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ePIXfab - The European Silicon Photonics Alliance

ePIXfab’s mission is to act as a catalyst for European academia and industry

to strengthen the worldwide silicon photonics ecosystem.

Advocate Represent Consult
Innovation European silicon Lift the About the About the
opportunities photonics workforce ecosystem and technological trends
enabled by SiPh community supply chain and evolution
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[0 What do we mean with “"Photonics”?
[0 Where do we find photonics today?
[0 Where do we want photonics tomorrow?

[0 Challenges between today and tomorrow...
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Photonics: What's in a name??
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[0 Manipulating light
on a microscopic scale

Fiber-optic communication
Sensing
Quantum-optics

O 00O

[0 Often using semiconductor technology
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Semiconductor Photonics =855

Different classes of devices

Tt R —,

T .

CMOS Imagers

Photonic ICs
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Photonic Integrated Circuits SS=3

[0 Photonic building blocks

[0 Integrated on a chip Modulator

[0 Connected by waveguide /

Vyave’length
filter

Fiber-Coupler

waveguide

Photodetector,

</

.

Fiber:Coupler
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Photonic Integrated Circuits SS=3

signal

light wavelength
o modulation
transport filtering
Glass, polymers, .
111-V semiconductors T~ _ detection
source = Lithium Niobate
Silicon ;
Polymers E
-V
[11-V semiconductors : .
. semiconductors 11I-V semiconductors
(GaAs, InP)
(GaAs, InP)
Germanium
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Building on Semiconductor Technology ===

0 Diverse platforms

$25,000
) m TFLN and other m LiINbO3 bulk
— IE[I\QICOTTIPOL{:HCI 1S w InP all m GaAsall
St ominan $20,000 m Silicon Photonics
[0 Silicon is growing fast = —
Jrowing 2 LIGHTCOUNTING
O 515,000
E
LA
o 510,000
2
(]
v
S5,000
$- - |
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
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Example: IMEC's iSiPP200 silicon photonics platform==="~
e

High-density Si Waveguides (0.5-2dB/cm) Silicon WDM filters

Y Tong et al., PTL 2020

56-128Gbps GeSi Electro-Absorption Modulator

SEREBNEY

Ppr [mw)

No UCuUT With UCUT
Low Thermo-Optic Power

"
,

56-160Gbps

Silicon Ring Modulator SGGbps NRZ

Efficient Thermo- Undercut
_ Optic Phase Tuners Consumption

160Gbps PAM 4

Integrated LPCVD SiN Waveguides -

“._LPCVD SiN WG LPCVD SiN EC
'840nm x 400nm § - 130nm x 400nm

LALAL AL

SiN Edge Coupler
9um MFD (<3dB)

. High-NA (<2dB) &
__ SMF Grating Coupler (<2dB)  smF Edge Couplers (<3dB)

56Gbps NRZ 100Gb/s NRZ  128Gb/s PAM-4
56-1 28Gbps Ge Photodetector

56-106Gbps Silicon Mach-Zehnder Modulator

E:::~-~=m m

Ilght

I06Gbps PAM-4 Sbips NRZ -
Fully Integrated Silicon Photonics Platform for 1310nm/1550nm Wavelengths

« Low-loss Passive Silicon Waveguide Devices and Fiber Coupling Structures
« 56Gb/s+ (Ge)Si Modulators and Ge(Si) Photodetectors

SiNANO IC@ S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 10
'“St't“te U lesneilonel sarerallon o et e Functionalities, Ground-breaking Technologies: Impact on International Cooperation

on semiconductors

I 286bps PAM-4

100Gb/s NRZ




BRUGES LY
S-1=2 SEPTEMBER .

ESSERC .

Steady scaling in complexity SEES
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Scaling depends on

O 00O

Material parameters
Fabrication quality
Design capabilities
Electronic control

# components on a PIC

10

1045-

10°
1985

T T T 1%

¢ Monolithic InP ﬁgg}gglgy\
® Monolithic Si ®
A Heterogeneous InP/Si or GaAs/Si

inteD)

JUNIPEr

/.
- .\.lll.lll.
x CISCO

?\ @ BROADCOM

—

Hewlett Packgrd
Enterprise 3

AyarlLabs

Margalit et al, APL, 2021 -
2005 2015 2025

1995
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Growth in Photonic Chips =o=4

B Year 2022

5% CAGR +136 B€

Year 2030

2023 <0.1%
2040 > 1%
44% CAGR

(Yole 2023)

YRR 14%CAGR
+71BE
+68 B€ Year 2040

m <0.5 B€ 3 BC€

ICT Industrial & Consumer Automotive Silicon Photonics

Source: DECISION Etudes & Conseil,

Mc Kinsey, WSTS Source: Yole market studies; Roel Baets

Instltute
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[0 What do we mean with “"Photonics”?
0 Where do we find photonics today?
[0 Where do we want photonics tomorrow?

