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Applications Drive Technology Development

Technology without Application Driver 
=  Answer without Question
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Application drivers shift in time
Birth of the Electronics Industry 

Radio  TVThe lightbulb Telephony

“first data centers”
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Increasing complexity results in increasing component count

Requires ever increasing number of Interconnects
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www.miami.muohio.edu/

president/personal/w8zrl

Point-to-Point wiring interconnect

Drake T-4XC Transmitter

www.gravitywell.org
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Printed circuit boards : Multilayer, hierarchical interconnect solution
Basic structure

Cu wires on/in woven glass 
& polymer substrate
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(R)Evolutions Electronic System Interconnect 
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Point-to-Point 
Wiring

1.27mm pin pitch

Technology waves driven by shifting application drivers

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

Heterogeneous 

integration

2.5D & 3D 

AI datacenter
Radio

TV

>0.5 mm I/O pitch
 1.27mm pin grid array

Through Hole

Mainframe

LSI

Surface Mount

> 0.3mm peripheral pitch

Peripheral

Digital 
Telephony

Phone

SOC :System-on-Chip 
SIP: System-in-Package

Fan-in & Fan-out 
Wafer level 
packages

Edge AI

Personal

 AI

Ambient

 AI

PC

VLSI  

Intel 286 Intel  Pentium

Area Array

> 0.8mm grid BGA
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Compute needs for machine learning keeps growing
But also results in an explosive growth in energy use

Source: IBS: https://epoch.ai/data/notable-ai-models
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CMOS 2D Density scaling continues, but can’t deliver alone

*transistor density estimate considering CPP & minimal cell height
actual usable transistor density is significantly lower, depending on process & DTCO (diffusion breaks, SRAM%, utilization, . ..)

Tr
an

sit
or

D
en

sit
y

[c
m

-2
]

N20
N14

N10

N7
N5

N3 N2 A14
A10

A7 A5
A3 A2

109

1010

1011

1012

9



Need for High Density Heterogeneous (Sub)System Integration

Denser System Integration

➢ Enabled by 3D integration technologies  

Multi-Chip Heterogeneous Integration: 
– Integration: High density interconnect 
– Dis-Aggregation: functional partitioning 

Monolythic CMOS single chip SOC system:
integration and aggregation

– Integration: Moore’s Law driven CMOS Power-
Performance-Cost-Area, PPAC, improvements  

– Aggregation:  Adding system functionalities  
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Digital thin film multi-chip modules, MCM-D @ imec
“Si-interposers without Through Si-vias, TSV’s”  

1996 - Esprit-IMALP

2001 ESA - ASSCoSS1998 ESA - SPECTRUM

1997 - ESA/ FUSE SBI1995 - ESA - Hibra
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3D-SIP integration for smallest form Factor
Autonomous Wireless Sensor node for “Ambient Intelligence” 

“Ambient Intelligence device” = Y2K IoT precursor

3D stacking of SIP sub-systems : 
FUNCTIONAL PARTITIONING in 3D-layers 

Application 
layer(s)

Radio 
layer(s)

Power 
layer(s)

Antenna
rf circuit

Processing 

Digital base 
band

Sensors  
Power 
Management

Energy Scavenging 
(e.g. vibration,solar)

Power 
storage

“e-Cube” 14x14 mm autonomous wireless node

Sensor 2004, pp.923-926
CICC 2005, pp. 13-19
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3D System Integration Technology driver: Compute technologies for AI

Memory-logic partitioning
Need for High Bandwidth & low energy 
2.5D and 3D interconnect
 

Need for different technologies 
with different 3D integration densities

C

VRMC VRMVRM

C

C

IVRIVR IVRIVR IVR

Power Supply

Heat Removal

Challenged  by the “Power-wall”

High Current delivery: DC/DC V-conversion
High performance cooling 
 

Challenged by the “Memory-wall”
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Main Industry Directions 3D Integration Technology

“2.5D Chiplet” integration
o Stand-alone chip design, 

o interconnect integration through a standardized “off-chip” bus interface

“3D-SoC” integration      
o Co-designed system, extension of on-chip interconnect networks:  

o 3D system-on-chip

o Interconnects between blocks use on-chip IP interface circuits
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Link to design level

Transistor

Standard cell

Sub-IP circuit blocks

On-chip IP-block

Flip-chip die-level I/O

PCB interface I/O

Terminology

3D-IC (e.g. CFET)

CMOS 2.0

3D-SOC (System-on-Chip)

2.5D & Chiplets

3D-SIP (System-in-Package)

