip Chip IC Integration N

2.3D Fan-Out (Chip-First) IC Integratiop

. 2.1D Fan-Out IC Integration with Bridge

.2.1D Flip Chip IC Integration with Bridge

2.1D Flip chip IC Integration

-

.ZD Fan-Out (Chip-Last) IC Integration _

° PoP, SiP >

2D Flip Chip IC Integration

2D Fan-Out 1ChiE-Fir5q IC Integraliun

v

A

Interconnect Density

Advanced Packaging ranking according to interconnect
density and electrical performance

>

e
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Bonding technologies

« Stacking chips requires bonding technologies

« MEMS chips often requires hermetic encapsulation

 Requirements are low bonding temperature, low process dependent
thermomechanical stresses, high electrical and thermomechanical
reliability

« Several types:

Direct bonding

Anodic bonding

Glass frit bonding
Thermocompression bonding

Requires high temperature = 400 °C or more

“ g C o . . . * Low temperature bonding possible
SO“d |IC|UId |nterd|ffu5|on bondlng  Metallic bonds — functions as interconnects

Hermetic encapsulation
Favorable for high temperature applications 13



In

terconnects roadmap, issues and potential solutions
e
y RN
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. K 3D Integration Density (a) D 1 00 Hm
NE 1E407 f Roadmap Adoption
N E A .
= & = D2W= Die-to-wafer bonding
< 16406 | = W2W=Wafer-to-Wafer bonding
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c - o
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O 1E05 8 OW2W HB imec R&D (b) D ~ 30 pm
o=

g = R i mm Cu
5 S o Sold

1E404 (= -
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% 1E403 Q; == O AD2WHS I IMC
o o " (c) D <30 pm
o B © D2W uBump imec R&D

1E402 £ 100 D2W ubump (Industry -[D. Yu]) Ref: N. Tiwary et al., IEEE Trans. Electron Dev., vol. 70, pp. 222-229, 2023

2005 2010 2015 2020 2025 2030 [:Ye] - Fghe. Proc. IEEE vol 108, Mo4, 2020
Year L] mgm L] -
> SLID pybumps offers possibilities to fill the gap
The 3D interconnect IMEC R&D roadmap between FC pbumps and hybrid bond
Ref: A view on the 3D technology landscape | imec (imec-int.com) > A_dvantages: \_Nafe.r-level bon.dlng, low res!stance,
higher EM reliability, hermetic encapsulation,
lower bonding temperature, lower
A' thermomechanical stress
14

" > Attractive technology for 3D HI


https://www.imec-int.com/en/articles/view-3d-technology-landscape
https://www.imec-int.com/en/articles/view-3d-technology-landscape
https://www.imec-int.com/en/articles/view-3d-technology-landscape
https://www.imec-int.com/en/articles/view-3d-technology-landscape
https://www.imec-int.com/en/articles/view-3d-technology-landscape

Motivation — “all-silicon package” SLID bonding
ermetc

n lation
MEMS encapsulatio

Si Interposer
with Cu TSVs

uBump
Interconnects
z

MEMS Energy Harveste E | it
& Super Capacitor = I : A =

C-SOI 7 4 A’
Embedded Si passive . . . ~.r. A AR/ / v 7/ /A

& Si Redistribution
CMOS {
HANDBOOK OF
SILICON BASED MEMS

» How to reliably bond materials with MATERIALS AND
dissimilar thermomechanical properties?

S A |
£ - W

SN T T T A

L/

TECHNOLOGIES

A!

Ref: Handbook of Si MEMS, 3 edition
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What is Solid qumd Interdiffusion SLID/TLP bonding?

1200

aka. Diffusion soldering
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Temperature, “C

The most commonly used Cu-Sn and Au-Sn
metallurgies- “HT-SLID”

Temperature, C

1200 | 1 1 |
Remelting temperature >
1000 -4 \300°C S -
Cu (3um)
800 % =
600 - [ 8
400 4 [ a3 Solubility
B et T S AR
T GaD o
200 - o 189 ML =
[ Cu6Sn3 LT ‘
0 ] I I ]
0 0.2 0.4 0.6 0.8 1.0
Cu X(Sn) Sn

1200 | | |
1000 ~ Typical SLID [ sn(um) i
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600 -
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200 - (D]
v n
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Ref: Kelin-Wassink




SLID/TLP bonding - Where & Why?
u-bonds/y-bumps MEMS/MOEMS Power electronics

9-Axis device
Invensense.tdk.com

—-:-:-—--

88 processor & FBAR

232°C 41GPa 41MPa 23ppm 63W/mK 11.5x10-8Qm
Cu 1083°C 117GPa 369MPa 17ppm 398W/mK 1.7x108Qm
Au 1064°C 77GPa 216MPa 14ppm 301TW/mK 2.4x1080Om
Cu,;Sn 640°C 415°c) 108GPa ~3400MPa 19ppm 70W/mK 8.9x108dm
Au:Sn 522°C (278°c) ~70GPa 745MPa 18ppm S7TW/mK 16.4x108Q2m (eut)
Al W/ == Small footprint, tolerance for topographies and surface

contaminations, excellent hermeticity



Where & Why? — High thermal stability

u-bonds/p-bumps 3D MEMS/MOEMS Power electronics —
integration Die attach

COMPO 150kV X100 LUTH WL 15 0immn

S8 processor & FBAR

9-Axis device
Cu-Sn50In50 As bonded (60min@200°C) HTS 150°C for 21d (504h)

Aalto EILB COMPO 15.0kV  X5,000 1um WD 15.0mm Aalto EILB COMPO 15.0kV  X5,000 1,um_ WD 15.2mm

[} A
w ol 0.2 0.3 04 0s s L s LA 15
Mede fraction Cn

Al + Small footprint, tolerance for topographies and surface contaminations,
excellent hermeticity



Thermomechanical challenges of “HT-SLID”

Si/Si02
Cracking

320°C — 23°C

— - .-
= My LAty oy

250°C — 23°C

200°C — 23°C

Bonding pressure

-
Temperature
—
o
|

RT |




Where & Why? — Low processing temp.

p-bonds_,/p-bumps 3D MEMS/MOEMS Ppwer electronics —
integration Die attach

'S8 processor &
Cu-In-Sn metallurgy

15 0kV X1 000

FBAR

9-Axis device

Cu-Sn50In50 Cu-Sn

1200
oo i . qumCuS | I s .
K00 ) w0
2 5 g
£ g : - :
E“" g ™ : E Liquid+Cu«(Sn,In)s
£ 3 BCT+CueSns i o
400 "o ;
- Liquid+Cu(Sn,In)s : :
o » : ” B+y+CusdSn, In)s :
0s 04 05 08 \\~_ ] * Y
/ (In) | Mole fraction Sn . A 0.000 0.008 2018 Ty 0 ) a8 -y 0 . ) o axs om0 s 0 oo 12 o0 [ Ao o0
CuttBatifi) CuoSa3(n) 00 ol 02 03 04 05 06 0T ex 09 19 Make faction CU Mol fraction CU
Meode fraction Cn
A' Ref: V. Vuorinen, G. Ross, A. Klami, H. Dong, M. Paulasto-Krockel, T. Wernicke, A. Pénninger, Demonstrating 170°C Low
n Temperature Cu-In-Sn wafer level Solid Liquid Interdiffusion Bonding, IEEE Components, Packaging and Manufacturing

Technology, pp. 1-8, 2021



FE Simulations of LT-SLID bonding process

» Simulate the LT-SLID wafer bonding process (Si-Si, Si-Glass, Si-DBC, etc.) to understand the residual stress formation on
bonding parameters such as, temperature, pressure and ramp-rate.

