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SILICON PIC AND OTHERS

Silicon photonics has been the « new kid on the block » in the photonics industry.
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GLOBAL CONTEXT
Classification of optical communication technologies

Optical communication

Datacom
I I
Distance Chip-to-chip  SAN LAN Metro access Metro access Metro core Long-haul
<Im 10Om 50m <100 km <100 km 100 - 8O0 km >800 km |
( . . )
Physical layer* Datalink layer* Network layer*
* Hubs + Two-layer switches * Routers
Technology: * Repeaters + Bridges * Three-layer switches
system s/ + Cables + Network interface cards
: + Fibers
devices * Network interface cards
(*For all distances) . .
Co-packaged optics Pluggable oppcal transceivers
(physical layer)
| & L J
|| il | I_ 1
. Data centers* Wireless (5G)*
Applications
PP XWDM (coherent technology)*
(*Approximate fit Silicon Silicon
to the distance photonics photonics ' . w
segmentation) Remote jaeercr® || Indium phosphide Silicon photonics
laser used || GaAs & InP | thepackage —InP Laser chip separated from the package )
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GLOBAL TRENDS IN DATACOM @
Application landscape of datacom optical modules

Tvpical distances Last generation At present Next generation
yp (2020) (2023) (2025) Data center
oS [ ] interconnect
data 80 km —120 km DIIERIBE 400G ZR/ZR+* [ 400G ZR* 800G ZR* ] _
Among campuses i Core
centers (since 2021) *Coherent (TELECOM) technology )
Switches
32-256 ports
. INTRA DC 100G LRI1/ER1
Spine-core  10km-40km ) N s 400G LR4/ER4 800G LR8 16T 2LR4/LR8 _ Spine
Switches 32-
128 ports
. INTRA-DC
Leaf- spine  500m-2km 0 ildings (400G DR4/FR4 (800G DR8/FRS (1.6T DR8J2FR4/FR8 - Loaf
[ ] Switches 32-
[ ] 64 ports
TOR- leaf 70 m -300 m INTER-RACK 400G SR8/SR4.2 800G SR8 1.6T SR8 vs[1.6T DR8 «
Within buildings 200G VCSEL vslSi PIC Top of the rack

(TOR)
32 - 64 ports
INTRA-RACK

Server—TOR 2m-50m Within room 100G AOC/DAC 200G AOC/DAC 400G AOC/DAC <:|

: . Rack
Server - server Within ) [Optlcal I/O Optical I/O | S & st
SMIL e Res <2m room Copper links (PCle, CXL and UCle (PCle, CXL and UCle 2i<\g/irs,s/se?v2;ages
standards) standards)

AOC: transceivers with integrated fibers Each new generation of optical modules is backwards-
DAC: copper cables compatible with the previous-generation technology.
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SILICON PHOTONICS MARKET
All application modules: revenue and shipment forecast (2021 - 2028)

2018-2028 Revenue of SiPho modules - Split by application ($M)

$8,000
$7,000
$6,000
$5,000

$4,000

Revenue ($M)

$3,000

$2,000

$1,000
$_

TOTAL
mOthers
m Optical computing
B Telecom Wireless
B Telecom xWDM
m Datacom Optical I/O
m Datacom NPO & CPO
m Datacom Pluggable

$159

$426

2019

$426
$0
$_
$5

$247
$_
$,

$173

$617

2020

$617
$0

$22

$335
$4
$1

$256

$892

2021

$892
$1

$12
$455

$4

$4
$417

$1,239

2022

$1,239
$1

$21

$691
$5
$6

$515

$1,857

2023

$1,857
$1
$0
$25

$1,091
$7
$10

$724

$3,053

2024

$3,053  $4,031

$1
$0
$39
$1,600
$10
$n
$1,392

$4,031

2025

$1
$1
$43
$1,891
$32
$12
$2,051

$4,904

2026

$5,927

2027

$7,236

2028

$4,904  $5927  $7,236

$20 $84 = $184
$ $3 $5
$45 $52 $58
$2164 | $2,400  $2,593
$38 $81 $1n6
$12 $16 $21
$2,623  $3291  $4,259

34%
CAGR

'22-'28

34%
161%
0%
18%
25%
68%
21%
42%

2018-2028 Shipments of SiPho modules - Split by application (Kunits)

25,000
20,000
E)
5 15,000
<
2
&
e 10,000
a
-
[92]
5,000
TOTAL
m Others

m Optical computing

B Telecom Wireless

B Telecom xXWDM

m Datacom Optical I/O
® Datacom NPO & CPO
m Datacom Pluggable

545

2018

545

545

883

2019

883
28

22

821

1,396

2020

1,396
35

54
47
1
1
1,258

2,184

2021

2,184
37

33
77
4
4
2,029

2,802

2022

2,802
43

67
125
7
8
2,552

3,859

2023

3,859

« The silicon photonics module market is expected to grow from $1.2B in 2022 to $7.2B in 2028. CAGR, 0555028 = 34%.