Interconnect 3D partitioning level

Transistor
Chip FEOL   

Poly gate level 
MOL

Chip BEOL

Local wiring

Intermediate wiring

Global wiring

Chip 
package 

Chip I/O
Pads/bumps/RDL
Board interconnect

3D System partitioning : System Hierarchy
Interconnects from the transistor to the package and the board
3D interconnects can be realized at different levels of the electronic system interconnect hierarchy:
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µbump 
stacking  

Wafer-to-Wafer
Hybrid bonding

Die Stacking
Hybrid bonding  

W2W Dielectric 
bonding & nTSV

Flip-chipBGA CSP 

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10

3D Interconnect Pitch scaling

10 µm 1 µm 100nm 10nm

Required overlay pitch bonding accuracy
50nm15µm 3µm 500nm2µm 5nm20nm200nm4µm

100 µm400µm 10 µm 1µm 100nm1mm 500nm40µm 20µm 2µm4µm 10nm50nm 20nm200nm

CFET
3D Interconnect Density (#/mm²)

L1$L3$

Imagers-Pixel
VR-µLED

HBM

BSPDN

PoP

Memory 
Integration

LOGIC
(BEOL/ FEOL hierarchy)

3D-Package
2.5D Chiplets

Pixel arrays

2.5D Chiplets

L2$

M0MyMRPad layer Mx

3D-NAND

DRAM

6T SRAM

Different technologies 
required for different 
interconnect densities

3D Interconnect scaling driven by system partitioning
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3D Interconnect Technology Landscape

3D-SIP: 3D System in Package
D2W: Die to afer stacking
W2W : Wafer-to-Wafer stacking
3D-IC : stacked front-end devices

PoP: Package on package
2.5D-Chiplets: Independent design chips
3D-SOC : Co-designed devices
CMOS 2.0 : Stacked FEOL & BEOL devices

Dynamic Landscape: Each technology
continues to scale in density over time
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3D Interconnect Roadmap – imec R&D & Industry
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5µm pitch

2µm pitch

240nm

nT
SV

BP
R

13nm

52nm27
5n

m

nT
SV

200nm pitch

Focus imec R&D roadmap:
5-10 year ahead of industry
adoption

nTSV – imec R&D

W2W HB – imec R&D

W2W HB – Industry

D2W HB – imec R&D

D2W HB – Industry

D2W bump– imec R&D

D2W bump – TSMC

D2W bump – HIR2019

D2W = Die-to-wafer bonding
W2W = Wafer-to-Wafer bonding
HB = Hybrid bonding
n-TSV = Nanoscale through-silicon-via
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2D Multi-core
processor

3D functional
partitioning

Memory 
Cache
µP Core 
logic

Logic,
Internal and 
External interconnect

3D-SOC: Functional Partitioning
Multi-core processor partitioning:  
3D-technology requirements

Memory Cache

µP core logic

D2W bonding

CMOS N-1
(external I/O)

TSV to Backside
Flip chip to 
interposer

BS-PDN
nTSV

W2W bonding

Memory Cache

TSV to Backside
Flip chip to 
interposer

µP core logic

D2W bonding

CMOS N-1
(external I/O)

BS-PDN
nTSV

W2W bonding

Cost effective:
Memory: strongly reduced FEOL and BEOL complexity
Logic: reduced BEOL, Top layers moved to backside
Bottom partition: lower cost process node
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SRAM 1

Dense logic

Functional BS
(PDN, clock, …)

I/O

SRAM 2

Drive logic

CMOS 2.0 : Partitioning down to the standard cell level
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Continued Device Scaling
& Material Innovation

Low-VDD Compute

Fine pitch
3D Integration

tier by tier
Heterogeneous
technology

CMOS 2.0
Compute
Architectures

5 elements for superior energy efficiency with CMOS 2.0
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Key 3D Interconnect Technology

3D-SOC integration



“Through-Si-Via”, TSV,  Technology Scaling

1E+03 1E+04 1E+05 1E+06 1E+07 1E+08

µTSV

nTSV 

Thin die handling

2x
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TSV Key electrical properties

Strong capacitance reduction with TSV  scaling

nTSV µTSV TSV 
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D2W bump Die Stacking : Thermo-compression bonding 

Cross-section: 16 Die stack, 20 µm pitch
TSV: 5 µm ∅ x 50µm

Top Si die

Bottom Si die

20 µm pitch

Cu/Ni/Sn

Cu

WLUF

25

N=16

FURTHER SCALING  10  7µm

Top Si die

Bottom Si die

7µm pitch

Ni/Cu

Ni/Sn

10µm pitch

7µm pitch

4 Die stack, 7 µm pitch
TSV: 3 µm ∅ x 50µm

N=4

 5µm
5 µm pitch



Scaling W2W Hybrid bonding @imec – SiCN dielectric   
Successful sub-µm pitch scaling