» Crucial for reliability analysis of interconnects, hermetic encapsulation, SiP and heterogeneous SoC solutions for power
electronics, MEMS and optical modules.

320°C — 20°C 200°C — 20°C

Si

xloﬁ
6
[ 5
4
I~ CuSnSLID ~1i
! 3
2
. 1
Si
Line Graph: von Mises stress (N/m?) - Line Graph: von Mises stress (N/m?) .
x10°
e “g 3.5
2 2 3+
9 9
g @ 2.5
n L 15 ]
= . =
6 g 1 .
> £ 1 > . .
‘..C..L.J"....S.! ..... ’ 0.5 IIIIISI!IIII"IICIH’ ‘HICIILIJ"IIIISI!IIIII’.
15 20 | 0 5 10 15 20

Arc length (pm) Arc length (um)



Low temperature (LT) SLID

320 °C-20°C

para(2}=2

100

>* Bs00
: 400
-¥
o 1300
Ly 200
para(2}=2
100 8100

50

Ref: N. Tiwary et al., IEEE Trans. Comp. Packag. Manufac. Technol.,
vol. 12, pp. 847-856, 2022

Importance of LT-SLID:
 Reduced bonding temperature -> reduced stresses
« Higher reliability

A!

Cu

Si device
Aalto EILB COMPO 150kV X5,000 I;m-l_ WD 15.8mm

Cu-Sn-In LT-SLID bonding demonstrated at 170 °C

Ref: V. Vuorinen et al., IEEE Trans. Comp. Packag. Manufac. Technol.,
vol. 12, pp. 446-453, 2022

Cu-Sn-In LT-SLID bonding demonstrated at 150 °C

Ref: O. Golim et al., Scripta Materialia, vol. 222, 114998, 2023
24
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CuSnin TLP System |

Temperature [°C]

“l232°C iy 1.3 8% 227°C

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

200 /

________ 154°C
150
120 C Xcu11 at-% 111 200
100
o e Cu_Sn
---- Cu-In
—— Cu-(Sn52, In48)
09000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050
Mole fraction CU

Liu, 2001

* Sn-In Eutectic behaviour reduces bonding temperature

« Addition of In stabilizes phase in n-Cu6(Sn,In)5, which
has less voids on the interface

» Enlarges the process window by faster formation of
IMC



» Indium well known (alloying) element in low-temperature lead-
free solders

) In

Cu-Sn50In50

1200

— - ozt liog
--------- - Dhffusion path

@)

[
CUIN ETAPra
cumed_,,

Ny S : — STET Sk, N ‘ 4
Cuis is s 4r oi % 19 00 a1 02 03 04 05 06 6T ex 09 1

CulSalin) |  Mole fraction Sn Mede fraction Cu

CudiSn11(in) CubSnS(in) (iV)
Cu-Sn Cu-Sn50In50
Liquid "’[iq;i-‘i'CmSns Liquid
s co - s vt B s e ol
2 . 2 ;
i " E" Liquid+Cue(Sn,In)s
BCT+CusSns : e .
N - fey+Cud Sn,In)s :
* :«. A tow ams =3 o o o IMY oM o
A' Ref: TD assessment from: W. Gierlotka, Thermodynamic Description of the Quaternary Ag-Cu-In-Sn System,
u

Journal of ELECTRONIC MATERIALS, Vol. 41, No. 1, 2012



Results As bonded (60min) HTS 150°C for 21d (504h)

250°C

Cu

Aalto EILB COMPO 15.0kV  X5,000 lum WD 15.0mm

200°C

00 0 04 0.5 06
Cu Mole fraction Sn

— —

C U ,</6u68n5(Eta) Y

-

Aalto EILB COMPO 150kV  X5000 1um WD 150mm Aalto EILB COMPO 150kV  X5000  1um WD 152mm




-7150 J/mol -8300 J/mol

Phase stability- drivingforces /' 5, " ¢, 35

10000
T=250°C

5000

Liq Fcc
A Hey ° A%Cu

= Fcc—Liq
E 5000 A cu
—
H
?-1%
g \ Lig|Cu6Sn5
wn
g 15000 Cu
&

-20000

Lig—Fcc
A Sn
25000
~
~
/
P 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-SMMM
v ASD & -~ cus sn|Fcc Mole fraction, Cu Cu
A! i



Phase stability- driving forces

10404

-7150 J/mol
Cug(Sn,In)s

-8300 J/mol
Cu,(Sn,In)

Fcc
0 > %Cu
)
g Fcc—Liq
-Q - A cu
H
& - _
E 10000 e - ~ -8830 J/m0| ~+30%
o 410630 J/mol _ ><— — _
= o~ —
g Cu /// ———_v
In Cus(Sn,In)s & é f |Cu6(Sn,In)s
-20000 Liq(Sn.In)
Cue(Sn,In)s
2500
-smmﬂ.l] 0.1 0.2 0.3 0.4 L5 0.6 0.7 0.5 0.9 1.0
A' ASHSGIHSG Mole fraction, Cu Cu



Phase stability- Cu,Sn

-8300 J/mol

Cug(Sn,In);  Cu;(Sn,In)

-
-------
L]

:

Gibbs energy, J/mole
g £

Cu

X5,000 Tum

:

~25000

=30000

= *-::_‘_:- b

'-i-._
gy
g
b
iiiiiiiii
‘‘‘‘‘‘‘‘‘

-7150 J/mol ¥~ ..

.
.
.
.
.
P
s®
.
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.®
.
.
.
.t
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-8830 J/mol
-10630 J/mol

~50% reduction in ArCu,(Snin)

between CugzSns; and Fcc vs.
between Cuy(Sn,In); and Fcc

0.0

0.1

0.3

0.4 0.5 0.6 0.7 .5
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Phase stability- Cu,,Sn.,

250°C (60min)+ 504h@150°C

s
o 04
Cuin(Eta) < ~

Culn_Delta 0.3 LN

0.2

Cu 0.1

X¥5.,000 1um

0.0 /2

T

Cu 73.440.5 at-% : '
Sn 14.840.5 at-% /\ Cuo.0 0.1 0.2 0.3 0.4 0. 0.6
N\

IA; 1.840.5 at-% Cud41Sn11 cu3sn Mole fraction Sn




-7000 J/mol

Phase stability- Cu,,Sn,,
- Cug(Sn,In)s | Cus(Sn,In) ,«

=
4
¥
[
"
-_i
¥
.
']
4-
v 4
- 5
| ]

Gibbs energy, J/mole
g £

ArCuy4Sny, is very small
- (<100J/mol)

A' ASHSGIHSO Mole fraction, Cu Cu



Process integration | flow example

REF: Allan Hilton et. al, Wafer-level Vacuum Packaging of
Microbolometer-based Infrared Imagers

FPA Wafer Window Wafer

i I N
Bondingin Vacuum

I
L

FPA
Starting material

FPA

Seal landing etch

;e . sSs a -
FPA |

-, A& & - I
FPA

Microbolometer release I

TR xR
e e e o

FPA

Qutgassing W
Sn
a) Sacrificial Release Layer
B MEMS Device

Lid
Backside Mark
Lid
Seal fabrication
Lid
Cavity creation
- Lid o

Anti-reflective coating

R R QR

Lid
Outgassing

—— lid ——

Thin film getter

|
A' FPA=Microbolometer focal plane array (MEMS+ROIC)

See also: A. Hilton, D.
Temple, Wafer-Level
Vacuum Packaging of
Smart Sensors, in
Sensors 2016 &

F. Niklaus et.al, Low-
Cost Uncooled
Microbolometers for
Thermal Imaging, in
Proceedings of SPIE
2010



SLID Process integration solutions?

