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Importance of Interconnection : Limitation of Logic Devices

Potential logic scaling roadmap extension
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Existing Si-based devices currently lack clear alternatives for post-CFET technology. Research is expected to
focus on the development of new chalcogenide materials (2D Chalcogenide, Carbon, etc.).

Along with improving the performance of existing devices, the development of interconnection technology is
emerging as a critical development issue (e.g., F2F Bonding, BSPDN).

Vertical integration simultaneously achieves performance, power efficiency, and cost optimization, leading
innovation particularly in the fields of Artificial Intelligence (Al) and High-Performance Computing (HPC).



3D packaging tech. CAN overcome in-fab. technology

Interconnect Density (#/mm?)

Advanced Packaging Technologies Enable Interconnect Density Scaling
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Revolutions of 3D Stacking Technology in Logic Devices Developments

‘Iimproved Performance and Bandwidth Achieved over 10x higher bandwidth and low
latency through vertical interconnect (TSV). Electrical reliability of 3D stacking in synchronous
design proven by applying F2F hybrid bonding technology. (ARM Co.)

‘Heterogeneous Integration Maximized system-level efficiency through vertical integration
by separately manufacturing logic, memory, and analog circuits through their respective
processes. TSMC's CoWoS and Intel's EMIB 2.5D/3D packaging technologies provide
optimal system support.

*Cost Efficiency Improved yield and reduced manufacturing costs by dividing large single
chips into smaller chiplets. Maintained compatibility with existing silicon-based circuits
through low-temperature (400-C or below) stacking processes.

*‘Reduced Power Consumption 10 to 100 times lower driving power consumption due to
shortened signal paths. 19% performance improvement without redesigning additional cache
directly into TSV. (AMD 3D V-Cache)



Cu Hybrid Bonding Technologies

pitch scaling & density in 3D Interconnect
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Figure I: The imec 3D interconnect technology landscape



Two Different pathway for Chip Stacking Technology

Feature Normal Hybrid Bonding with TSVs Face-to-Face (F2F) Hybrid Bonding
Inter-Die Connecti Hybrid bc?nd for surfac?.connection,'.I'SVs for vert Birea: lterid [hemel e asfie surisess (e e
on ical through-silicon connection.
Not needed between the directly bonded F2F layers for
TSV Requirement Essential for vertical connectivity through communication, but may be needed for external
silicon. connectivity.

Fine, but TSV size can be a limiting factor for

Interconnect Pitch : )
ultimate density.

Can achieve the absolute finest pitches (sub-micron).

Silicon Area Usage Frees up silicon area where TSVs would otherwise be

TSVs occupy silicon area. placed for inter-die communication.
Latency/ Potentially the lowest due to direct metal-to-metal
Performance Very good due to short TSV paths. connection.
Thermal More challenging due to active layers facing each

Generally more straightforward as active layers

Management , , , other, requiring innovative solutions.
can be on the outer sides for easier cooling.
Fabrication High, primarily due to extreme surface preparation
Complexity Complex due to TSV processing. and alignment requirements.
Yield Highly sensitive to surface quality and alignment, making
Impacted by both hybrid bonding and TSV yields. KGD challenging.
HBM, 3D stacked memory, high-performance Advanced image sensors, high-performance

Applications , . : : : .
computing. logic-on-logic or logic-on-memory integration.



Multi Die Hybrid Bonding Technologies

Multi-Die Hybrid Bonding : High Bandwidth Interconnect Technology

1. Ultra-Fine Pitch Scaling and Electrical Performance

* Sub-Micron Cu-Cu Bonding: Investigations into pitches <1 um
revealed that as Cu pad size and pitch decrease, initial resistance
and its variability increase, while bonding yield drops. However,
high-temperature testing can densify the bond, reducing resistance
and improving yield.

* Surface Preparation: Pre-bonding surface protection and cleaning
(e.g., FTIR, Raman spectroscopy) are crucial for maintaining low
resistance and high yield at these fine scales.

