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GF Fotonix™: Trusted Production Solution

GlobalFoundries (GF) is the world's third-
largest semiconductor foundry by revenue
Fab8 Malta, NY E e

% E 3 T SEULK 2, e -
B, . = P x

-

Computing, mobile,
Market wired and wireless

Segments infrastructure.

Trusted Foundry

Employees ~3,000

14/12LP, 12LP+,
12RF, 45RF
Silicon Photonics

Differentiated
Technologies

Operating since 2011

______

Manufacturing 500k
capacity (300mm wafers/year)

GlobalFoundries © 2021 All Rights Reserved



GF monolithic SiPh platform overview

BEOL
| Detachable

fiber plug 1O

nFET SiGe pFET Modulator Detector

Source: Y. Bian, et al., IEEE JSTQE, 29(3) 8200519 (2023)
*  Monolithic integration of 45nm class RFCMOS & std cell digital logic
*  Fiber Attach: 250/127um pitch passive V-groove, 32+ array size
*  Photonic Device Highlights
*  Comprehensive O-band photonic library
* 56Gbaud PD and modulators. 112Gbaud in development (720 Gbaud PD - CLEO 2025 PDP)
* 300GHz class analog mixed signal CMOS with standard cell digital library
. Enhanced high power SiN device suite, including athermal cWDM
. Micro-ring dWDM ring filters with high efficiency sealed undercut (airgap) heaters
. Polarization management, PSRs, low PDL
* CuPillar & TSV (<55um pitch) supports 2.5D & 3D form-factors
*  Flows support hybrid EIC only or as combination of hybrid EIC + monolithic EPIC
»  State-of-art Co-design PDK: Hardware-based models, 105C, self-heating, optical power
* Customdesign support: freeform/ curve-linear GDS accepted, stack-up guide

*  300mm patterning: immersion lithography Si WG, Optimized OPC for photonic layouts Tighter pitch for high-speed
electrical interface e,g, UCIe

Cu Pads uPlllars




GF Fotonix™: Technology Solution

Legend:

CMOS

Optical

Bold = New features

BEOL passives,

MZI| modulators

inductors, VNcap

dWDM
Ring filters High BW
Ge EPI PD

Micro-ring
modulators

Passive library: SOl &

SiN Ridge, rib WGs, bends,
tapers, directional couplers,
MMis, cross, absorbers, ...

Thermal phase

‘ ““ - . ‘ ‘ .' ‘

RF CMOS, standard
cell, GPIO, ESD,
eFuse, TIA, driver,
precision resistor

2.5D & 3D integration
solutions (Cu Pillar &
Cu Rx Pads &TSV)

> 300mm CMOS-SiPh

Top grating couplers

Q Monolithic

» _Monolithic platform

3 1
5 3

shifters w/ sealed
airgap undercut

* 4x MUX/DEMUX

Direct
laser attach

Passive & active
fiber attach with
Si or SiN SSC

() Hybrid

"?MZI filters

Polarization splitter & polarization rotator

GlobalFoundries © 2024 All Rights Reserved
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Waveguides on GF Fotonix™ platform:

40

0w
©

N
3

-
(9]

Waveguide Loss (dB/cm)
o 5

0.5

0.0

- Dry lithography

- Immersion lithography
- Optimized incoming wafers

- Improved germanium cleaning

- Si ridge WG
. Si rib WG

- Improved silicide cleaning
- 45nm technology (90WG->45CLO)

. WG design (ridge->rib)
| - WG design (SM->MM)

| - WG design {5i-:-5iN1

Reference

Y. Bian, et al., OSA FiO, FW5D.2 (2020).

Y. Bian et al., OFC, Th1A.46 (2021).

>

Loss reduction

1.0 dB/cm reduction -
Immersion lithography
0.3 dB/cm reduction -

Optimized incoming wafer

0.2 dB/cm reduction —
Optimized germanium process
0.6 dB/cm reduction -
Optimized silicide cleaning
process

0.45 dB/cm reduction -
Silicon ridge to rib waveguide
0.3 dB/cm reduction - Single
to multi-mode waveguide

0.8 dB/cm reduction - Silicon
to silicon nitride waveguide

Continue pushing the SiN WG loss below 0.1 dB/cm



GF Fotonix™ : Passive Library

Straight RX WG

Straight KG WG

-

Nitride WG Taper

Grating Coupler

RX to KG Taper

=

Nitride WG Pair

3dB adiabatic coupler

Passive photonic building blocks on Si & SiN platforms

RX WG Taper RX WG Bend

>

RX crossing

/

/—_‘

Straight Nitride WG

-

RX to Nitride Coupler

KG WG Bend

/F’

Nitride WG Bend

Polarization rotator

> Routing, coupling, polarization handling, wavelength filtering, etc.