Bonding materials

High Tmp Au, Cu, Ni, ...
v Sn, In, Bi, ...
Au, Co, Cu, Mo, Nb, Ni, Pt, W, ...
Wetting layer }

Contact metallization
Diffusion barrier
Adhesion layer Cr, TaC,Ti, TiW,

Si

Avoiding “wet chemistry” from device wafer

A!



Design and manufacturing related issues in
SLID bonding

Ad oc kex"™ x1 x t

Metallizations for Au-Sn SLID metallurgy K=k,
v" Consumption (dissolution) of the -— o0
. . . . 500 400 300 200
metallization during manufacturing 100 e !
processes (pmje) ?
v Further reactions at HT usage . »‘ g \\“L KT
v “new” interfaces => mechanical reliability? NN
AL [N e
N N N Ag
| N
01 =D
\ 1 —NCu
L L1 1A
Pt | Yed =]
12 15 18 2 3-,‘.13 K™ i - B

= Ref: Kelin-Wassink f
Aalto EILB SEI 150KV X5,000 lum WD 156mm AN




AuSn|Cu,Ni and Pt diffusion couples

Bonding at 320 °C for 40 minutes

COMPO 15.0kv X10,000 Tpm WD 15.2mm

Original interface, A~400-500nm

The dissolution rate and consumption of the

metallization during bonding is highest with
Pt and lowest with Ni metallization

A!

Cu

Aalto CILB COMP( 15.0kV

Original interface, A~200nm

x5.000

AuzSn

COMPO 15.0kV X2,500 10pm

Original interface, A~100nm

WD 152mm

- (°C)
002, 4o 300 200
R=S
Sn
(;my,) A
105
\C N ‘\
\\ X \\ \\
Au
1 D
N
0.1 S
‘xt( \ cu
)%
WPt )
12 15 18 2 1.?(!(")

Ref: Kelin-Wassink



AuSn|Cu,Ni and Pt diffusion couples

Aging at 150°C for 4600 hours (AuSn),

Pt is the most and Cu the least
I stabile metallization under high
A! temperature exposure



Effect of Pt on the remelting temperature of the
bond

On the basis of the thermodynamic description of the Au-Pt-Sn system the
effect of the Pt nominal content on the remeltlnq temperature of the bond
can be evaluated.

Lig+PtSn

g

320°C

s

Lig+
Au[Pt]Sn

Lig+Au[Pt]Sn+Hcp

G

Hep (AusSn)+Au[Pt]Sn

TEMPERA TURE_CELSIUS
|

- T=278°C i
@E@ T T T T
& i ¥ BAd G880 088 84D
MOLE_FRLCTION PT
Pt thickness
[um] Xpt

0,1 0021 —> T, ~295°C
0,2 0041 T - ~320°C

Y 03 0,061
0 '; Z < 05 oo —T. ~370°C
Hep 7} 0,5 0,097 ~
soSn 0.2 - - mp
Au0 Auviesn 0 0,6 0,114
AuS SLID ) 8,; 8’12;
uon or Sn (2 ’ -
( Jeut 0 (1) 09 0,162

Au (3um) 1 0,177




Effect of Pt on the remelting
temperature of the bond

500 ' . | !
Lig+PtSn
450 - L
320°C Lig+Au[Pt]Sn+PtSn
@ 400 - _
> T=372.5°C /f
gl 350 4 LigtAu[Pt]Sn B
i Hep (AusSn)+
= Au[Pt]Sn+
E 300 7 PtSn i
B s | T=278°C !
Hep (AusSn)+AulPt]Sn
200 : ,

T T
ﬁ 0 0.02 0.04 0.06 0.08 0.10
MOLE_FRACTION PT

W 0 ——4 g\ Pt thickness
0% ““"/A/f /:—/A AuS = : 7( [um] Xpt o
Aabane? g4 ) (lé;)().ﬁ 0.8 = 1.08p 0,1 0,021 =T ~315°C
PLixpm) 0,2 0,041 —>Tp, ~350°C
(AuSn)eut or SLID Sn (2um) 0,3 0,06 _)Tmp =372 .5°C

Au (4pm)




Solutions for contact metallization |

Solubility

Dissolution

Gold(Au)
Copper(Cu)

Nickel(Ni)

Platinum(Pt)

Molybdenum{Mo)

Tungsten{W)

CobaltiCo)

Niobium (Nb)

Vanadium (V)

rate
High
Moderate

Low solubility

a dissolution
rate less than
half that of Ni

Solubility
Negligible
The sclubility of Win
molten Sn is =107 at %

The solubility of Win
molten Inis= 10 at.%

Low solubility

low (at temperature of
1400*Cabout 3% of
niobium is presentas a
solution in tin)

Phase| Phase |
c::;m";"w ‘n [—J\ | ~gu experiments to verlty metallurgy- ‘
potential oplloq’u:') ‘ - l/ \ formation and evolution of microstructures
Phase I Phase IV
Rellabllity characterization - '

to confirm |
manufacturability |

" “Thin film" experiments \;

Mechanical testing &

| nanoindentation, thermal aging ete. |

Next steps
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‘ Intermetallic Phase diagram withIn or s
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Co contact metallization for Cu-In-Sn LTSLID

‘:n P slactopitng
Ocrgio 1 {
5 fem2 -muu-mcﬂ Phane | Phase |

N e
< Microstructure v v,‘i;.. % - == [===

(a)

A fully IMCs joint can be obtained at a
temperature range of 160-250°C for 1h

Bond line is composed of a single phase
(Cu,Co)6(Sn,In)5

(b) (d)

Co (Atomic%)
@D

With increasing the bonding temperature, the
Co content in the Cu6(Sn,In)5 increases

7

T T T T T
160 180 200 220 240

Bonding Temperature (°C) Combination of Co and In shows stronger
impact on the inhibition of the Cu3Sn phase

Cross sectional BSE-SEM images of Cu-Sn-In/Co joints formed at, (a) 160° C, (b) 180° C, (c) '.,»formatlon

220° C, and (d) 250 ° C for 1h, and (e) the average atomic percent of cobalt dissolved into
(Cu,Co)6(Sn,In)5 phase (formed in the Cu- and Co-sides) as a function of bonding temperature.

l There is no detectable voids in the bondline

Ref: F. Emadi*, V. Vuorinen, and M. Paulasto-
A' Krockel; Utilizing Co as a contact metallization
for wafer-level Cu-Sn-In SLID bonding used in
MEMS and MOEMS packaaqinag. ESTC 2022