* The silicon photonics market is vastly driven by datacom pluggable modules due to demand for capacity of very large cloud service providers
(DC hyperscalers).

=

©YQLE

6,657

2024

6,657
43

163
360

18
6,057

9,992
|

2025

9,992
47
6
199
550
50
21
9,120

17,132

21,862

13,489
41%

2026

13,489
76
10

236
700
61
21
12,386

2027

17132
162
22
321
915
130
28
15,554

2028

21,862
307
42
436
1100
180
35
19,763

CAGR

'22-'28

41%
39%
10%
37%
44%
72%
28%
41%



SILICON PHOTONICS MARKET
DATACOM modules: pluggable optics — revenue and shipment forecast (2021 - 2028)

2021-2028 Revenue of SiPho based pluggable Ethernet transceivers ($M)

4500

4000

3500

3000

2500

2000

1500

Revenue ($M)

1000

500

0

Total Ethernet
m32TbE

1.6TbE
m 800 GbE
m 400 GbE
m100 GbE
mAOCs

$417

2021

$417
$_
$_
$,

$135

$282

$515

2022

$515
$_
$_
$49
$161
$304

$724

2023

$724
$_
$_
$186
$233
$304

$1,205

2024

$1205
$_
$7
$538
$357
$303
$187

$1,750

2025

$1,750
$_
$41
$941
$460
$308
$301

$2,194

2026

$2194
$_
$145
$1212
$544
$294
$428

$3,663

||
$2,819

CAGR

2027 2028 0995098
$2,819 $3,663 39%
$22 $104
$492 $1,068 248%
$1,423 $1,546 77%
$603 $680 27%
$279 $265 2%
$471 $596 34%

«  The silicon photonics datacom module market is expected to grow from $515M in 2022 to $3.7B in 2028.
CAGR022 2028 = 39%.

* The silicon photonics datacom module market will be mostly driven by pluggable modules 800GbE and
above. The innovations for pluggables will bring power reduction achieved by using TFLN, BTO, organics, or
graphene for modulators. These materials are compatible with SOl manufacturing process and will also

drive silicon photonics market.
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Shipments (K units)

2021-2028 Shipments of SiPho based pluggable Ethernet transceivers (K units)

20,000
18,000
16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000

0

Total Ethernet
m32TbE
m1.6TbE
m 800 GbE
m 400 GbE
m100 GbE
mAOCs

The optical modules having silicon PIC have been carefully selected among wide range of ethernet
transceiver types for 500m and 2km including AOCs.

2,029

2021

2,029
6]
0
6]
287
1,742
0

2,552

2022

2,552
6]

0
91
453
2,008
6]

3,496

2023

3,496
0
0

360
920

2,216

0

5,602

2024

5,602
)
14
1,554
1,603
2,43
455

8,210

2025

8,210
0
98
3,348
2,362
2,402
910

10,723

2026

10,723
0
368
4625
3,101
2,629
1,663

13,052

2027

13,052
38
1296
5,624
3,681
2,413
2,502

15,860

2028

15,860
188
2,898
6,291
4202
2,281
3903

36%

CAGR
2022-2028

36%

279%
103%
45%
2%
71%

The penetration rate of siph modules for 500m (e.g. DR4, DR8) increases from 25% in 2022 to more than 60%
in 2028. In case of siph modules for 2km (e.g. FR4, FR8), the penetration increases from 5% in 2022 to more
than 30% in 2028.