> Si and SiN-based components covering O-band operation

> SM SOI Ridge (-1.0 dB/cm), SOI Rib (0.73dB/cm), SM SiN (0.39 dB/cm)

Reference

K. Giewont, et al., IEEE JSTQE, 25(5) 1-11 (2019).
Y. Bian, et al., OSA FiO, FW5D.2 (2020).

M. Rakowski, OFC T3H. 3 (2020).

GlobalFoundries © 2021 All Rights Reserved




GF Fotonix™

250 (K)

« 200

—— 3 150
' ' =
5 100
T

50

Mode profile (Sim.)

3 WG Loss
(meas.)

0
—-0.50 -0.45 -0.40 -0.35 -0.30 -0.25
Loss [dB/cm]

500 (
p)

o 400
H Bend Loss
o
g 300 (meas.)
o
= 200
v

Mean:-0.18 dB
© 20.024 —0.022 —0.020 —0.018 —0.016

(9) 2x2MMI Sim. top view

Chip Count

Loss = -0.067
Split Ratio = 0.5

—=0.07

Mean:-0.06

—0.06
Loss [dB]

Loss [dB]
(a)

£ 500
3 400
o
2300
=

© 200

1%x2 MMI SR
(meas.)

Mean:0.495

0.48 0.50 0.52 0.54
Split Ratio

dB ol
—0.05

0.46

(h) 2x2MMI Sim. top view

Chip Count

A

Loss = -0.09
Split Ratio = 0.506 o
—0.12

Mean:-0.085 dB

—0.10 —0.08

Loss [dB]

175 (r)

2x2 MMI SR
(meas.)

0.495 0.500 0.505 0.510 0.515 0.520

—0.06 - B
Split Ratio

DC Sim. top view

3-dB length = 8.4 pm

Mean:-0.017 dB

o
—0.030 —0.025 —0.020 —0.015 —0.010 —0.005

Loss [dB]

0] (S)

DC
3dB length

Chip Count

Mean:9.6 pm

8.5 9.0 9.5 10.0 10.5

3-dB Length [um]

() Crossing Sim. top view (o)

—  —
Loss = 0.065 dB
Crosstalk < -50 dB

50
(1)
40
£ Crossing
Crossing Loss 3 30| crosstalk
(meas.) = (meas.)
= 20
o
10
Mean:-0.06 dB o Mean:-50 dB
—0.09 -0.08 -0.07 -0.06 -0.05 —51.0 —50.5 —50.0 —49.5 —49.0 —48.5
Loss [dB] Crosstalk [dB]

Source: S. Chandran, OFC, Th3H.4 (2024)

: High-power SiN primitives

J Enhanced SiN suite to

meet high power and high
bandwidth requirements

O SiN primitives:

= \WGs and bends

= 1X2 MMI and 2X2
MMI splitters

= Directional couplers

and taps

= Crossings

GlobalFoundries © 2021 All Rights Reserved
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Monolithic SiN cWDM

SiN cWDM

Normalized Output[dB]

1260 1280 1300 1320 1340
Wavelength [nm]

wavelength (nm)

1320 1330 1340 1350 13860

1360

Normalized Output [dB]

Measurement

=35

| @

1260

1280 1300 1320
Wavelenath [nm]

Channel Drift (meas.)

1340

PO,

i
Y

g
:
i
I
i
wg

nge

Source: S. Chandran, OFC, Th3H.4 (2024)

O SiN cWDM:

Athermal WDM filter based on
cascaded MZls

Proof-of-concept demonstration
using monolithic SiN primitives
2 stage designs achieving 4
channels with flat-top response

Continued design and process
optimization to meet IEEE/MSA
cWDM standards and enhance the
performance

= Delay length optimization to
adjust the channel center

= Clean-up filter to further reduce
the crosstalk

Through recent advances in film
deposition and patterning, GF has
realized 2.5 nm channel drift
across a full 300 mm wafer map.