Co contact metallization for Cu-In-Sn LTSLID

/7

s Mechanical properties

Nanoindentation Analysis Point1 Point2 Point3 CugSn;
(a) (b) H (GPa) 4.6 59 6.6 6.7+0.5
i Er (Gpa) 95.5 113.1 112.0 103.7+0.4
= Point 1
—— Point 2! Ei (GPa) 104.2 125.5 124.1 114.11
41  =——Point 3| :
/.-V/ Ei/H 22.6 21.3 18.8 17
E 34 /
2 /
3 / Cu (at%) 49.1 57.6 48.9 55.3
- 24
x Co (at%) 2.1 2.9 6.2 0
1+ /
(Cu,Co)g(Sn,In)s Sn (at%) 21.0 13.9 23.8 44.7
0 : - - :
0 50 100 150 200 In (at%) 27.8 25.6 211 0
Depth(nm)
(a) BSE-SEM image of indents on Cu-Sn-In/ Co joint bonded at 200 C for 1h, and (b) the
indentation load displacement curves of three different points in the bond area.
Ei/H values: (Cu,Co0)s(Sn,In)s > CugSn;
Ref: F. Emadi*, V. Vuorinen, and M. Paulasto-Krockel; N
A' Utilizing Co as a contact metallization for wafer-level Plasticity: (Cu,Co)s(Sn,In)s > CugSns
u Cu-Sn-In SLID bonding used in MEMS and MOEMS .

packaging, ESTC 2022



Cu-In-Sn LTSLID reliability

S
s L:" Fabrication steps for cap wafers
& =

(a) Fabrication steps for the cap wafer of the Cu-Sn/Co SLID system

a3 Lithogrs for photoresist -
af. Selocted back-gide 82 TV {adhesion layer) sl m”.&mmm“,mg S
:

pattemed OSP walers  Cu {seed layor) sputtering o airiyctures, circular snd -
square-shaped [‘j
i é

a6 Etch sway Cu seed
layer snd TV adhesian layer

o8 4 ym Cu and 2 using wat alching

1y phok 51
um Sn electropiating #5: DU pliotores:

b3. Lithography for photoresisr

b1 Selected back-side b2 TIW (adhesion layer) and  mask featuring two sealsing (:; '
patierned DSP wafers Cu (seed layer) spustering type structures, circular and :
square-shaped -
'

L A

b4. 5 pm Cu. 1.7 ym Sn, and
1.7 um In electroptating

1
bb. Etch awary Cu seed layer '
and TIW adhasion Eyer using :

b5 Stnp photoresist wel oiching

N
» :. Fabrication steps for device wafers
"
- .
(c) Fabrication steps for the device wafer of
the Cu-Sn/Co SLID system

of. Selacted back-side  S& LE0graphy for photoresist
patierned DSP wafers

mask featuring two sealring @
type siruchures, circular and CT

€3. 60nm Ti, 200nm Mo, B0nm
Co, and 10nm Au matailzation

layers spultenng

ok, Strip photoresist

Dwce waler teady tor Dosdng

(d) Fabrication steps for the device wafer of the
Cu-Sn-In/Co SLID system

d2 Lithography for photoresist

mask featuring two seal-nng @

ype structures, circular and
square-shaped

a1, Selected back-side
patternod DSP wafers

d3, 50nm Ti, 400nm Co,
10nm Au metallization
layers sputienng

d4. Strp photoresist
-
g7

Device wirsr teady o Danding

Temperature profile for the thermal shock test

120 4
100 +
~ 804
o
o 80+
3
® 404
ézo-
<
o
-20 4
=40 ~
° B & 8 R
Time (min) § s
Tensile test setup | et oce

—Stocl wire

Mechanical
fixation

Steel scrows

Thin layer of
epoxy glue

Brass stud

Steel scrows

e Brass frame

l Tenslie force

Ref: F. Emadi, V. Vuorinen, S. Liu and M. Paulasto-Krockel, "Novel low-temperature interconnects for 2.5/3D MEMS
integration: demonstration and reliability," in IEEE Transactions on Components, Packaging and Manufacturing

Technology, 2024.



Cu-In-Sn LTSLID reliability

(@) Cu-Sn/Co Cu-Sn-In/Co

! : High-Temperature
250 °C, 05 h 200 °C, 1h (a) As-bonded (AB) ; (b) Thermal Shocked (TS) | (c) Storage tested (HTS)
= o (c;.smmcm,sm Mo 'i-c"‘c”’s" k?:"s“"“é°)°s"’
s Q (Cu,Bat%Co)Sn s
m Cu Cl!s, n 5 (Cu,3at%Co)Sh
. - : _~aka ? | (Cu.6at%Co)Sn, : iy | -
< (C_u’cohsnﬁ — 3 A (CuBaTUCINSH.
.¢=”‘ \
Co Mo Si Cu-side Cu-sido
(b) -
» Cu-SwC
-40 to 125 °C, 1000 LOJ i :_CU.Sn.|n7c° (f)  Fracture paths
= § : [
2 2 -
- Cu 3
@ Cu;Sn -
i) Yo (qu’ c?)ssn5 T 3 - % \ {Cu,Cole(Sn,In)s
:é — - ABand TS samples  HTS sample " 1
\E = » = ; Fracture p,
Mo Sj (d)  Fracture paths () = Sampio:§group i — o . .
AB, TS, and HTS samples
: Y R A : -
150 °C, 1000 h : ; rad :
e — ! 5 Jcoehmc™ | 3
* uzSn N = oL B 2
8 (Cu,Co)sSns | 3 | :
¢ : = : 5
= 3 Cu-side Co-side : Cu-side Co-side - Cu-side Co-side
= Mo S As-bonded (AB) ' | (hy | Thermal Shocked (TS) | High-Temperature
o (9) - | (h) ' ) | storage tested (HTS)
o Fracture surfaces of Cu-Sn-In/Co SLID interconnects
A' Ref: F. Emadi, V. Vuorinen, S. Liu and M. Paulasto-Krockel, "Novel low-temperature interconnects for 2.5/3D
u MEMS integration: demonstration and reliability," in IEEE Transactions on Components, Packaging and

Manufacturing Technology, 2024.

Fracture surfaces of Cu-Sn/Co SLID interconnects
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g
w
2
5
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SLID electrical performance — Electromigration



Electromigration

Si

Reasons:
* High current density

 Thermal and
thermodynamic stresses

 (Geometrical discontinuities
(vias and contacts)

lAI trace Y
MX X

s * Microstructural flux
divergence paths

 Material and chemical
properties

131.7 1334 135.0 136.6

BN T
A ' 1309 1325 134.2 135.8 1374
|

Ref: C. Chen et al., Annu. Rev. Mater. Res., vol. 40, pp. 531-555, 2010.



