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What is driving the silicon photonics market ?

® Datacom pluggables
Datacom near packaged optics (NPO) & co-packaged optics (CPO)
® Datacom optical input/output (I/O)
® Telecomw ength division multiplexing (xWDM) 2028
@ Telecom wireless

/
/
4
@ Optical computing $6] 3 M ,/’
4
I
'

@ Others

CAGR 2508 44%

Yole Dévelopment Report November 2023, PIC dies revenue growth

Other applications may emerge and drive the technology but ...
= ...today, Datacom / Telecom drives wafer demand towards 2028
= ...tomorrow,Al-driven Datacom I/O & CPO will emerge and drive by 2030-2032
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s in AlI/ML compute clusters

Anatomy of an H 100 AI/ML Cluster

| Exaflp Al perf
e >20TB HBM3 memory
70TB/s bi-sectional BW

NVLink4
Up to 14.4Tb/s per server
|8x OSFP (800G-SR8)

CP Global Summit 2022 - Nvidia 256 GPUs

-
IJ"‘ e c More info: https://developer.nvidia.com/blog/nvidia-hopper-architecture-in-depth/ 3



Interconnect Bandwidth lagging behind Compute Capability
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Amir Gholami, et. Al. “Al and Memory Wall”, https://medium.com/riselab/ai-and-memory-wall-2cb4265cb0b8
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Interconnect Landscape. Copper vs. 0pt|

Package — Wafer —— BoardlRack —————— AIIML Cluster ————— Cloud Datacenter

100000 | Pluggable OPtiCS.’ 400G > 800G

UCfe Adv. High DR

UCle Adv. Low DR

./ UCle Std. High DR =
* i &
NVIDIA, VLSI22 MYLINKC2C /]’ g
UCle Std. Low DR A

NVIDIA, ISSCC /
NVUnkz.o\ 5.

T Mellanox | 00GhE CPRI 800G SR-8 QSFP-DD 800G DR8 QSFP-DD 800G 2FR4 QSFP-DD

Pl 40— @ (PCle PAMA + PCS) QSFP28 é \@ é
Finisar BOA/IMBOM 0
\® Avago Micropod %
Finisar Optical Backplane / J

Mellanox 100GbE SR4 _/& Finisar 100 GBASE 400G FR4 QSFP-DD
Gl SRY Optical

Im 10m 100m Tkm
Max. Interconnect Distance Inspired by Gordon Keeler (ex-DARPA)

Pluggable Optics are the only option for interconnects beyond I m,
but have 2-4x orders worse interconnect performance than board- or chip-level Copper
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iISiPP: imec’s Silicon Photonics Technology up to 200Gbps/lane

Ultra-Compact Si WDM filters (193nm immersion)
High-density Si Wavegu|des (0.5-2dB/cm) with high thermal tuning efficiency (=>ImW [ P))

High-Speed TSV
(300mm only)

Slhcon Ring Modulator 56Gbps NRZ : IIZGbpsNRZ

Under
cut

Y. Tong et al, PTL 2020

GeSi Electro-Absorption Modulator

b2b BER=3.10E-3

High-NA (<2dB) &
SMF Edge Couplers (~2dB)

ot [ S

112Gbaud

56Gbps NRZ 224Gbps PAM-4
D. Chan et al, JLT 2022

SMF Grating Coupler (<2dB)

-

E
[}

Silicon Mach-Zehnder Modulator

e o e of ° < A M

106Gbps PAM-4 56Gbps NRZ

State-of-the-Art Silicon Photonics Platform

T ec enabling next-generation 800G and 1.6 T Pluggable Optics



Extending iSiPP: Example #| - Integrating Light Sources

Standard iSiPP iSiPP with flip-chip bonded IlI-V laser

“Surface” Fiber Wiring “Edge”
Coupling Bondpad Fiber Coupling

Passivation

- FlipChip
IRV Light
Source
»
Heater
I (i) I I ]
S .