2. Microstructural Optimization

* Metastable High Defect Density Cu: Research has highlighted the
benefits of metastable fine-grain Cu films for hybrid bonding

* Cu Protrusion Control

3. Process Innovations

*Surface-Activated Bonding

*TSV Reveal and Cleaning: Direct Si/Cu grinding with in-situ cleaning
and electroless Ni—B plating effectively exposes TSVs

Cu Pads Before Bonding (Top Down)
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Face to Face Hybrid Bonding Technologies

F2F Hybrid Bonding : High Density 3D Interconnect Technology in Wafer Scale

- Wafer to wafer bonding technology

- 3D device integration technology that creates high-density interconnects between chips without TSVs through direct
bonding.

PAD for Bumping

(a) (b) (c)
a Top wafer with TSV and bottom wafer without TSV. b Top and bottom wafers undergoing F2F bonding. ¢ Revealed TSV (thinned) side is the

bump/pad terminal side [27] Ref : Global Foundries



Face to Face Hybrid Bonding Technologies

F2F Hybrid Bonding : High Density 3D Interconnect Technology in Wafer Scale

‘Next-Generation High-Performance Chiplet Packaging Technology
*Die-to-die copper direct bonding without micro bumps
*Overcoming the limitations of existing TSV-based methods

‘Ultra-fine Pitch Interconnect Structure (Sub-10um)
‘Removes TSV area overhead with pitches below 10um
*Shortened signal path through direct die-to-die connection

*No Micro Bumps

*Up to 90% reduction in parasitic

capacitance Interconnect pitch 10-20um
«Improved power efficiency and speed

Parameter TSV-Based 3D ICs

Critical path latency 120 ps

Cross-die wirelength 500-1000pm

Power-delay product 0.5 pJ/bit

F2F Hybrid 3D ICs

0.5-2um

65 ps

50-200pum

0.02 pJ/bit

Improvement

10x denser

46% lower

80% shorter

2bx pbetter



Future Technology Platform for High Performance Computing

Heterogeneous Homoge neous L Extre me scale
Integration Integration Device
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Metalizations focused on 3D Advanced

Packaging
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Materials Characteristics of Metal Candidates

Al Au Az || cCu w Ru NI alloy :I » Direct Bonding -i
Resistivity (uQ-cm) | 2.66 235 159 || 167 5.6 7.1 7.0~10 | >Cu &AI(?) :
AR/AT at 0-100 °C (10°%K}| 45 4.0 41 | 43 44 4.1 L
A T e e o o] |, TSV TGV |
Young's modulus (GPa) i T70.6 78.5 82.7 i 1298 :_?_(:_ul _I\ll_allg)i(?_)_______:
Yield strength (MPa) : 55 130 172 : 216 [ ————————————— —— -
Hardoess HV) 1|15 2030 S '+ Nano-TSV :
D, (em’/s) for diffusion 1| 1.71 0.67 189 1 078 I >Ru, W, Cu(?) :
Q (eV) for diffusion | 1.48 1.96 2.01 1 2.19
D (em?/s) at 100 °C | 20 10720 | 22%x 1077 | 1% IU'E"‘: 2.1 x 107 |- ———————————— = P
Zq (effective charge) 1| 65-164q | 59-74q | 9423441 3743 : * Ru |
Thermal conductivity (Wiem)| ~ 2.38 3.15 425 | 398 1.7 1.2 ~0.4 : - short electron mean |
Sputtering : Yes Yes Yes : Yes yes yes yes : free Path :
Availability E\.'apm'ali:}u: Yes Yes Yes : Yes yes yes yes : :
depf;tmn CVD i Yes (?) ? ool Yes yes yes ? : * NiAlloy (Invar) :
and etching | Plating | 7 Yes Yes || Yes ? yes yes | = Low Coefficient of :
technique | Wet etching || Yes Yes Yes || Yes yes yes yes | Thermal Expansion (CTE) |
Dry etching : Yes ? ? : ? yes yes yes L=
Electromigration resjstancc: low high very low : high high high high
Corrosion resistance in air | high very high low 1 low