On-chip polarization management: PSR

TE input

> High performance, broadband monolithically integrated polarization
splitter and rotator using Si and SiN layers
= LowlIL<0.42dB, low PDL: <0.1dB @ 1310 nm

» Low crosstalk <-45 dB
= Footprint can be reduced with cross talk trade-off

—
&

Insertion Loss (dB)

—
8

___________________________________________

1
|
H 1
devices:
1
1
1
1
1
1
1
1
1
deviceg:
evices:
1
1
1
1
; (b)
——— 0] m—rm i
? .r'/_h\ _
— R - _l“.\ IIIII 1 _._.___'\— ol
| 2 T N r -
-2 T - \ { I -~ !
g -2 f'll.ll )".l’ll ’\'1 NN
WAERNI I EAYi
-3 - I~ y I - HE 1
e 3| Y NI vyg
2 VAR
-4 G 4 o — W, (Mean)
w
E ! I m— W, + 10 nm (Mean)
-5 v W+ 10 NM (Mean)
-5 N
6 1260 1280 1300 1320 1340
W, W+ 10 nm W, + 20 nm Wavelength (nm)
R (d)
3
.2
-
5
3
o
o
&
=
[&]
1.0 -0.8 -0.6 -0.4 -0.2 1.0 -0.8 -0.6 0.4 -0.2

PSR TE-TE IL (dB)

PSR TM-TEIL (dB)

Source: Y. Bian, Th2A.24 (2023); W. Lee, M1J.5, OFC2024
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GF Fotonix™ High Performance Active Photonic Devices

Cw Ge PD >55GHz BW O High performance ac’.tiv.e photonic device library:
o PLN = >55 GHz Germainium photodetectors
o e — ‘ = >35 GHz MZI and ring modulators
- J Next generation active devices under development:
& .. PIN g 0.6um dual input design = Targeting > 60 GHz E-O/O-E BW

... BW>50Ghzat-1V R

S$21 Respon

o 100 1
Frequency [GHz]
67 GHz

Ring modulators >35GHz BW
50 Gb/s_ 0.6Vpp

¢ LCA bandwidth limit is 67GHz.

MZM: 53Gbaud PAM4

i _m: \\ //,,—
53 GBd PAMA (-1 Vbias, 3.2 Vppd) W1
hand 7;’ 30 4 ‘

Reference
K. Giewont, et al., IEEE JSTQE, 25(5) 1-11 (2019).

GlobalFoundries © 2021 All Rights Reserved 13



Low reflection (ORL) Ge PD

o Inaugural experimental
demonstration of angled PD designs
on 300-mm monolithic CMOS-SiPh
platform for ORL reduction

o Ultra-low ORL of <-36 dB @ 1310 nm
= vs-23 dB in POR rectangular PD

-20 1

o Excellent DC/AC performance

[0
<

= >0.95 A/W responsivity

Optical return loss (dB)
&

'S
=3

= <30 nA median dark current

= 3dB OE BW ~ 60 GHz

'S
th

T T i iiiiiifiiit
I R T R o GlobalFoundries Fotonix™ offering

ready for prototyping

et

2T

ORL Resp Idark BW
<-36dB | >0.95 A/W <30 nA ~ 60 GHz

g
— -
— -
HIH

AngPD_a
AngPD_b
AngPD_f
AngPD_i
AngPD_|
AngPD_n
e -

a
g
<
g AngPD_h
[ ]

AngPD_d
AngPD_e
r-- -

LI S . Source: Y. Bian, Th3E.6, OFC2025



Ultra-fast high-power Ge PIN PD with record high BW-Resp Product

- e é -

i 27 o Inaugural experimental demonstration of
ultra-fast Ge PD designs on 300-mm
monolithic CMOS-SiPh platform

M;@ ﬁ | | Record-high BW-Resp product > 130
— GHz*A/W

= >135 GHz OE bandwidth

Anode Cathode

1.06 N = >0.96 A/W responsivity
= . 1T = = <20 nA median dark current
= — 30 .
= & = <-36 dB optical return loss
EOQS EZ’O
& S 10 :

0.0 —— o Ongoing work

0

= Monolithic TIA integration
» Co-optimized device-circuit design > 400G
= BER testing

= Reliability assessments under extended
temperatures

Source: Y. Bian, Postdeadline paper V, CLEO 2025

0.1 1.0 10.0 100.0
Frequency (GHz)
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Advanced Packaging Features

Cu Pads

WPillars

Cu pillar and Cu pillar receive
100-150um pitch w/ 55um pitch in development

TSV with Cu Pillar
to enable 2.5D and
3D packaging

uPillar W

Tighter pitch for high-speed
electrical interface e.g. UCle

Laser cavity to
enable direct hybrid
laser attach on PIC
in development

Passive Vgroove fiber
attach. SOI and high-

power SiN couplers.
250 to 127um pitch
& Pluggable 1/O

SiN Vgroove measured results (nominal)

L-l measured thru Vgroove optical path
Ll plot

]
=2

TE

™

IL (dB)

<0.6

<0.8

ORL (dB)

<-39

<-39

Optical pwr (mW)

>520

>520

Power (mW)
s a
=2 o
.
[]
.