(_:mnng

5
= \)al(.: Si pnModulator SINWG  Ge PhotoDetector ~ Sil

“ aser” ' “Laser” e Undercur
L Lmd

Si Substra

Si Substrate Tren

Ge Photo-Detector

Si Substrate

Flip-Chipped

Gratin
Flip-Chip Bonding (FC) InP DFB Laser Diode o P—
Sequential bonding of ‘ s
llI-V Lasers or Amplifiers ASM () AMICRA
with <500nm alignment accuracy /
SiN Waveguide

https://ieeexplore.ieee.org/abstract/document/9956863

Adding High-Power, Flip-Chipped IlI-V Lasers to the Si Photonics toolbox
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Extending iSiPP: Example #2 - scaling towards 400Gbps/lane

Standard iSiPP iSiPP with Micro-Transfer Printing

“Surface” Wiring

. “Edge”
Fiber ‘ q ’ . Bondpad Fiber
Coupling Passivation Coupling

Passivation

MTP

Sio2

M2
ThinFii d b } f
1RV Light
e ol

2
}f‘
ThinFim -
- “ Lithium-Nicbate

Rl S Ge PhotoDetector  SINEC

Undercut

Si Substrate

Trench

Micro-Transfer Printing (MTP)
Semi-collective bonding of
non-Si thin-film devices
with <500nm alignment accuracy

|S21] [dB]

T. Vanackere, et al.,
Bt - i A ey | CLEO 2023

oxide 0 10 20 30 40
Frequency [GHz]

MTP’ed LNTF modulators. Early prototype with >55GHz bandwidth

Adding 100GHz Lithium-Niobate Modulators to the Si Photonics toolbox
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European Consortia Driving
Silicon Photonics Hybridization Supply Chain

“Surface” Fiber “Edge”
Coupling Fiber Coupling

FlipChip
IV Light
Source

|
Metal
Hi

feater
|
|

“2PhotonDelta

— L

Si p-nMedulator  SINWG e Photo-Detector
Undercut

&G
Si Substrate Trench

Wiring

“Surface” . “Edge”
Fiber ;oo Fiber
Coupling Passivation Coupling

MTP M.
ThinFilm
IRV Light
Sourge1 H H H SiO2

Rl S Ge PhotoDetector  SINEC

Undercut aryballe o mec

&G
Si Substrate Trench
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Scaling Pluggable Optics

————— Package — Wafer —— BoardlRack —————— AIIML Cluster

100000 UMWH’MR Pluggable OPtiCS.’ 400G > 800G
2 1.6T 2 3.2T

UCle Adv. Low DR

\ / UCle Std. High DR
2 J
NVIDIA, VLSI22 MVLINKC2C "“ /
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NVIDIA, ISSCCI B—/
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Pl 40— @ (PCle PMA + PCS) QSFP28 é \@ é

/ Finisar BOA/IMBOM \@ Avago Micropod %
Finisar Optical Backplane J

Mellanox 100GbE SR4 _/& Finisar 100 GBASE 400G FR4 QSFP-DD
Gl SRY Optical

Im 10m Ikm
Max. Interconnect Distance Inspired by Gordon Keeler (ex-DARPA)
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Hybridized SiPho technology will enable Pluggable Optics at |.6T and 3.2T
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Great, but what’s next! Enter Co-Packaged Optics

SiPho Module

100000 |

Co-Packaged Optics: 3.2T > 64T > ...

Bandwidth density target: | > 4Tbps/mm A 2026 - 4Tbpsimm, I pjibit
Power efficiency target < 5pJ/bit
Error-free w/o FEC

Lane rate: 16-64Gbps NRZ

Wavelength Multiplexing 8 2> 16 - 32-A
Woafer-scale 3-D packaging & assembly -
PCle, CXL, UCle, ... standards

Y2024 - 2Tbps/mm, 2p/bit

HK-2022 - | Tbps/mm, 5pJibit
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Im 10m 100m Ikm
Max. Interconnect Distance Years are aspirational target dates for imec R&D
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Co-Packaged Optics is needed for Disruptive Scaling beyond Pluggable Optics
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3D-enabled co-packaged optics

Scaled pbumps Embedded ubumps Die-to-Wafer Wafer-to-Wafer
(WLUF) H P Hybrid Bonding Hybrid bonding b
50um = 20um 40um 9 Sum (3pm) 20um —) 3um (2um) 3um —) 0.5pm ( 04um) Pitch = 700nm ToP Wafer/Die
Detodeme | mm | am | am | om (€0

Bottom Wafer/Die
(PIC)

Cross-section

Laser
. XPU DRV/TIA diodes Fiber
HEpeeees I

3DITSV enabled Co-Packaged Optics

Energy efficiency scaling with 3D bonding technology scaling with low capacitance
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Co-Packaged Optics for ultra-low Power and Latency

imec CMOS-SiPho Transceiver Prototype
Error-Free with ~ 3.5pJ/bit Optical Energy

100000

3.5p)ibit

EBER:
oo ~—= 3.18E-013

. st T

X . > - ‘ \. b ‘

40Gbps NRZ Loop-back

-
Published in OFC 2023

Y. Ban et al, OFC 2023
https:/lopg.optica.orglviewmedia.cfm?r=| &uri=OFC-2023-W3D.5&seq=0
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Im