FA BEA Thesis
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* Advantages of glass Interposer

1) Low electrical loss ( NO need of passivation)
2) Low cost

3) Easy to make the large size and thin thickness

Glass as an interposer or core

4) Tailored coefficient of thermal expansion (CTE)

5) CAF safty

71

X Z=(laminate) o

Disadvantages of glass Interposer

1) Easy to cracks

2) Easy to break

3) Transparency

4) Comparably large Size of Via
5) Difficult to utilize thin layer

2 Reticle RDL Interposer 4 Reticle ABFO
1 die on the interposer
900GB/s"! - Package to Package
3 directions: 2700GB/s

2 dies on the interposer
24750 GB/5'1~ Die to Die with the bridge
900GB/s"1~ Package to Package

3 directions: 23400 GB/s

8.7 times bandwldth
75x75mm (x1.7)"

hiplets size expanding trends

8 Reticle interposer by ABFO

4 dies on the interposer

27450 GB/s"?~ Die to Die with the bridge
172800 GB/s™*~ De to Die with RDL

3 directions: 43200 GB/s

16 times bandwidth
100 %120 mm (x2.8)™
11-2-11™

9-2-9"
properties Df <0.004°% Df <0.003
HHO| HA7|(hm) <10 400-600 > 1000 <10 Plating area yielded (1.0) Plating area yielded (x2.4)
B 2 (CTE) (ppmVK) 294 317 16-30 3-9 s
HE (2ol FAUY) (GPa) 165 10-40 22 50-90 P
Moisture absorption 0 0.04% 1-2.5% 0 . _H
HHES (WimK) 148 0.9 0.50.75 1.1 =t
Physical Dimensions
718 Apo| = (mm) 35x35 70x70 50x50 100x100 2 50t 1 o R
0|5 Y Ato]= 300 mm 710 mm? 300 mm / 510 mm? 710 mm? e e

Ref : CHIMES, US
MQHM modified

Ref : SBR Tech.
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l. VIA FORMATION PROCESS : LIDE

LIDE: HVM PROCESS COMPATABILITY TpaPrcess Window
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In the first step, glass of up to 1mm can be structured by a
single laser pulse. Pulse positioning accuracy is >5um Cp

>1,33.
1000 pm Thickness

In the second step, the laser structured substrates are wet

etched. The laser-modified regions display a much higher
etch rate than the bulk material. The result is the formation

of hourglass shaped holes with a tunable taper.

Ref : LPKF



l. VIA FORMATION PROCESS : LIDE

LIDE

Glass

Laser
modification

Wet Etch

Wash

No Thermal Stress
No Defects

All-In-One TGV, Cavity,
Cutting

HVM capability

All Glass Types

Laser + Wet Etch

——
Glass

R —

Laser

—

Wet Etch

Lithography
+ Dry Etch

—
Glass

Mask
Lithography

Dry Etch
(RIE)

Strip & Wash

———

Laser only

—————
Glass

Electrical
Discharge

N E—

CO, Laser

—

Wash

—

Photo Sensitive Hot Pressing
Glass

( D

4 p

Glass Glass
f Mask & | f — )
Expose UV Hot Pressing
Bake (Form [ ' )
Ceramic) Etching
Etch & Wash Wash
- J )

Mechanical
Drilling

J

Glass

H

Mechanical
Drilling

i

Etching
(Optional)

Wash

—

Technologically LIDE is the superior process to generate microstructures in glass and provides the scalability necessary for HVM.