3

Litela'ature reports — Cu-Sn IMCs EM tests @ o

@ 25 5000hr
3 N
&)
=3 —r m sample 1
» A sample 2
é 0.775
Current 0.75 ‘
g . 0 2000 4000 6000 8000 10000 12000
g. Stressing time
) b
3 P
®
=1 o 5000hr
Q o ———
o 8 ® sample 1
2 c [*7 A sample 2
® k7,
' o
3> Test conditions: 4 x 10° A/cm2 @ 200 °C ® | 47
X for 1000 hours & 1000 SRl Sopnr e
N Ref: A. Munding et al., in Wafer Level 3-D ICs Process Stressing time
X Technology, C. S. Tan, R. J. Gutmann, and L. R. Reif, Eds.
o New York, NY, USA: Springer-Verlag, 2008, pp. 131-169
S
~ 4\ e A
Test conditions: 2.1 x 105 A/cm? @ 180 °C

Ref: H.-Y. Chen et al., Proc. IEEE 65th Electron. Compon.
A' Ref: Y-C. Chu et al., Proc. 2010 Intern. Conf. Electron. Technol. Conf. (ECTC), San Diego, CA, USA, May 2015
m Packagin. (ICEP), Hokkaido, Japan, Jun 2016 48

The SLID bumps were manufactured by reflowing with SnAg bumps



Fabrication process of Cu-Sn SLID test structures

Bottom wafer Top wafer

A' 100 mm wafer level bonding was demonstrated

Ref: N. Tiwary et al., IEEE Trans. Electron Dev., vol. 70, pp. 222-229, 2023

49



EM test results

15.0kV

x1,500

10pm

8.5 18 BED_C 15.0kV x850 20pm

100

60

At %

40

20

8518 BED_C

8.5 18 BED_C

80

——Si At% |

A

Sn At%
Cu At%

'

A ' A

5 0

Ref: N. Tiwary et al., IEEE Trans. Electron Dev., vol. 70, pp. 222-229, 2023

5§ 10 15 20 25 30 35

Distance (um)

40

50



Design improvement to overcome Sn squeeze-out issue

Batch 1

(a)

Top wafer
Si

Bottom wafer

Batch 2

Dimensions of bottom and top pbumps in Batch-2

25
35
50
50

Ref: N. Tiwary et al., Proc. 10" IEEE ESTC, Berlin, Germany, Sep 2024

20
25
40
30
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Fabrication results

Batch 1, 25 ym Batch 2, 35 ym
[ . ‘ - . , 4
® 3 . —u— Si At%
i \ | ! Cu At% ]
eol ) || Sn At% ]
L5 " 3
) I 'J r E-‘
ol i = I q
o E ! . - -
0 5 10 18 20 25
Batch 2, 25 MM Distance (um)

Ref: N. Tiwary et al., Proc. 10" IEEE ESTC, Berlin, Germany, Sep 2024
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EM test results

L) L4 T L] L} L] T

-

120 _w—25um _TS1_B1 1 300 _w—50um_TS2_B1 1
100} Rinua 7.74 0 1 250} Rinitiar® 3.4 Q |
g T: 150 °C “E’ T: 150 °C
§ 80 + 'd: 1x10°% Alem? - 5200 - ld: 5x10* Alcm? - "
§ 6oL TTF =142 hours | § sgo | TIT =37 hours | i
8 3
2 a0t 1 2100} -
Q @
® 20t | {1 % sof ]

ot (a) - 0 | ——— (b).
0 20 40 60 80 100 120 140 160 180 0 10 20 30 40 50 60 70 80
Time (hours) Time (hours)

9,0 L) v T L) v T L) T L] T L] L3 L] T

g5 —®25pm_TS1_B2 ! 25} —=—25um_TS2 B2 T ]
_ 80} Rinitiar* 4.65 Q | S Rinitiar: 4.32 2

0 T:150 °C @ . °
E7sf 4 . ] g20} T:150°C |
£ l4: 8x10” A/lcm £ l4: 1.28x10% A/lcm?
v7'° - -4 —
3 ® 5| TTF =496 hrs |
&= 6,5 c
ool 2 New design resulted
s @10} 1 in=500 hrs of TTF
m W m

50

5 ™ -
o) (d)
A' 0 50 100 150 200 250 0 100 200 300 400 500
" Time (hours) Time (hours)

Ref: N. Tiwary et al., Proc. 10" IEEE ESTC, Berlin, Germany, Sep 2024



Non-Destructive failure analysis

« A combination of lock-in
thermography (LiT) and time
domain reflectometry (TDR)
was carried out to locate
failure locations non-
destructively

« ND analysis indicated failures
in the Cu traces and contact
pads and not in Cu,;Sn
ubumps for Batch 2 samples

A!

)]
o

Impedance in [|[Ohm]]

[a]
o

10

=3}
o

Y
o

o5
o

LIT image

(amplitude superimposed on
emissivity image)

emissivity image

TDR step response

unstressed

- |——stressed

—

=¥

L

-10
Ref: N. Tiwary et al., Proc. 10t IEEE ESTC, Berlin, Germany, Sep 2024

0 5
Time in [ns]

10
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Destructive failure analysis (Batch 1 samples)

100 + - 100 - -
80 | ! ‘ —a— Si At% 80 —a— Si At% 4
i L © SnAt% : Sn At%
60 |- . &4 Cu At%:- 60 | Cu At% -
2 p A ES
< ' : .
40 + 5 < 40 -
20 + . 20 -
0 - G : ol
0 5 10 16 20 28 0 5 10 15 20 25

Distance (pm)

Distan m
Ref: N. Tiwary et al., Proc. 10t IEEE ESTC, Berlin, Germany, Sep 2024 REERGE )



Destructive failure analysis (Batch 2 samples)

‘ —a— Si At% - 80 -
. Sn At% . .

? Cu At% o 60 -

' 15 20 25 10 15 20 25 30
Al Distance (pm) Distance (um) 56
Ref: N. Tiwary et al., Proc. 10" IEEE ESTC, Berlin, Germany, Sep 2024



FE simulations results

Cu

Boundary conditions:

1. Current density — 1x10° A/cm?

2. Temperature at the bottom — 150 °C

3. Convective heat flux transfer at the top — 5 W/m2.K

i d) =

Bottom silicon
(@) 2-bump test structure

Line Graph: Temperature (degC) Line Graph: Temperature (degC)

Temperature (degC)

163.5}° = 18]
163} Ideal ] 5 Non-ideal
162.5 g 180
' S 178t
162 v
=1 176t
161.5¢ ©
5 174}
161+ Q
160.5 5 I
: = 170
160 - ! ! : : ‘ !
0 50 100 0 50 100
Arc length (pm) Arc length (pm)

2

57
Ref: N. Tiwary et al., Proc. 10t IEEE ESTC, Berlin, Germany, Sep 2024



FE simulations results (contd.)