Bottom wafer

Si

BEOL

Si

BEOL

Top wafer

Cu SiCN

scaling to >107 3D-I/O /mm²

E. Beyne et al. , IEEE-EDS IEDM 2017, pp. 32.4.1-32.4.4
S. -W. Kim et al. , IEEE-EDS ECTC 2020, pp. 216-222
S. -A. Chew et al. , IEEE-EPS EPTC 2022, pp. 334-337 

1µm

1.44 µm 0.7 µm

1µm

2.16 µm 1.08 µm

1µm 1µm

S. -A. Chew et al ., IEEE-EDS IEDM, 2023, pp. 1-4
B. Zhang et al, IEEE-EPS ECTC 2024, pp. 312-318

L. Witters et.al., IEEE VLSI 2025, T6-1
S. Van Huylenbroeck et.al ., IEEE-EPS ECTC 2025
J. De Vos et al , IEEE IEDM 2025, T33-5

Top PAD CD: 200nm, Bottom PAD CD: 250nm

400 nm 250 nm 200 nm
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Die-to-Wafer Hybrid bonding

27

Similar technology – added complexity

Wafer with Cu hybrid 
bond pad finish

Highly sensitive surface

Wafer thinning, 
Ultra-clean dicing

No impact on HB surface !

o Surface protection
o Singulation by Plasma Dicing
o Thin Die for improved cleaning
o Carrier systems for thin wafer/die handling



Die-to-Wafer Hybrid bonding

28

Similar technology – added complexity

? Target wafer

High precision, 
clean placement

Target wafer

Cleaning & Thermal HB 
bond anneal

Surface activiation,
Die pick-up



Die-to-Wafer hybrid bonding

29

Scaling Interconnect pitch down to 2 µm pitch

Backside Die 
on Wafer

Corner die

Y. Lin et al., IEEE-EPS ECTC 2024, pp. 40-44
P. Bex et al., IEEE-EPS ESTC 2024
S. Suhard et al., IEEE-EPS ECTC 2023, pp. 144-149

bond interface

bottom wafer

2 µm

top wafer



The 2.5D Interconnect Technologies

“Chiplet” integration



The “2.5D Chiplet“ Approach

31

o Separate design and processing of “chiplets” 
o Die-to-die communication through standardized 

“wide” bus interfaces
⇒ introduces additional latency
⇒ only for last level cache

2D-SOC Chiplet-partitioning

MemoryCore Communication 
& Cache coherency

Chiplet PhY block

Chiplet Bus examples: HBM,  AIB, BOW, UCIe

Lch

PμB 

LμB

Pc

⇒ Scale bump pitch  
⇒ Scale interconnect lane pitch

➢ Reducing Chip area, improving bandwidth, 
reducing energy per bit:

Bus “Shoreline”Bump-array
“Aerial Bandwidth”
= ஻ௐ೎ℎ

௉್
2  (Gbps/mm²)

“Shoreline Bandwidth”
= ஻ௐ೎ℎ

௉಴ℎ
 (Gbps/mm)



2.5D Si-interposer interconnect
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M1 etch M1 Cu M1 Cu V1 etch V1 Cu V1 Cu

Si Interposer

GND MIM

TS
V 

10
 x

 1
00

M-X
M-Y

PWR

µbump

RDL

Pillar bump



Si Interposer as flexible substrate for further integration
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fiber

E/O E/O E/O
OIO

Si Photonic Interposer 

Includes e.g.:
- Optical waveguides
- Light modulators
- Light detectors 
- Passive or active photonic circuits

“Active” interposer + 3D SoC

HBM 3DSOC

Analog/logic/IO

3DSOC
Core logic/SRAM

Includes e.g.:
- CMOS devices (older node)
- DFT: enables full 3D testability
- Line repeaters
- Active busses, programmable buses
- External I/O driver  

HBM

Analog/logic/IO

Logic/ ASPs/Analog/IO

“Active” Si interposer

Optical I/O Interposer module

High speed CMOS

E/O fiber

Optical I/O unit on Si Interposer 

HBM 3DSOC

Analog/logic/IO

OIO fiber
E/O

HBM
Logic/ ASPs/Analog/IO

Logic – XPU 

Passive Si interposer

HBM

HBM
Logic/ ASPs/Analog/IO

Includes e.g.:
- MIM decoupling cap
- ESD protection 
- PDN: Power regulation
- IPD:  Integrated passsive devices