[0 Challenges between today and tomorrow...
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Applications Today: Transceivers S523

[0 Typical data rate: 100-400 Gb/s
[0 Typical symbol rate: 25-50 GBaud
- PSM4 (4 parallel fibers)

- WDM (4 wavelengths)

- PAM4

- Polarisation multiplexing

Datacenter silicon photonic transceiver market share in units Dutscenter siicon phownic uumsceiver murket shae indoles | @ Coherent (QPSK, 16_QAM)

Acsia  Oxhers Aonisn  Cmhers
Sicoyn  gorw 5% Scays I% 4%
%

.

Inpha

1%

Inphi
L1

Under development + early deployment:
Data rate: >800 Gb/s

Symbol rate: 100 Gbaud

Evolution towards Co-packaged Optics

brrrd [y
% LT
15%
Cisen
¥l

4.9 Munits ST ssIM
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Growth in Photonic Chips =o=4

@ Datacom pluggables -
® Datacom near packaged optics (NPO) & co-packaged optics (CPO) chal

@ Datacom optical input/output (I/O) Go mmun icatio n
® Telecom wavelength division multiplexing (xWDM) 2028 Ay

® Telecom wireless

® Optical computing $613 M

@ Others 5\

$14M
CAGR 21%

$]] M % ’

CAGCR 27% »
\ $OM
CAGR Yo
(\ = Eve rythlng
@) Y(.)LE @ <M.~ A i else
....... CAGR 5905 : 44%
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Growth paths: Optical Communications =o=4

. : . 1000km

0 Optical links get shorter: Advantage optics when _
Baudrate X distance > 100 Gbaud X m ﬁ»\ : A
/)

[0 Shorter links = more links = more chips
® Pluggables
On-board Optics
Co-packaged optics oo
Optical networks on chips

[0 Fueled by Al

SiNANO Icg S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 16
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Photonic Chip Technology S525

[0 Today: Photonic chip technology is adequate
processes on 200mm or 300mm |

low enough waveguide losses
decent modulators

very good detectors

basic laser integration

[0 But improvements are needed ~
for future chip generations
B |Lower losses

B higher-speed modulation
® |ow-power tuning
B many light sources
® high optical power handling
SiNANO ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Avanced 17
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Who can make Silicon Photonics? SS=3

Year in Production
# of Companies
Node

2001
17 2003

130nm 17

90nm
UMC
SMIC

Siemens

Where silicon photonics is made ,

Illl

Bharat Jha, The Evolution of Semiconductor Nodes: A Journey of Innovation and Progress, LinkedIn

SiNANO IC@ S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 18
'"St't"te U lesneilonel sarerallon = Functionalities, Ground-breaking Technologies: Impact on International Cooperation

on semiconductors



Who can make Silicon Photonics? SS=3

NORTH AMERICA

1. ULL Technologies (USA) 6. AIM Photonics (USA) . VTT (Finland) 17. CNM-IMB (Spain)
2. Applied Nanotools Inc. (Canada) 7. Skorpios Technologies (USA) . SiPhotonic (Denmark)  18. LioniX Int. (Netherlands)
3. Intel (USA) 8. Skywater (USA) . Imec (Belgium) 19. STMicro. (France)
4. Tower Semicon. (USA) 9. C2MI (Canada) . Cornerstone (UK) 20. AMO GmbH (Germany)
5. Globalfoundries (USA) . IHP (Germany) 21. CNIT (Italy)
. LIGENTEC (Swiss.) 22. X-FAB (Germany/France
. LETI (France)

23. CUMEC (China) 28. IMECAS (China)
: : 24. AMF (Singapore) 29. SAMSUNG (Korea)
w3 IDM : 25. CompoundTek (Singapore) 30. Australian Silicon Ph. (Australia)
.« Pure-play Foundry 26. SilTerra (Malaysia) 31. TSMC (Taiwan)
) R&D + Small volume 27. PETRA (Japan) Q

30




In Europe: PhotoniXFAB
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aryballe M=l PHOTONFIRST

2 [
7~

mec il
-
s
V4

<“ANVIDIA

Systems and
Applications

I®LIGENTEC

PIC Foundry
and testing Active material |

II-V chiplets
Photonic

Design/EDA

cwopean |- (GNIPS g

Independent InP Foundry

SiN platform
X-FAB with Ligentec

SOI-platform
X-FAB with imec

Heterogeneous
integration of InP

SiNANO
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What to do with all this capacity? =523

[1 A lot of choice for photonics fabs ﬂ
B Multiple pure-play silicon photonics foundries o Ha.'
B Foundries for specialized platforms (e.g. III-V) .
B Many R&D institutes to help with development

(IMEC, LETI, CNSE, CUMEC, ...)