Ref : LPKF




l. VIA FORMATION PROCESS : LIDE

Ref : LPKF
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lll. Untact Polishing of Cu for Glass Substrate

Cu filling with additives — Accelerator + Suppressor + Leveler

Accelerator + Accelerator + Accelerator +
Suppressor + Suppressor + Suppressor +
Leveler (10 ppm) Leveler (20 ppm) Leveler (40 ppm)

1 um
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2 um Leveler conc. (ppm)
Line width
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lll. Untact Polishing of Cu for Glass Substrate

After Cu electrochemical polishing

Accelerator + Accelerator + Accelerator +
Suppressor + Suppressor + Suppressor +
Leveler (10 ppm) Leveler (20 ppm) Leveler (40 ppm)

1 um :
o -

2 um
Line width

Overburden thickness (um)
5 - v w & o o
-

L L L L
10 20 30 40 50

o

Leveler conc. (ppm)

Overburden thickness

(1) On trenchI (2) On ILD

5um
Line width




lll. Untact Polishing of Cu for Glass Substrate

Cu plating © Electropolishing @ Ti barrier etching @




lll. Untact Polishing of Cu for Glass Substrate

Top EDS analysis

|

Cu EP without barrier etchant

Cu EP with barrier etchant

Barrier layer removal during the EP process



lll. Untact Polishing of Cu for Glass Substrate

Overall Uniformity : ~ 3.5 %

Cente Middle

1 1

Uniformity(%)=[(Max-Avg)/Avg]*100

Edge

X4

!

Avg.: average thickness value among edge, middle, and center
Max.: Maximum thickness value among edge, middle, and center

X4

EP rate(pm/min)=Decreased thickness/process time




lll. Low CTE Metal Filling for Glass Substrate

Ni or Ni Alloy (~|nvar) : CTE manageable metal for Glass

» Thermal expansion coefficient of Metals

20
CTE (10-/°C) .
| Pure Cu : 1b.1
Copper 16.7 A b Sttt Sttt
Pure Ni : 13.3
Nickel 13.3 e e
Iron 12.3 10 -
Glass 4-9
Invar (Ni36Fe64) 0-1.2
O T T T T 1
0 20 40 60 80 100

% Ni



lll. Low CTE Metal Filling for Glass Substrate

Composition variation Resistivity variation
0.50
100% =— Ni
0o 'V ~Fe 045
,-
0.40 - 7’
80 | , 4
£ 035} ,
G —>
B Y <o\ sma S R = 030f Re
P z ‘
5 Z 0.25 - , 7’
<aop N A T Z 020F L
z 4
3250 \é\ﬂﬂé—- e
20 | . \.‘.‘ N )’
G 97, 0.10 4
| 16.68% v
0% R
oL o 0.05 .
1 " 1 L 1 1 1 " 1 L 1 0‘00 1 1 1 1 1
0600M  (050.)M  (0303)M (025035M (0204HM  (0.105)M 0,600 M (0.3,03)M (025035 M (0.2,04) M Cu
(Ni,Fe) M Metal (Ni,Fe) and Cu

CTE of Electrodeposited alloys :
- Ni70Fe30 = 11~12 (unclear)
- Ni65Fe35 =3~6



lll. Low CTE Metal Filling for Glass Substrate

» Filling Behavior of Ni Alloys

deposition time: 12h Nio.6 M
Fe 0.6 M

deposition time: Sh




Atom %

100

80

60

20

64.46

35.54

65.37

34.63

61.81

38.19

62.42

37.58

Ni
Fe

62.20
64%
59.68

40.32
37.80

36%

Invar (Ni 36 %)

0.96

1.92

3.84

5.76

6.72 7.68

Additive concentration (mM)

v'Alloy composition remains within

a narrow range across different
additive concentrations.

lll. Low CTE Metal Filling for Glass Substrate

deposition time: 12h

e
“——n

Properties of Ni-Fe alloy

Alloy Properties

Electroplated Ni-Fe Alloy

Composition (Atom%)

CTE (10°%, K™

Glass Wafer CTE (1076, K1)
Electrical Resistivity (2m)
Internal Stress (MPa)

37.58% Ni, 62.42% Fe
7.27

7.2

2.37 X 107

42.56
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