“Lite” active Si interposer



“2.5D Si-interposer bridge interconnect

34

RDL =  Redistribution Layer
FO-WLP = fan-out Wafer Level Package

Si-bridge interposers, FO-WLP 

Polymer/Cu RDL

Silicon Bridge
Molded wafer reconstrution

A. Podpod IEEE-ECTC 2018

pillar bumps on die 1

Bridge Bridge

Die placement on carrier wafer 
and Si-bridge TCB bonding 

IMEC Chip-first approach:

Die 2 Die 1 Die 3

2 μm Line/Space

+ Semi-Additive RDL processing
on mold & Si 

Die2Die 1 Mold

Si Bridge

Molding & 
Back Grinding

WLUF



2.5D RDL-interposer interconnect
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Carrier wafer

“Damascene” RDL
on carrier wafer

FO-WLP interposer using Chip-last and ultra-fine pitch RDL 

Carrier wafer

Solder µbump assembly die on 
RDL (TCB down to 10µm pitch)

Wafer level molding; 
Mold/Si backgrinding

Carrier removal 
and solder bumping

RDL =  Redistribution Layer
FO-WLP = fan-out Wafer Level Package

Dual Damascene M1/V1/M2 Cu   

Single Cu/polymer 
Damascene layer

M1

M2

V1D2

D3

D1 M1

M2

V1D2

D3

D1

1 μm line/space

Top view after polymer DD 
process before Cu fill 1μm L/S after Cu fill & CMP

N.Pinho et al. IEEE-EPS ECTC 2023, pp.1364-1368
E.Chery et al. IEEE-EPS ECTC 2024, pp. 647-653

1μm L/S 

500 nm L/S

500 nm L / 1 μm S



AI-Interposer Size trend
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AI interposers continue to grow
Need for Panel-sized interposers?

2016 2022 2024 2026 2027

2030

Wafer-level?

2028 2028

64 reticles/wafer

Less interposers per 300mm wafer 
… but also on square panels



Introduce optical on-interposer interconnect ? 

Do we need to go to large panel interposers ? 

or are there other options ?



2.5D & 3D integration today:  
Remains a rather “flat” integration

2.5D interposer with a central die closely coupled  to 
HBM die stacks (or UCIe chiplets) using a high speed, 
very wide chiplet interface bus  

~ 
1 

m
m ~10 mm ~20 mm

(3D) SOCHBM HBM

Interposer

~40 mm

Package substrate

With a very thick
Cooling solution

(3D) SOCHBM HBM
Interposer

Package substrate~ 
1 

m
m Heat spreader

Heat sink
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Trend towards very large AI interposer substrates

~1
0m

m

~20mm
(3D) SOC

H
BM

Interposer

~20 mm

Package substrate
➢ Adding voltage regulator modules vertically 

to power the 3D-SOC  

➢ Cooling volumetric module?
  39

~10mm ~20mm

(3D) SOCHBM HBM

Interposer

HBM

~60 mm

Double row HBM: Significant interposer size increase: + > 50%
Much longer interconnect density for second column HBM : reduced bandwidth : not really a workable solution

HBM

Package substrate

~1
0m

m

~20mm
(3D) SOC

H
BM

Interposer

~20 mm

Package substrate

➢ Interposer similar size to (3D) SOC
➢ Multiple HBM columns possible
➢ Power connection to HBM from 

bottom side

Rotating HBM below the (3D) SOC complex
Using flexible RDL interposer technology to 
connect full HBM bus

New concept:  Volumetric 3D: Rotating die vertically, connecting array on the edge



Volumetric 3D: Rotating die vertically, connecting on the edge
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Thermal solution

~1
0m

m

(3D) SOC

H
BM

Interposer

Package substrate

➢Top horizontal (3D) SOC complex: : high performance thermal cooling: e.g. Jet impingement cooling
➢Bottom vertical die:  Die with heat spreader or liquid cooling µchannel plate

~1
0m

m
(3D) SOC

H
BM

Interposer

Package substrate
➢ High performance top-cooling (Direct Jet impingement)
➢ Adding voltage regulator modules vertically  
➢ Adding micro-channel cooling vertical modules



Conclusion



Applications Drive Technology Development

42

3D 
Technology 

Design Enablement

System
Design

Different 3D technology flavors 
are to be combined to realize 

efficient heterogeneous 3D-Systems

⇒ 3D System architecture:
 Rethinking of System architectures using a 3D-

mindset from the start will result in the most 
significant 3D system integration benefits.



Thank you

Eric Beyne
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