&
[ ]
[ ]

0 50 100 150
Current (mA)
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Towards low-loss, high power, self-aligned fiber attach solution

Insertion Loss (dB)

O Need for high-performance fiber

2.5
s | A
Si Edge
15 Couplers
BT ' SiN Edge
1 @ Couplers
| oo men s
0.5
0

attach:

o High transmission efficiency (<1 dB)

o Low polarization dependent loss (TE vs
TM)<0.5dB

o Low back reflection (IEEE 802.3cu-2021:
ORL <-26 dB for overall TX or RX)

o Broadband operation (e.g. O-band, C-
band)

o High power handling (e.g. > 100 mW)

o Self alignment (e.g. V-groove)

0 100 200 300 400 500
Power handling (mW)

600

U Solution: switching from Si edge

coupler to SiN edge coupler

Source: Y. Bian, et al., OFC M3C.3 (2023); Y. Bian, et al., CLEO AA129.1 (2025)



Monolithically integrated SiN edge couplers (single/multi-tip)

Single-tip

O

o o o o O o o

Integration of high-performance SiN edge coupler on the monolithic SiPh platform

Leveraging existing MOL SiN waveguide layer which has good high power handling capability

193-nm DUV litho and advanced free-form OPC ensuring high pattern fidelity and minimized loss

Advanced TMAH module forming V-groove with precisely controlled shape and dimensions

Undercut below the spot size converter (SSC) preventing optical leakage into the substrate

BEOL replaced with thick TEOS cladding for improved mode matching with SMF

Additional process optimizations preventing SiN SSC from being damaged during BEOL removal
Simultaneous integration of Si and SiN edge couplers on the same monolithic PIC now becoming possible
SSC geometry and shape optimization enabling improved mode matching and reduced conversion loss

SMF

In ¢ |

N B T
ﬁi or SiN Edge Coupler,
/ |
4
1
i

i
]

/

SINWG




16-channel 250pum-pitch SiN EC with low IL and flat through-
band loss

) 4 Large sample size of passive fiber attach shows low average IL )

Flat wavelength response across large sample size

— TE avg =

L P TE stdev =

@ T™ avg =

2 -1.0 ™ std 3

= stdev O

=2 2

= _15 EC = edge 5
coupler

1275 1300 1325 1350 2E 20 A5 A0 05 00 25 20 45 10 05 00
wavelength (nm) SiN EC TE IL (dB) SiN EC TM IL (dB)
9 ) J

High-power ramps continue show no roll-off in insertion
loss up to 520 mW

|

16-channel
250um pitch
passive fiber
attached to 16-
channel V-groove
array

A
S

Input fiber fa{?t -f~§iN EC loopback ,EQutput fiber facet

o)
S

&
S

&
o

&
=)

o
S

Reflected Power (dB/20 pm)

- 0 T 5% 10
0 100 200 300 400 500 :
S / Input power (mW) Optical Length (mm x n,)

Takako et al., Opt. Fiber Commun. (OFC) Conf., (2024). \- J




32-channel 127um-pitch SiN EC with low IL/PDL/though-band
performance

attached —-2.25 —2.00 -1.75 -1.50 —-1.25 -1.00 —0.75 —0.50 —0.25
avg IL/module (dB)

» Sub-1dB TE and TM IL and < 0.1 dB PDL demonstrated on 32-channel 127um-pitch VVgroove
array, occupying the same footprint as a 16-channel 250um-pitch array

» 2X Edge bandwidth/beachfront density by doubling the physical port count



127-um pitch SiN edge coupler full reliability assessment

0.5 TE Test item (36 modules) Result
% O [t i o A Sl T e A e e i el LTS (-40°C, 72hrs) Pass
- n:' :L;.:'i. 5' .: ;-35 _lgl .: te i ST ‘8 Y Paeee °° : : 8e” ' o :. :'; Ea. et o® H
o -0.5
E ™ HTS (105°C, 2000 hrs) Pass
¢ o5 . B e — :
- et o et e B I g Lt g et sl et B e TC (-40°C to 105°C, Pass
= N R R R TR A 500 cycles)

ki Pt ot g T PR T gl e b SRy
-0.5
DH LTS TC HTS DH (85°C/85% RH, 500 hrs) Pass

0 SiN edge coupler module (127-um pitch) passed full reliability

das
©)

O

sessments
Chip-fiber-package (CFP) qualification leveraging 36 modules

Extensive reliability tests exceeding Telcordia specification GR-468
requirements

IL delta < 0.5 dB for both polarizations before and after reliability test —
indicating no obvious systematic degradation mechanism.