Active Optical Cables will adopt silicon photonics and become serious application for silicon photonics. We

assume they will take share of 3%, 5%, 7%, 9% and 12% between 2024 and 2028.
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SILICON PHOTONICS MARKET @
DATACOM modules: 800G pluggables, split by modulator technology

2023 - 2028 revenue of 800G ethernet (SiPho: 500m - 2km) — split by modulator ($M) 2023 - 2028 shipments of 800G ethernet (SiPho: 500m - 2km) — split by modulator (units)
$1,800 7,000,000
6,291,456
$1,600 $1,546 2914
' $1,423 6,000,000 5,624,336
$1,400
$1,212 5,000,000 4,624,604
$1,200
g $941 2
S c 4,000,000
2 $1,000 g 3347,827
> o
o $800 £ 3,000,000
$600 $538
2,000,000 1,554,095
$400
$186 1,000,000
$200 $49 ' ' 360,315
$24 . 31,958 90,528
$- — —— ) o - [ ]
2021 2022 2023 2024 2025 2026 2027 2028 2021 2022 2023 2024 2025 2026 2027 2028
Total $24 $49 $186 $538 $941 $1,212 $1,423 $1,546 Total 31,958 90,528 360,315 1,554,095 3347827 @ 4,624,604 = 5624336 6,291,456
mSiPho (Organic) $- $- $- $- $- $- $- $24 m SiPho (Organic) - - - - - - - 98,768
mSiPho (BTO) $- $- $- $- $- $28 $83 $182 mSiPho (BTO) - - - - - 103,372 324,061 732,963
®SiPho (TFLN) $- $- $- $19 $68 $174 $279 $332 ®SiPho (TFLN) - - - 55,115 246,553 664,952 1,096,675 1,342,652
®SiPho (Si MRM) $24 $49 $186 $519 $873 $1,01 $1,061 $1,008 m SiPho (Si MRM) 31,958 90,528 360,315 1,498,980 301,273 3856280 = 4,203,600 417,07

* The silicon photonics datacom module market will be mostly driven by pluggable modules 800GbE and above. The innovations for pluggables will bring power reduction achieved
by using TFLN, BTO and organics for modulators. These materials are compatible with SOI manufacturing process and will also drive silicon photonics market. The forecasts show
different time to market for TFLN, BTO and organics technologies.

)
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SILICON PHOTONICS MARKET @
All applications: 12" equivalent SOl wafers forecast (2021 - 2028) for silicon photonics

2018-2028 12" equivalent SOI wafers for Silicon photonics (Units)

The market forecast analyses in 2023 revealed a discrepancy

. . 180,000
in data (shipments, revenue, SOI wafers). The reasons have 167,929
been explained at the beginning of this chapter. 160,000
137,447
. . . . 140,000
Likely real silicon photonics market is low. However, SOI
wafer suppliers report a notable higher shipments of wafers 120,000
to the silicon photonics foundl_fies than we calculated from T 100,000 92700
the real market volume. The yield was assumed as high as <
80% in the report edition v2022. = 80,000 71,859
4+
We believe the manufacturing yield of PICs is significantly £
lower (~18%) as well as imperceptible volume of PIC dies c 40000 o 25448
have been used for experimental research in the R&D 20000 ogps 14330 B
. el . .. .. . ! 4502 6,709 ! e—
centers and universities which is invisible in the real market. : m B . l 42%
~ _— ||
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 '(2:2A»('32?3
TOTAL 4,502 6,709 9,824 14,330 20,428 26,448 50,155 71,859 92,700 137,447 167,929 42%
m Others - 254 304 300 315 264 256 268 362 642 1,084 23%
® Photonic computing - - - - - 25 52 n3 192 411 743 97%
B Telecom Wireless - 93 381 216 500 625 1,267 1,478 1,669 2,683 3,495 38%
B Telecom xXWDM - 105 209 320 472 747 1,121 2,039 2,477 3,097 3,568 40%
m Datacom Optical I/O - - o] 3 5 6 8 13 15 15 20 28%
m Datacom NPO & CPO - - 24 91 165 272 297 332 329 420 506 21%
m Datacom Pluggable 4,502 6,256 8,906 13,401 18,972 24,509 47154 67,617 87,656 130,180 158,512 42%
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SILICON PHOTONICS MARKET @,
DATACOM modules: ethernet — penetration rate of technology platforms forecast (2021 - 2028)

Penetration rate of laser technologies — revenue Penetration rate of laser technologies — shipments