SiPho Module

Laser
XPU DRV/TIA diodes Fiber
! ! ! connector

Co-Packaged Optics: 3.2T > 64T > ...
A <2026 - 4Tbps/mm, Ipjibit

Y2024 - 2Tbps/mm, 2p/bit

<K=2022 - ITbps/mm, 5pjibit

10m

Max. Interconnect Distance Years are aspirational target dates for imec R&D

Co-Packaged Optics is needed for Disruptive Scaling beyond Pluggable Optics

13



What Modulator For CPO & Interposer ?

Established Si-based Options Alternative Materials Options
Micro Ring/Disk Modulator - .
g 160Gbps I Silicon-Organic
TIIINIIIINIIIIY TN '
e / - . ) ) ' | A/ Nl
|
- a o : BEOL oxide
ol - - | I ° d. .
- - - 1 | o Dxid'e silicide silicide
|
Y. Tong et al., PTL 2020 I Courtesy W, Bogaerts
|
__________________ I Pockels
I .
224Gbps J E y
I BTO
b2 BER=3.10E-3 Ehese Med totor
contact - — - SiN
I WG
e | -
112Gbaud | \XS/IG
D. Chan et al, JLT 2022 | Courtesy F. Ferraro
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Optical Interconnects on the Interposer and Wafer

'
- omm Fiber L
connector |

Optical Modulators

& Detectors SiPho Module

lnterposer and Wafer-level Optical Interconnects

100000 + =3 -
‘ ——2030 - 16Tbps/mm, 0.25p|/bit
Co-Packaged Optics
¥—2028 - 8Tbps/mm, 0.5p]/bit g p

= 2026 - 4Tbps/mm, Ipjibit ¢ 2026 - 4Tbps/mm, Ipjibit

- Y¥-2024 - 2Tbps/mm, 2p|/bit
» Aggressive Spatial Multiplexing
+ Wavegide pitch ~5um 2022 - [ Thps/mm, Spjibit
*  Wafer-Scale 3-D Packaging & Assembly -
e D2W and W2W hybrid bonding
* Wafer-Scale Low-Loss, High-Density Waveguides
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Im [0m 100m Ikm
Max. Interconnect Distance Years are aspirational target dates for imec R&D

Optical Interposers for Chip-to-chip and Off-Package Interconnects
with the performance of short-reach Copper, at 100x Reach
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Vision: Towards Optically Interconnected Systems-on-Wafer

First 300mm wafer-level reticle-stitched Measured Wafer-level
interconnect waveguides (imec) Loop-back SiN Waveguides

Optically Interconnected System-on-Wafer
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1260 1280 1300 1320 1340
Wavelength / nm

WG loss

300-mm wafer-level waveguides up to 56cm long,
Lrcvo swwd with low all-in propagation loss (0.15dB/cm)

Optical Interconnect Wafer (300mm) with low-loss stitched SINWG

“mmec o

Xu et al, OFC 2024, M4A.3



Vision: Towards Optically Interconnected Systems-on-Wafer

Measured Wafer-level
Distribution of Die-To-wafer
Transition Loss

. 300mm wafer populated with Collective
[ cenrected System-on-Wafer Die-To-Wafer Cu-Dielectric Hybrid Bonding
With Electrical & Optical Interfaces

Wafer-Level ==
Waveguides
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wawvelength [nm]

Die-to-Wafer Transition Loss <0.5dB

LPCVYD SINWG
Optical Interconnect Wafer (300mm) with low-loss stitched SINWG
Xu et al, OFC 2024, Tu3A.3
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Takeaways

 AIl/ML and HPC Systems are driving aggressive growth in optical networking

» State-of-the-Art Silicon Photonics enables 800G and first-gen |.6T pluggable optics
* Upcoming Hybridized Silicon Photonics platforms will enable pluggable modules up to 3.2T

* Co-Packaged Optics aims at a further 100x scaling of optical interconnect performance
* Highly efficient and compact modulators will be required

* Optical Interconnects are likely to replace long-range Cu interconnects at the Interposer
and Wafer level, Leveraging 3D-enabled Silicon Photonics
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the imec silicon photonics team 4.

JorisVan Campen
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