LTS: Low Temperature Storage
HTS: High Temperature Storage

TC: Temperature Cycling
DH: Damp Heat




Multi-tip SiN edge coupler for further IL reduction

Design1 ) 0.0 Design2 ) 0.0 Design3
- z z
e — 205 205
= = -1 se—
k) k)
t t
=AlE
2.0 2.0
1280 1300 1320 1280 1300 1320 1280 1300 1320
Wavelength (nm) Wavelength (nm) Wavelength (nm)
O Broadband high-power V-groove based multi-tip
SiN edge coupler %0 200
o Lowest insertion loss reported: ~0.4 dB 2 .. E 150
o Low polarization dependent loss: < 0.25 dB 2 ? ? g
o Low wavelength dependence: < 0.2 dB =10 ? 3100
o Low optical return loss: < -40 dB $ -
o Good high-power handling: expect > 520 mW &' g 30 w—Pol1
= b o s Pol2
20 ol1 0
Design1 Design2 Design3 0 100 200 300

IL as low as 0.4 dB @ O-band - lowest

Input Power (mW)

reported on 300-mm monolithic SiPh
platfo rm Y. Bian et al., Opt. Fiber Commun. (OFC) Conf., M4J.6 (2025).




Fiber attach challenge for CPO & 2.5D integration
Challenges | Details

2.5D fiber integration Photonics+Logic+HBM,
Thinned PIC with TSV,
reflow compatibility

Bandwidth scalability Fiber counts, shoreline
high density
Mechanics reliability Form factor, mechanical

stresses, warpage, fiber
handling and routing

Thermal reliability High temp, colling
Manufacturability Reworkability, cleanness,
testability
O Source: https://teramount.com/
O H. Taha, Scalable Detachable Fiber Connectivity for Seamless Ecosystem Combability Supply chain flow

Integration With Advanced Semiconductor Packaging, OFC, W4A.3
(2025). foundry, cost


https://teramount.com/

Teramount Detachable Fiber Connectivity Solution

—=PhatonielC —

’ Chip

-~

"I I —g—

1

ASIC ——

"

2.5D Packaging Architectures

O Source: https://teramount.com/

-

Detachable Fiber Connector,
10’s Fibers, 127um pitch

Large Fiber Count for Highest
Bandwidth Density

O H.Taha, Scalable Detachable Fiber Connectivity for Seamless Integration With Advanced Semiconductor Packaging, OFC, W4A.3 (2025)



https://teramount.com/

Photonic-Plug fiber connector

Fiber Ribbon

MT/MPO
Termination

Photonic-Plug
Die

et mode tiit

_SQE nagd  HY U wo HEW )
I 800x 100kV 010nA 39mm S518um ICE SE 520°

O Wafer level fabrication process enabling high accuracy photonic- J Source: https://teramount.com/ N
O H. Taha, Scalable Detachable Fiber Connectivity for
plug interfacing with SMF/PMF Seamless Integration With Advanced

. Semiconductor Packaging, OFC, W4A.3 (2025).
o Large fiberaccount: 10’s SMF/PMF emiconductor rackaging ( )


https://teramount.com/

Photonic-Plug fiber connector

O Demo showing how the
photonic plug fiber
connector can be plugged
and unplugged into a SiPh

die which includes

photonic circuits and

mechanical elements




Detachable 1/0 coupler with Photonic-Plug & Photonic-Bump

100x tolerance




Eco-system flow

N\

\\— Manual attach - system level

2 PiCdie
Provided by Foundry

1. Co-Packaged chip x

Assembled at OSAT - Package level

Assembled at OSAT - Wafer level




Detachable 1/O coupler performance on GF platform

2.50

N
o
o

Insertion Loss (dB)
—
o
<
Y (pm)

1.00

0.50
1270 1290 1310 1330

Wavelength (nm)

= \Wafer-level detachable I/O solution (“reworkable”)
= Sub 1.8 dB IL and broadband performance (flat through-band)
= LowestIL downto 1.3 dB
= +/-30 um 0.5 dB misalignment tolerance
= +/-45 um 1 dB misalignment tolerance