Volume: Temperature gradient magnitude (K/m)

um 150 o Hm
x10°
250
2
1.5
Volume: Temperature gradient magnitude (K/m) i1
pm 150 ,, A -

100 20
0

5 Hm

Line Graph: Temperature gradient magnitude (K/m) ®

£ x10°

‘g 1.4¢ 1

- — E -

9 E Cu,;Sn

o |

v 'g 0.8f

=

E ‘é‘ 0.6r

8_ % 0.4+

g 0.2r

~ 0k m———— > : == . = L L LI > oz
0 50 100

Arc length (um)

Line Graph: Temperature gradient magnitude (K/m)

x10°

Temperature gradient m
agnitude (K/m)

0 50 100
Arc length (um)

58
Ref: N. Tiwary et al., Proc. 10t IEEE ESTC, Berlin, Germany, Sep 2024



EM test results of Cu-Sn-In SLID bumps

Resistance over Time

150 mm wafer level bonding at LT of 150 °C

Resistance over Time

7.4
28 Initial resistance = 6.58 0 Initial resistance = 6.32 0
Current density = 5 x 10* A/cm? 7.2 Current density = 8 x 10* A/cm?
7,05 EMS tressed for 501 hours EMS tressed for 666.67 hours
S ubump size= 20um Pitch= 40um c pbump size= 20um Pitch= 40um
8 v 7.0
c w
., n =
E 1.00 %
g § 0.8
6.95
6.6
6.90 2
0 100 200 300 400 500 - = - S i =
lime (hours) 0 100 200 300 400 500 600 700

Time (hours)

59

Sem Thm

Ref: T. Ukubay, M. Paulasto-Krdckel, N. Tiwary, IEEE 11t ESTC, Helsinki, Finland, Sep 2026,
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SLID electrical performance — RF



RF performance metrics

c2
pSolder
Joints

c2
HSolder
Joints

Cu-C4
Solder
Joints

SoC
CPU/GPU/FPGA/ASIC

togic [ "]
LOIRL R R ros AU RN RN

o HMEOEENEENEN

.Solder
Build-up Package Substrate Joint

2.5D IC integration for HPC

Ref. J. H. Lau, IEEE TCPMT, vol. 12, pp. 228-252, 2022

A!

Short-distance chip-to-chip links are critical for
high-performance computing, enabling higher
data rates, greater bandwidth, and lower latency.

Small volume interconnects minimize parasitic
R, L, and C, improving signal integrity and power
efficiency.

Manufacturing should be low cost, low
complexity, and low thermal budget to align with
More-than-Moore integration and protect
sensitive backend structures.

The RF transmission performance of SLID
microbumps has been assessed and
demonstrated.
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Mask layout

RawCPW40

RefCPW
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Fabrication process flow
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RF device cross-section

2.9.2026 64




Point analysis

Indicates Cug(Snin)s; was formed

Spectrum 1
Spectrum 2
Spectrum 3

Spectrum 4

Cu

54.2

54.6

55.1

52.8

Sn

24.5

25.1

244

25.0

21.3

20.3

20.5

22.3

2.9.2026
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HFSS Model with CPW40

Ref CPW

R

> | Y
= .

Modal wave port Radiation boundary

Ref: T. Ukubay, M. Paulasto-Krdckel, N. Tiwary, IEEE 11th ESTC, Helsinki, Finland, Sep 2026,
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Measurement vs HFSS simulation results

S11 (dB) S21 (dB)
-10-
E a 000'
o 20 B
2 E 0.5
3 -30 I
c c
Sl ] 3
= -40- —  Simulation = =1.07 — simulation
Measurement Measurement
0 10 20 30 0 10 20 30
Frequency (GHz) Frequency (GHz)
S12 (dB) S22 (dB)
1 . ~101
e Simulation
Y — Measurement =
3 o = -20;
o o
° °
2 _1. 2
E Z =30
o o
m [
= -2 = —— Simulation
-40- Measurement
0 10 20 30 0 10 20 30
Frequency (GHz) Frequency (GHz)
A| Measured and simulated S-parameters of the RF test structure containing 40 Cu-Sn-In microbumps
| |

Ref: T. Ukubay, M. Paulasto-Krdckel, N. Tiwary, IEEE 11t ESTC, Helsinki, Finland, Sep 2026,
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SLID for MEMS



Different wafer bonding methods

High bonding temperature
Poor surface

contamination tolerance

Strong bonds

Fusion LSS SO High stability of the bond

Anc

Strong bonds, Small footprint
Tolerance for topographies and surface

Glas: contaminations
Low to medium bonding temperature Lack of data
ilabl Process integration
Adh avarlabie Intrinsic stresses

- _G Excellent hermeticity for MEMS applications Control of liquid metal squeeze-out

Possibility to combine hermetic sealing
and electrical interconnections with in the

sSame process
Me

I UV UL VAT T IO UV IV IO YV T I

the same process

|
|
|
|
|
|
|
|
L



Metal wafer bonding for hermetic packaging

TABLE 26.1 Types of metal seal bonding and related typical peak process temperatures.

Bonding technique Types of metal seal bonding
Metal system Bond temperature (°C)
Soft soldering bonding SnAg to Cu/MNifAu 240
Cap $nPh to Cu/Ni/Au 210
Wafer
SnBi to Cu/MifAu 160
Eutectic bonding Auto Si 400 )
Structure Auto SiGe 400
Wafer Auto Ge 400
< |AlnGe 425 >
Handle AUSR to Au 300
Wafer Auln to Au 160
Transient liquid-phase bonding < Cusn to Cu 280 B
AgsSn o Ag 750
Agln to Ag 250
5 % Ausn to Au 260
Devices Structure Hermetic
N NiSn to Mi 300
Packaging
Accelerometer bulk yes Adnto In e
Thermocompression bonding =Uto Au 380
Gyroscope bulk yes
Resonator bulk yes Cuto Cu 320 >
RF relay switch bulk yes Al=Al 450
Al-Al 1001507
Micro pump bulk no Ultrathin metal film Si0,Ti to Si 400
Mirror bulk no Reaction bonding NifAl RMS + 5n to Au RT
Pressure sensor membrane no AlPd RMS to Al RT
Microphone membrane no

The temperatures mentioned here are for guidelines only. The exact process temperature needs to be determined based on the package design, yield, and
throughput required. RAS, Reactive metal layer stack.
! ' Valve membrane L Al to A using dedicated surface preparation process (6,9,

W. Reinert et al, Handbook of Silicon
Based MEMS
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Process Integration and Reliability of Wafer Level SLID Bonding for Poly-
Si TSV capped MEMS

A summary from the Finnish cluster activities on Design for
manufacturability and reliability of metal bonding for wafer-level
MEMS/MOEMS packaging in ENIAC project Lab4MEMS Il “Micro-

Optical MEMS, micro-mirrors and pico-projectors”

s |
I

S u/ Poly-Si TSV S

H'_l, A
WL- SLID bonds V

C-SOI MEMS/MOEMS

: muRata G

m INNOVATOR IN ELECTRONICS




Development process

* Round 1 | Group | Cap metallization Device metallization
| Coppai EZ Tiw/Au/Sn Ti/Mo/Ti/Pt(100nm)
= Bond metallurgy so0pm _ jEEse o Scal ) TiW/Ni(200nm)/Au/Sn  Ti/Mo/Ti/Pt(100nm)

EZ TiW/Ni(200nm)/Au/Sn  Ti/lMo/Ti/Pt(200nm)

" Mechanical reliability S TiW/Ni(200nmYAu/Sn  Ti/Pt(200nm)

1600pm 800pm Device wafer
= Round 2 e
= Fabrication Redistribution Layer (RDL) Round 2, Bonding process
metallization & contacts to p-Si with the Round 2, TSV contact Diitiny Cap
RDL. Metallization '
] PECVD insulator
= Bonding process Thermal oxide
Poly-Si
m Rou nd 3 Dummy MEMS

= Process integration
= Electrical testing
= Reliability assessment

' » Round 4 Inertial MEMS demo

Dummy MEMS

» Murata design

|

|

|

I = VVTTprocess Round 3, process integration, Electrical and
|

|

= Okmetic cap reliability performance

i | muRata T

m INNOVATOR IN ELECTRONICS
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Process integration —
“vias before bonding”

= Process

1.