[0 Is this economical?
Current SiPh wafer volume:
only ~100°000 wafers / year (300mm eqv)

[0 We need more applications

SiNANO IC S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 21
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[0 What do we mean with “"Photonics”?
[0 Where do we find photonics today?
[0 Where do we want photonics tomorrow?

[0 Challenges between today and tomorrow...
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Only Optical Communications? SS23

[0 Electronics is only for calculators? [0 Photonics is only for interconnects?

What else is there?
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Photonic Chips can serve many applicationsEsg'gg%%‘

5G-6G antenna: )
/7\5 s> ©

Top-of-rack microwave beaqurm'
flber Bragg

switches _
gratmg sensors

: P dlng sensc
& . D, / opt|calbeam pros:‘c)Q\
xDSL \

~ subscribers

N

Transceivers \D ‘

fib enopf
Ilnk
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Photonic Chips can serve many applicationsEsg'gg%%‘

5G-6G antenna:
microwave beamforming

microwave
/

fiber B
iber Bragg
gratmg Sensors

dental OCT

building sensor
/
processors

optical beam

w
\\\ :
//7/

M
xDSﬂ\\\\\\

~subscribers
. |

s

fiber optic
P
link
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New Applications: Examples

Biosensors (Genalyte)
Quix quantum processor
Sentea, PhotonFirst

Anello Gyroscope evaluation kit
iPronics photonic processor
ThorLabs E-O converter

OoOooOoo0a0oaod

—
IPRONICS

Programmable Photonics

iPRONICS ©

\\\\\\

(ol

\\\\\\\

Angle Random Walk
< 0.05°/v/hr

Digital Interface
@
Ethernet, CAN, USB/Serial

Bias Instability
~—

<05°/hr
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[0 What do we mean with “"Photonics”?
[0 Where do we find photonics today?
[0 Where do we want photonics tomorrow?

[0 Challenges between today and tomorrow...
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Challenges for the Photonics Ecosystem — ====

[0 Low volume: need more applications

[0 Getting the best materials (Heterogeneous integration)
[0 Design and modelling (first-time-right capabilities)

[0 Rapid prototyping (bypass long chip iteration cycles)
[0 Packaging (optical, electrical, mechanical, thermal, RF)

[0 Combining photonics and electronics

SINAN\ Icg S .: |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 31
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Heterogeneous Integration SS=3

[0 Silicon photonics provides the most scalable infrastructure

[0 But not the best material
® no light emission
B no electro-optic modulation |
B no high power handling i

[0 Heterogeneous Integration: bring in new materials |
(at wafer scale, but at the end of the line)

® Bonding

® Transfer printing
m 3D stacking

B Inkjet printing

SiNANO IC@ S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 32
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Heterogeneous Integration SS=3

Die-to-wafer bonding Micro-Transfer Printing
die to wafer |
transfer and bonding & - simultaneous transfer of
"-“““\\ target SiPh wafer }\__ - mmmmmmmmne @ multiple coupons
\‘\ -, ”1 2 ‘i_. p : ""'¢—v‘-) ;
TS T B <
\/ : | ‘:‘~\¢’;? ‘-f":- o8 f‘—-""‘@
' | e metal wiring
ol \ and passivation
A - \\\ < | -.-_:.\_.vv
S o N source llI-V wafer

| L Vsut&t;a_,te T ' L, CRE with processed
| _removal S=lase? soii o |
__source llI-V wafer ¥~ Silicon Photonics aser source coupons

S s \\\’ - - - -
with epitaxial layer \/ grocessing with 1lI-V lasers

stack for lasers
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Design Challenges S525

St
‘|‘ ‘I

The design — fabrication — test cycle is long and expensive
>1 Year

\@ a custom chip solution (ASIC) \

WWWWW 3 chip design \\ wafer-scale fabrication testlng & packaglné }O

o (6m) \ ~ (9m)

test with
customer

weeks |
lterative design is faster ... if you have accurét/ models!