Laser Integration on SiPh Platform

Off-Chip Hybrid Heterogeneous Monolithic
Laser Integration Integration Integration

Embedded ) //k\ e
== 2 ‘%z &

-
-
-

vt g

Attached

Laser Silicon
Gratings

Gold Bond Bumps

250 nm Ing 5:Gag 0N Waveanide

600 nm n-Aly 1;Gag gsN cladding

R. Jones, Photonics Spectra (2007)
Off Chip https://www.photonics.com/Articles/A_Hybrid_Silicon_Laser/a27801 z

150 nm n-GaN contact

Laser
T. Frost, Nako Lett. 14(8), 4535-4541 (2014).
O Silicon is an indirect bandgap semiconductor ——. s
= ——————— . p-InPcladding V Mesa
v Highly inefficient light emission in the bulk material o] contact [ R ,2;;;}33{:’;;3@':}"'”
—¥ - - -=--n-InP

O On-chip laser vs Off-chip laser RS &
v" On-chip laser has the potential to reduce packaging costs by 60% e [ " sisubstrate
Q 1ll-V material integration for on-chip laser
v" Monolithic: Hetero-epitaxy
v" Heterogeneous: Direct wafer bonding
v Hybrid: Flips :

“~ n-InP/InGaAsP SL

— ~ - optical mode

not to scale

A. W. Fang, et al., Opt. Express 14(20), 9203-9210 (2006).

< \\ DBR mirror_ Ring resonator

Challenge 1: Large divergence of lll-V laser =>
Precise alignment in all dimensions

HRPEhipo g Vertcal

, coupling
Challenge 2: Significant mode mismatch =>
Elaborately designed intermediate coupling elements

B. Song et al., Opt. Express 24 (10), 10435-10444 (2016).



Hybrid Laser Integration on GF Monolithic SiPh Platform

1=V laser [1Si02 = BEOL
Si substrate Il RX Si BH SiN

U Hybrid integration of laser on GF
monolithic SiPh platform

v" Flip-chip bonding of the laser diode inside
the SiPh cavity

v' Laser cavity formed during far back end of
line (FBEOL) processing, co-optimized with
laser provider

v Internal laser mode converter, co-optimized
with SOl inverse taper

v’ Laser integrated with best-in-class active
and passive SiPh devices including highly-
efficient V-groove-integrated fiber attach

U Source: Y. Bian, OFC M5A.2 2021, Y. Bian, JSTQE 2023



Flip-chip Laser Attach Process

Q High accuracy flip-chip laser

———— attach  through  precise

mechanical stops and optical
alignment features

v' Post fab processing to form wiring
layers within the cavity and provide
solder connections

S

v'  Passive z-alignment and seating of

laser using high-precision
mechanical stops inside the cavity of
the PIC

v" High precision bonding process for
sub-micron alignment in x and y
directions via optical alignment
features

Y P
UUSUUOODUUUOLE S




Laser Coupling Alignment Sensitivity — High-power Lasers

(a) Excess loss (high-power laser) (dB)
o~ 0.0

E

g -1.0
S -

= -2.0
2>

@ ° -3.0
£

E -4.0
§ 5

.g -5.0
> o

'3 -2 A 0 1 2 3
Horizontal (y) misalignment (um)
0 Si SSC also performs well for high-power laser mode profile =l o

O It provides a reasonable offset tolerance within the alignment capabilities of the attach tool used
v" Unique asymmetric alignment sensitivity contour due to different laser mode profiles

v" Less than 0.8 dB excess loss if the horizontal (y) and vertical (z) misalignment can be controlled
within £ 1.0 ym and + 0.5 pym (better than low-power lasers)




Laser Attach Chip & Wafer Level Tests

e ‘
\ ' A q’q]l]lll, LRGN 0 Telk o «
- Grating| |
{coupler; |
- %}ihﬂ?ﬂ(?ﬁ?ﬂf{mn Motk s
- ol
| ¥ Laser cavity

| OO0 etk o s
x | o
. Fiber * eotslce
~ attach 0 O OO oy
ilt angle: 0 ! w
Magnification: X50.0 7
- 100pmJ_;'4

O Test chips built on monolithic SiPh platform

v' Wafer level test: Optical paths from laser to grating coupler

Si inverse taper

N

e A

)\

Grating coupler

v" Chip level test: Optical paths from laser to V-groove fiber attach

Power output to WG (dBm)

20 40 60 80 100
Bias Current (mA)