2.
3.

Fabrication of MEMS and
Cap wafers separately

Bonding

Connection to the TSV back
side

(S S —

E’:&’:@E

Additional info:



1. Fabrication of MEMS and
Cap wafers separately
+ Process integration developed

2. Bonding

+ Process parameters OK

- Design topography challenges
- Some voids and fractures

3. Cap-side processing
- Wafer cracking
- No functional characterization

Round 4- Summary

n []

[SS S| —

s

iﬁlrﬁ%

Additional info:

X % /4




Design Challenges

Sealing ring

Point contact

Cipad

Aalto EILB COMPO 15.0kV  X1,800 10um

Bond height = ~9.6um

Aalto EILB COMPO 15.0kY  X4,000 ‘I,um_ WD 15.0mm

Bond height = ~9.0um

10.0kV X25 Tmm




Challenges — Stresses, Cracking & Voids

Voids
Si

Aalto EILB SE 15.0kV  X2,000 10um WD 15.0mm

Si/Sio,
Cracking

SE| 150KV X4,000 lum WD 15.0mm




Challenges Vertical Cracking & Voids

lon image

Cu

Si
Aalto EILB COMPO 150kV  X5000  1um




Challenges - Intermetallic (IMC) void formation

Often referred to as “Kirkendall voids”
IMC voids

COMPO 15.0kV  X1,500 10pm

Additional info:
Glenn.Ross@aalto.fi



Al

Current status

2.9.2026
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Objectives
3DPiezoMEMS platform

A Sense electrodes

SLID bonding process

Poly-Si

Foaed

3DPiezoMEMS

TSV integration

E <300 um

SLID Hermetic
Encapsulation

\SLID based microbumps

To deploy Al-driven real-time edge sensor technology, we propose combining

A! two separately, but meticulously researched technology platforms developed
within the Electronics Integration and Reliability group at Aalto University.




Workflow

Process modules

MEMS device MEMS
fabrication metallization

Probing of
MEMS devices
in air

Probing of

SLID bonding bonded wafers

Cap wafer SLID
stack
deposition
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MEMS Fabrication

Design
Sideview
Top Bottom
Electrode Electrode
Seal MEMS Seal
Ring l Device L Ring
M ! ;
L = L

Aluminium Molybde
Nitride num

Released Device

3.1um
20

0.0



Process Development

Top Bottom
Electrode Electrode Heiaht Diff
iaht Di
Seal i MEMS L Seal elg ifference
Ring Device Ring Co Co C:/v Co
H = [ |
[ | - —
MEMS Copalt_ e L o — ._-. -}
B Wafer BB Metallization
Lift-off process -
SLID Compensatlon l l l
= . # with Copper
Integration Step Height I
Compensation
Process —
Wafer Electroplating |
SLID Metal ol bl
g PTOSI)C:i ! Bonded MEMS-TSV
Wafers
Titanium Copper Seed 1um Coppgr Tin Indium
Compensation
. Cobalt
2.9.2026

Aluminum . Tungsten
Aluminium Molybdenum Aluminium Titanium
Nitride
A
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IR Imaging Results

Seal ring Cobalt Silicon

o T —
L mqw;a W
| | | O |
ol a8
o =$1 o] e A T TR
it U LIS JE W AU S
el sl i e L gl Sl
Vi RO (R A R P R e T
= Seal ring Silicon Copper Indium | | ) e |
08 | |09 | P A A
i e ATl e el
)
B8R
e
Contact pad Silicon Copper Indium 3; fi ;:5 #’ik iﬁﬁ i -

Bonded Samplei_ﬁ: Had Indium over- Bonded Sample#2: Non-uniform
etching Issue .
(Detached during Dicing) Indium EF

Possibly Cu-Sn IMC formed on the cap-side but no
traces of Cobalt were found on the cap side.
On the MEMS side, no traces of copper or tin,

Post EP, Indium over-
etching during Aluminium —

layer etching e
A! indium were observed Arsam Al 9 9.2096



Grinding and polishing

IR inspection

1 dod a3
_ A T T e e ;
Major = R rn' T P Wv; = T s ' Dies with
crack /rF';F‘Tr""’T""}T"“’W I EE T IR stains
= : ETE ST

Small

cracks Clean dies

Major

crack W [ FTET z2) __J W_"‘l!i: yggg:z_qtm'w-v .
. F"nrssn'n P | N [T S T , Clean dies

' : = [ = F =
A O E——— — 2.9.2026 85




Grinding and polishing
SAM inspection

44/124 survived (35%)

2.9.2026

86



Grinding and polishing

Optical inspection of detached samples

Top Electrode: EDX




Grinding and polishing

Cross sectioning

e AR S YR S e qu-'.: ;
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SLID for Power Electronics



Higher mtegratlon and higher performance mterconnectlon
technologies in power electronics

: Inter tion technologies
Integrated Power Module (Power Chiplet) erconngction tec 9 - S
t\~ ~ WBG devices % Y
RO ST Higer voltage ) L

Melung Poi
Geaze drivers o T 4
/e ¥
| \abiv i ]

Sensors: High /

| ] N //// =% | *Higher operating temperature

Drive ICs

thermal & Operion |/ p ~ o | eHigher frequenc —
SW|tch|ng chips current ,"' 7 : g q y . [— .
(hybrid solutions) i cora i = / RN M o
e 4‘..’?;:..{ SRS
Protection S o o ) ot DSC using Interposer 3!
ICs Al-enhanced -
functionalities [ YPersecurty Wire bonding frontside interconnection Double side cooling (DSC)

* High loop inductance
» Wirebond lift-off

» Better heat dissipation
* Lower inductance
+ Compact design

Main motivations
*Reduce the size of the overall system

‘Wirebond lift-off

*Reduced Parasitic Parameters Conventional solder Ag sintering SLID bonding
sImprove switching performance and efficiency 3 Low melting point, 217; v'High melting point /' High melting point
* Module operating temperature <175°C~/High thermal CondUCtiVity\/Moderate bonding pressure
Integrated temperature sensor and capacitor 2 Poor thermomechanical reliability ©High bonding pressure vLow cost

©High cost v'Low thickness
© Acceptable thermal

conductivity

ngher power denSIty m
orizontal crack in Fatlgue ctack networks of AQ SIerng o0 IMS (L | Temperature dstriution of SUD bonding on IMS (°( ':"3 1

mperature deribution of SAC soider on IME i B

Enhanced reliability solder layer
< -

88.5
[1] L. Zhang, P. Liu, A. Q. Huang, S. Guo and R. Yu, "An improved SiC MOSFET-gate driver 100um
integrated power module with ultra low stray inductances," 2017 IEEE 5th Workshop on Wide Y'?' X
Bandgap Power Devices and Applications (WiPDA), Albuquerque, NM, USA, 2017, pp. 342-345,
doi: 10.1109/WiPDA.2017.8170570
[2] Z. Chen and A. Q. Huang, "High Performance SiC Power Module Based on Repackaging of
Discrete SiC Devices," in IEEE Transactions on Power Electronics, vol. 38, no. 8, pp. 9306-9310, [3] C.Ding. et al., "A Double-Side Cooled SiC MOSFET Power Module With Sintered-Silver Interposers: |-Design, Simulation, Fabrication, and Performance
Aug. 2023 Characterization," in IEEE Transactions on Power Electronics, vol. 36, no. 10, pp. 11672-11680, Oct. 2021 292026 20
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Motivation