100% 100%

90% 90%

80% 80%

70% 70%

@ 60% 2 60%

& 50% £ so%
o o

O 40% ﬁ 40%

30% 30%

20% 20%

10% 10%

0% 0%

2021 2022 2023 2024 2025 2026 2027 2028 2021 2022 2023 2024 2025 2026 2027 2028
mVCSEL ®mEML/DML ®mSiPho mVCSEL ®mEML/DML mSiPho
* The market revenue revenue share of silicon photonics ethernet transceivers was estimated 9% in * The penetration of silicon photonics into ethernet transceivers will be increasing from 4% to 21%
2022 and is expected to increase to 30% in 2028 of total revenue of the ethernet transceivers. between 2022 and 2028.
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SILICON PHOTONICS MARKET @
Silicon photonic PICs (dies) revenue growth forecast: by application (2022 vs. 2028)

——————————
- -~

® Datacom pluggables P
® Datacom NPO & CPO

® Datacom optical I/O 2028
® Telecom xXWDM $613M
@® Telecom wireless $568M

@® Optical computing 5022 $14M CAGR 44%

CAGR 21%

@® Others

CAGR 27% »

$9M CAGR
CAGR 16%

CAGR ., g : 44%

Y *The CAGR (compound annual growth rate) is calculated between 2022 -
2028. When there is no data in 2022, it is calculated between 2028 and the
first year with available data.

-
————————

‘ @ ' O L E PIC: photonics integrated circuit 1/O: input/output
NPO: near packaged optics xWDM: wavelength division multiplexing 12

Intelligence CPO: co-packaged optics
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SILICON PHOTONICS VALUE CHAIN FOR OPTICAL COMMUNICATION

SOl Epi- wafer Transceiver Operators
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SILICON PHOTONICS PLAYERS

Networking: PIC designers and vertically integrated transceiver suppliers

Europe

SCINTIL

France

sicoy

Germany

Some silicon PIC ~
designers have
internal
capabilities to
manufacture PIC
or even deliver
module

products.
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SILICON PHOTONICS PLAYERS
Foundries and fabs

/ ol B \
Europe i . AR, .
& sivreentc " 1Mmec “C SileX i evrec IO
Denmark  Belgium UK Sweden Switzerland  gpnjin
Finland ioNi K . <71
!‘.'I"‘q"“!'l:!@. "{“>“*Eﬁ“§ & . NEWPORT INPHQ. CINLE &2z, . Y/
Netherlands frWARER PAE S lite.ougmented
& UK Italy France
\ Germany

Silicon PIC

manufacturing
processes have
been developing
mostly in small
R&D fabs. Only a
few IDMs or
pure-play
foundries
produce PIC in
HVM for optical
interconnects.
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MARKET SHARE & SUPPLY CHAIN @
Market share 2022: datacom & telecom shipments

In shipments, silicon photonics-based transceivers for intra-DC, DCI, and wireless is estimated to be 2.8 million units in 2022.

Datacom (Kunits) Telecom (Kunits)
Lumentum
(Neophotonics)

Datacom (outer circle)
2.56 Munits

wTotal
2022:
2.82
Munits

Others telecom
Nvidia (Mellanox) 78,59

tel

|||l|ll|l
CIsCO

Others datacom 86,78
: ; Total 2 556,51
Telecom (inner circle)

0.27 Munits
= [Intel Cisco (Luxtera) = Broadcom
m Sicoya = Nvidia (Mellanox) m Others Datacom
m Cisco (Acacia) = Lumentum (Neophotonics) = Marvell (Inphi)

m Others Telecom
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MARKET SHARE & SUPPLY CHAIN @
Market share 2022: datacom & telecom revenue

In value, silicon photonics-based transceivers for intra-DC, DCI, and wireless is estimated to be $1.71 billion in 2022.

Datacom ($M) Telecom ($M)

Lumentum

Nvidia (Mellanox)

Datacom (outer circle)
$0.51B

T T

|||l|ll|l
CIsCQ

Others datacom $17.50
: : Total $515.56
Telecom (inner circle)

$1.2B
= |ntel Cisco (Luxtera) = Broadcom
= Sicoya = Nvidia (Mellanox) m Others Datacom
m Cisco (Acacia) = Lumentum (Neophotonics) = Marvell (Inphi)

m Others Telecom
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TECHNOLOGY TRENDS @
Silicon photonics roadmap: integration

TFLN
SIN Organics

SOl

The integration of various electro-refractive and

y electro-absorptive materials open up additional
Bobkham j KOTURA routes toward new silicon photonics

TECHNOLOGY —\\ " 4X25Chp< single-die app”cationS.
Thinking optical solutions

WDM transceiver

_/

Bookham released The first silicon v
the first silicon photonics VOA by :
photonics product. Kotura Co-Packaged optics assembly | Quantum