Wafer-level test
Laser power output assessment

Inverse taper conversion loss
evaluation

Chip-level test @ 1310 nm
Input current limited to 100 mA

> 12 dBm laser output power
coupled to SiPh W
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Laser Attach Experimental Results

RIN (dB/Hz)

s -27.23dB
w—-37.23dB

-32.23dB
-42.23dB

47,2308 =——-52.23dB
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-
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o

o
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s
2
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N
©
£ 0.90
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®)
=
0.85
80 100

0 20 40 60 80 100 O
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v
= Split 1
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e Split 3
0 2000 4000 6000
Time (hr)
d

Module-level tests (RIN and mode hopping)

RIN results => validated laser attach processes &
other components in the PIC has no negative impact
on RIN

Peak wavelength plot => module is mode-hop-free
with no evidence of any wavelength discontinuity

The SMSR remains above 50 dB in the laser
operating range => no mode competition

Development efforts continue to further mitigate
mode hopping and improve yield performance

Early reliability assessments

HTOL (Si submounts):
= Bias current of 325 mA
= Junction temperature of 110°C
= Stable >5000 hours
Wafer-level ERA (laser attached SiPh cavity)
» Temperature-humidity (TH) stress at 85°C
= 85% relative humidity (RH) for > 1000 hours

» Deep thermal cycling (-40°C to 85°C) > 500
hours

= Stable performance throughout the stress-
testing

Ongoing activities
» |aser attach integrated with HP SiN coupler
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Comprehensive Photonic PDK Device Library

Compact Model Features Highlights

» Hardware verified and physics-based models = EO thermal time constant is modeled in all thermal
= Parameter, process variations (corner and Monte-  phase shifters

Carlo simulations) = Thermal Coupling
» Wavelength, temperature and optical power » Photo-detector bandwidth and optical power
dependency influence
» Crosstalk and optical return loss (ORL) = QOptical power self-heating in MRM
= Supports bi-directionality = Multi-channel models to support WDM simulations
o R R 1
o ® HMHT ] T MMI e, tm':‘ [E—
| | T = '
J - T = T
[T swae] \ B\ :

PSRNIT \J—°

Source: Abdelsalam, OFC 2022: Qidi Liu, OFC 2024 39
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Automated testing and characterization

Bowes Optical scan Avg. 1034+/-6.64mW | Median=9.11mwW [ ] Fu”y automated Slngle
ws | and multi-modes

‘ 10.48

“m @ optical fiber alignment

12.95 8.86

= %" with high precision
moving stages

=
=

=
w o

siteY

BN WA BN ®

= 60
ypzr © =50 204
position (pm) -50 -60740 _){PZT
position (pm) d

Table 1. Key characterization parameters and measurement dependencies

= Passive and active

Dependency . .
photonics devices can
Wavelength/Frequency Voltage (V) Temperature (C°) Opt. power (dBm) be tested USing
Optical loss, insertion loss O-band + C-band 0:20 -5:85 0:13 automated DC or RF
VaL , Pn O-band + C-band 0:20 -5: 85 0:13 probes with
%’ Pho-Current & Responsivity O-band 0:20 -5:85 0:13 Wavelength’
D
% Pho-Current & Responsivity O-band 0:20 -5:85 0:13 temperature’ VOltage’
o .
g OE/EO BW 1310nm, 1550nm 0:20 25 0:13 Optlcal power and
= : . , frequency
Eve-diag, Trans. response 1310nm.1550mm (1.8Vpp) 25 Optical amplifier _ _
dependencies and light
DC I-V,CV - max 200V, max 1A (-40: 150) - _ _
polarizations
ACEE S-parm 0.01GHz:110GHz= max 40V (-40: 150) -
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GF Fotonix™ High Performance Monolithic 45nm RF SOl CMOS

45nm partially
depleted SOI
CMOS integrated

with photonics

300 GHz class analog mixed signal devices
optimized for mmWave performance

‘:IE:'EIJIJ
w150
«100

Comprehensive digital standard cell library
High density / Low leakage

IP type IP Detail

Standard Cell (9T) — 477 RVT cells (24 High Perf cells), 449 UVT
RVT/UVT cells

1.8 GPIO (Flip Chip) 8 cells (Digital, Analog, ESD, Filler)

Vdd: 0.9-1.16 V
Temp range: -40 — 125C

Temp range: -40 — 125C
Voltage range: 0.8 - 1.1 V (Digital)
1.65 - 1.95V (Analog)

256 bit eFuse (32X8 bit)