® Different die-attach methods ® SLID bonding

Eeaadly el — SAC solder » Bonding temperature<~200°C
0506 - Ag sintering » High melting point
NN PHERodoK > High mechanical strength
/ ___a70-100 : ]
Bonding Force (MPa)  ~ —7 "\ NN » Reduced thickness
q: =~ / \ Ny l . . o ,. )
\? N Y ] e elntfEd > Low bonding force
| / Characterization of DCB, AMB, and IMS substrates
, 300 34/ | | DCs ANE IS ' ;
200, . = - . l
Bonding Temperature (°C ) Thermal Conductivity (W/m:K) —— I

A4 "*.'fr’f%q%‘%‘*‘W,&ww&iw’%‘»’?f*f-f‘.f'*»niw='>¢1¢l%‘v*1‘-;#-!ﬁ;s:é~:i§?’
Thermal performance? |
Reliability? |
Conventional DCB and.AMB substrates typically

A' exhibit relatively high warpage and surface roughness
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Bonding process

® |GBT chip: I
> Size:11.2 X 12.5 mm? &y Serigroup A! budatec’
> Thickness: 118 ym e
® |IMS substrate preparation: A
> 4um Sn electroplating layer
» 4um In electroplating layer
® Bonding temperature & time:

7 e 7- ¥ -
MUEOYETEM |7BZ

Bondmg process, /1 Thermal resistance tests,
at Budatec at BME

Electroplating, at Aalto

=
Electroplating

» 200°C: 2h e
» 170 °C: 5h ¥
. O R —
® Bonding pressure: 5MPa 28mm
L hcmer g ot ::m\
IMS Cu: 360pm IMS Cu: 360um IMS Cu: 360ppm
IS tsclated layer: 120um IMS lsclated layer: 320um IS tsofated laver: 120um
IMS Cu: 2mm IMS Cu: 2mm IMS Cu: 2mm

(o) {d)

S. Liu et.al, Thermal Characterization of SLID Bonding Die-Attach in IGBT Module
A| Packaging Application, PCIM Conference 2026, 9 — 11 June 2026, Nuremberg
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SAM results

200°C, 2h Average Bonded area percentage: ~92%
/ "‘- < o < > .- -y

Cross-section

L TN B e L N )
~ -\_/-. -

Bonded area percentage: ~91.2%
Rinje: 0.180 K/IW

170 °C, 5h Average Bonded area percentage: ~96%
. "_.'.*_ e e a{,

® The thickness of the die-attach layer: ~6 um
® Main IMC phase: Cug(Sn,In)s;

A! Bonded area percentage: ~97%
Rine: 0.174 K/W
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FE Simulation & thermal characterization e il

CugSns.9um. >
__________________ e -
F I . S ¥ 86.9
& e

821
R i 72.4
Cu 2mm ™X

77.3
67.6
62.7
o . IMS bottom Cu surface s7.0

CussSne Suim Temperature distribution of SAC solder on IMS (°C ) -

Si: 118gm i SAC Solder: X00pm Si : SAC solder:100pm 53

Stlme \

48.2
43.4
38.5
Schematlc of FE models ‘::-;
Di m e n S i O n S Of d iffe re nt m Od e I Iaye rS ‘ “SAC solder simulation Si chip top surface (Arc length, Temperature): (07 96.6:] 24
Domains | Dimension (mm3) o s St - Ll Woor s

11.2x12.5x 0.118
9.73 x 10.23 x 0.125 o
11.2 x 12.5 x 0.009 il
9.73 x 10.23 x 0.1
15 x 15 x 0.36
20 x 20 x 0.12
20 x 20 x 2

IMS insulating layer

_SLID simulation Si toplsus

Temparature (degC)
3

SAC solder IMS bottom Cu surface: (2705, 24)
SLID IMS bottom Cu surface: (2607, 24)

Experimental thermal measurements 5
JEDEC JESD 51-14 method

200 600 290 1000 1200 1400 1600 1800 2000 2200 2400 2600
Arc length (um)

hic Values obtained from FE simulation and thermal resistance measurements

t

T R 0152 0125 0,057
0232 0479 0.053
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® Compared to SAC soldering, the SLID bonding method reduces the Ry, ;; by 22.8%



Double-sided cooled (DSC) demonstrator

» SiC MOSFET bare dies bonding on IMS substrates

® Wolfspeed, CPM4-0120-0104JSOA
® Die size: 3.68*4.06mm?

® Backside metallization: Au
o

Substrate: Electroplating Sn and In layer, 4+4um

> Front side interconnection
® Double side cooling:
€ front side re-metallization

€ Top IMS circuit design —
® Double-side bonding

> Simulation:
® Thermal resistance
® PCT

» Electrical characterization
® ON-state resistance, leakage current, I-V
output characteristics

» Reliability testing TBD

A!

ww 9°1z:

L Insulting layer

p Electroplated Sn S5pum
_<—Electroplated In Sum

I «+— E-beam Cu 1um
<+— E-beam Ni 500nm

E-beam Ti 500nm

Al metallization

L |

NN

Source terminal
2.9.2026



Double-sided cooled (DSC) demonstrator

.
DSC-SiC-SLID results e
. . Steps: i
dOUbIe‘S|de b0n|ng test Parallelism adjustment - m Au metallization
two-step bonding A!"J:il"éﬁ“f?um —

E-beam Cu 1.5pm
PlatingIn 5um
Plating Sn 5um

PlatingIn 5um
Plating Sn 5um

Insulting layer

|
Bonding condition: g it —

» frontside: 5+5 pum
» back side: 4+4 um

» temperature: 185°C

Insulting layer

Parallelism adjustment Chip front-side and top IMS bonding Chip back-side and bottom IMS bonding
» pressure: front: 14.6MPa; » Pressure: back: 7MPa
» Time: 0.5h » Time: 2.5h

Cross-sectional results

Cug(Sn,In).

Top IMS bottom Cu layer

(Cu,Ni)g(Sn,In)s

Cracks in the frontside connection

CuglSn,In}s

MOSFET {(Au,Cu,Pd)(Sn,In);
Bottom IMS drain Cu

() 2.9.2026 96

squeeze out problem: lead to short

Frontside connection bonded area  backside die-attach bonded area circuit between drain and source squeeze out

Top IMS



Conclusions

A?

Wafer-level metal bonding as potential key enabling method for “more than Moore” 3D
integration

SLID pbumps are very attractive low-cost low-temperature option for 3D HI, advanced

packaging, MEMS and power packaging applications (both chip to wafer and wafer to
wafer level)

EM resistant and good high-frequency metrics was observed

Observed challenges related to process integration, defects, residual stresses and
substrates

Novel metallizations could help in process integration & reliability performance
Low temperature Cu-In-Sn SLID bonds were successfully demonstrated via 150 mm
wafer-level bonding with bonding temperatures down to 150°C

= Lower residual stresses

= Attractive for More-than-Moore integration

Aalto University
School of Electrical
Engineering
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