Intel product:
monolithic Ge/Si
APD with
340GHz gain BW transceiver

Berkeley Information processing | Quantum Key '
' Distribution (QKD) | Micro-comb laser | Photonic

4>12.5 Gbps
silicon photonics interconnection Neural Network | Solid-state LiDAR on-a-chip

On-chip opt.i“éabl“

system | On-chip spectroscopic gas sensor

10 o LUXTERA
H WY Intel product: e e e
ybri -ol laser 40Gbps optical 425 Gbps QSFP
on gilicon wafor via p p ICa 5 i
wafer bonding modulator optical module Com b lasers for DWDM

Low loss CMOS- Courtesy of Intel, IBM, Berkeley, Luxtera (@]D) lasers
compatible silicon
strip waveguides QW lasers

SSlera:1-10 MSI era: 10-500 LSl era: 500-1000 VLSI era: >1000
componentson a PIC componentson a PIC componentson a PIC componentson a PIC
SiPho: challengertechnology  Usherin the commercial success  SiPho:incumbent technology Prototypes demonstrated
Ultra low-loss Individual Hybrid Heterogeneous Monolithic Large-scale multi-
waveguide devices integration integration integration functionalization
1992 2005 2010 2015 2020 2030



PICS AGGREGATE DIFFERENT MATERIALS

Many developments for new
modulation materials. Bulk
LNO is only used in telecom.

Legend: R&D

Player logos are NOT
exhaustive — especially for
INP players, which are
NnuUMerous.

@YOLE
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Bulk/ chips Chiplets Thin films
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mroeT Lot
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Towards more integration
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SILICON PHOTONICS FOR PROCESSING
Market trends and applications

Silicon
photonics is
pursuing three
main
applications in

computing: off-
chip optical
interconnects,
photonic
computing, and
quantum
computing.

@YOLE
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Off-chip optical
interconnects

The power needed for off-chip
communication is increasing
over time because of increased
computing power. One
solution to overcome this issue
is to use optical interconnects
for off-chip communication,
the main application being
high-performance computing
(HPC). The wuse of off-chip
optical interconnects is also
motivated by a new datacenter
architecture, called
“disaggregated datacenter”.

Examples of players:
AyarlLabs, Nvidia, HPE

Photonic processing

Using arrays of Mach Zehnder
modulators, photonic
processing has the ability to
perform calculations for
machine learning (ML). Since
the computation is analog, it is
much faster than digital
computations done by
electronic computers. Photonic
processing has, therefore, a
high potential in high-
performance computing (HPC).

Examples of players: iPronics, QUIX, Lightelligence,
Celestial Al, Lightmatter, NLM, AIO Core, Luminous

Quantum computing

Quantum photonics
Atom manipulation

Photon Qubits

Examples of players: PslQ,
lonQ, Xanadu
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CONCLUSION
Silicon photonics 2022: the success story continues

The Si photonics platform’s maturity and rapidly-developing ecosystems fuel market-share
growth in datacom and pull into its vicinity new developments in multiple markets.

 Silicon photonics is now a well-established technology and market, particularly for ethernet pluggable optical

transceivers.

« In 2022, more than 2.5 million silicon photonics-based pluggable transceivers were shipped, which accounts for
4% of market share. However, in value in 2022, we expect more than 20% market share in shipments and 30% in
market revenue.

 Intel and Cisco remain market leaders. Other players have announced new silicon photonics products, so it is
expected they will take share from these two leaders in the next years.

«  More silicon photonics applications are coming to datacom, with CPO or optical interconnect I/O being commercialized

in 2023 or 2025 by companies such as Broadcom and AyarlLabs.
« The CPO market will rather small until 2029 - 2031, when 200T switch bandwidth will require a new architecture.

« Intel announced Si photonic LiDAR for 2025/26 based on FMCW, while we assume the availability around 2027.

« In 2021, Rockley Photonics announced plans for biosensors in smartwatches using silicon photonics, but market

commercialization is still uncertain.

« Photonic computing could also be an important application for silicon photonics.
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_ Silicon Photonics 2023 Co-Packaged Optics 2023 Optical Transceivers 2023

Module forecast

Datacom pluggable transceivers
Optical engines
In-package optical I/O

Telecom pluggable transceivers

Market share
Players and supply chain

Technologies analysis
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