Today:
* no standardized circuit simulation formalism (like SPICE)
* no standardized photonics models with parameter extraction

SiNANO Icg S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 34
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M\@ a custom chip solution (ASIC)

POK Library
waveguide
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id-Prototyping Challenges =o=4

>1 Year

chip design \\ wafer-scale fabrication L

testing & packaginé d }O

b\
gl (6m) \ 7 (9m) - (6m)
> test with
-\\ g customer
weeks
Develop a solution based on a programmable chip

?‘féf\’i | progra.mE > } _">custom packaging >< 5
\“§‘> test chip (3m) 0 (3-6m) > 1 year speed-up
\S\'egt;ﬁnqﬁ;ﬁb“y U test with
&f\iﬁthe-shelf customer i . : i

processors (<1m) 1 day Today: This does not exist (commercially)

SiNANO : . ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 35
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Packaging Challenges S825

[0 Packaging is >80% of the cost
of photonic chip products

[0 Many considerations:

m Optical

m RF

B electrical
B thermal

B mechanical

[0 Cost-effective fiber attach methods
are under development

0 A slow push for standard form factors

SiNANO IC@ S { |NPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 36
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Photonic-Electronic integration SS23

[0 Electronics needs photonics
B for high-bandwidth interconnects

[0 Photonics needs electronics
m for control and acquisition

[0 Many co-integration schemes
B separate
wirebonding
flip-chipping
interposers, co-packaging (chiplets)
monolithic (o the same chip)

[0 Some standards would be welcome

imec, Ayar labs

SiNANO IC@ S . ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 37
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Standards in photonics ==g525 VU

[0 There are standards for photonics
B A legacy from telecom
B pluggables for datacom

HOW STANDARDS PROLIFERATE:

O But today... (65 A/C CHARGERS, CHARACTER ENCODINGS, IN STANT MESSAGING, ETC)
B time to market is more 17! RiDIcULoLs) SOON:
important than standardization WE NEED To DEVELOP
B many competing solutions .|| ONE UNNERSAL STRNDARD .
?_'TUAT:;N' THAT COVERS EVERYONES ?_WL’P‘E':;”'
recre | RO "0 | e
STANDPRDS. STANDPRDS.

xkcd
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Integrated Photonics Systems
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Roadmap ====

International initiative to create a technology roadmap

for photonic chips (not just silicon photonics)

[0 Main initiative: PhotonDelta, AIM Photonics, ePIXfab

0 Objective:
B Identify the key future developments

IPSR

INTERNATIONAL

—m

TECHNOLOGY/DEVICE LEVEL

. Identify bOttIeneCks i n performa nce Year  (Wafer-scale light source
a n d S u p p I y C h a i n o is:t:::::iso:ffering wafer-scale
. W i t h a p roj e Cte d ti m e I i n e I.ig’tlﬂtastzl:;:; ;thuziﬁlttt'):nd yield

for all heterogenous integration
processes.

High-speed modulators High-speed detectors Waveguides

performance (bandwidth, high-speed and low dark currents and uniform down to a few nm-
energy, ...) through novel addressing today's market needs scale (and better for fabs using
materials (LN, BTO, polymers...) immersion lithography).

on SOI SiPh or as dedicated thin- ® Only limited usage of OPC, in
film technology on silicon particular for curvilinear designs

(lack of OPC-tools)

Optical isolator/circulator

research level
© No industrial platforms with
integrated isolators.

2025 Solutions addressing application-

=> Purple brick wall

wafer-scale light source
integration for all relevant
spectral bands (monolithic or
heterogeneous)

>2030 (Scale-up challenges for industrial-
grade heterogenous or
monolithic integration

>2035 |Established supply chains for

Even higher bandwidh demands Techno-economics barrier
with even higher energy (lithography costs and mask
efficiency ...
New uncharted methods for © Moving bandwidths beyond Order of magnitude better
driver-modulator architectures 150 GHz pattern fidelity (OPC, process
and associated technologies. ® Process flows with new control...) for passive waveguide
materials for other spectral structures.
‘bands

Established supply chains for
wafer-scale detector integration
for all relevant spectral bands
(monolithic or heterogeneous)

Techno-economic barriers

Established integrated isolators
with good performance in
industrial platforms.

|

SiNANO Icg’ S = INPACE ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced
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What is coming? SS53

Perspective ‘ Open access ‘ Published: 25 January 2024

Roadmapping the next generation of silicon photonics

Sudip Shekhar ™, Wim Bogaerts, Lukas Chrostowski, John E. Bowers, Michael Hochberg, Richard Soref &

Bhavin J. Shastri &

Nature Communications 15, Article number: 751 (2024) ‘ Cite this article

Beam Steering

Coherent Detection

Frequency Discrimination

Tunable Laser

SiNANO

Institute ~4

ICZ S 2INPACE

International cooperation cific-European Hub for Digital Parmerships
on semiconductors
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Summary =o=4

[0 Photonics is already enabling our information society
B Telecom
B Optical interconnects
m Al

[0 There are already established foundries

m For silicon and other platforms
With ample capacity (and more being deployed)
Driving steady improvement in performance
Establishing regional foundries

[0 It can enable many more applications
(but this is a slow process)

B Need mechanism to speed this up
(design, rapid prototyping, ...)
B Some standards would help

SiNANO IC@ S . ESSERC 2024 Workshop Emerging technologies in Advanced Computation, Advanced 42
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