Temperature Voltage
Sensor

current offering In development

300
250

50

0 0.2 0.4 0.6 0.8 1 000 020 040 060 080 1.00
abs(V,) (V) v, (V)

Enables high performance TIA's and Drivers
monolithically integrated (EPIC)

45SPCLO TIA - Simulation Results

MPWACDE
38

100 Gbps NRZ

Technology 22nm FinFet A455PCLO
Integration hybrid monalithic
Gain [dBQ) 39.3 618

Bandwidth [GHz) 45.5
CT (fF) 70
Noise density (pA/sqrt(Hz)) 126
Power [mW) 11.2
FoM (0.GHz/mW) 3781.7
* Photodetector + EM on inductors + PEX LVT FET model

® 5. Danddhgar, Ho Ui, T. Kim and G. Balamunagan, b/, 11.2 MW Single-Ended
PHlLr\urT.\.wthl'.'u.Arm; nput Mose in lian I‘ET(HDs n!l!'l"mmulql'

wol. 57, nmo. 5, pp.  1397-1808, May 20IZ,  do
11111 T J550.2002. 3147487,




TIA bandwidth with optimized high-Q inductor measured
to be 100 GHz

2000 — 20 120
L [pH] vs Freq [GHZz] Q vs Freq [GHZ] Gain (dBQ) versus frequency
1600 :. 16 100 (GHZ)
80
1200 12
60
800 8
40
400 eeee Standard 4 eee+ Standard A 20
. a ™ High-Q . p = High-Q % . ¢ — High-Q

0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120

\\\\\\\\\\

- Designed and measured on an MPW wafer with standard processing
* Q and self-resonant frequency of inductor increased by 18% and 9 %, respectively

« TIA bandwidth increased from 94 GHz to 100 GHz by using optimized high-Q
inductor

Chip micrograph of TIA design



IL & PDL reduction for monolithic optical receiver

&
0% { i 3 | | 1 r__n - My
D os{mm + wm L T e _ - : Blas o
2 ! m = LS m | m o B ﬂ~1.45 dB total PDL reduction Wl 10 @
" s ! R 1B e TNl R : 1s 8
= 20 B3 - 20 €
5 | ~1.52 dB total TM IL reduction A
g " 2%
£ |(b) () Gt
Before IL improvement After IL improvement

0 0 0
05 05 05 |0099950000090009°00RN00"00¢"
g 00000900000000000000000000900 | © 2
il = N
bord - 20 3 IM (=]
E15 E15 m1s

(d) ' (e) ' (M
2 - :
1270 1280 1250 1300 1310 1320 1330 1270 1280 1250 1300 1310 1320 1533 127 1280 1250 1300 1310 1320 1330

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Source: Y. Bian, OFC, M1J.4 (2024); Y. Bian, PIC Magazine (2024).

Component | 'EIL(dBor TM IL (dB or PDL (dB or
i dB/cm) dB/cm) dB/cm)
SiN EC 0.6 0.8 0.2
Si-SiN coupler 0.049 0.11 0.061
PSR 0.34 0.42 0.08
SiWG 1.0 0.9 0.1

Record high IL & PDL reduction

e 1.52 dB reduction in overall TM IL

« 1.45 dB reduction in PDL
* Net PDL of merely 0.38 dB

« Broadband IL & PDL reduction

Maintain integrity of monolithic SiPh platform

« Performance improvements achieved through

design and process optimizations without
impacting the stack-up or introducing
sophisticated circuits

GlobalFoundries © 2021 All Rights Reserved
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DGD of SiPh component and system level impact

: L - " PAMA Eye Closed i PAMA Eye Closed Component DGD
5. <. t. 3 5. SiN EC 0.05 ps
En 2 et 2T & 2o — Si-SiN coupler 0.37 ps
7 Yo 0204 06 08 10 12 14 16 18 20 To o2 04 06 08 10 12 14 L6 18 20 T o 02 04 06 08 L0 L¥ 14 16 18 20 Vo 02 04 06 08 L0 12 14 16 18 20
Time [n*T] Time [n*T] Time [n*T] Time [n*T] Time [n*T]
(a) At = 0xT (b) At = 0.25xT (c) At = 0.5xT (d) At = 0. 75T (e) At = 1. 0xT PSR 52 pS
At=0 At=1.0xT .
AISI=0 Increasing At, and AlSI AlS| = 100% SI WG 53 pS/mm
TE—>TE Waveguide L1 VOA
™ TE—TE Path Losses (arg1) \ 0 e e - P Left schematic
__ P Accumulated DGD Ny pdte
P. X /,E """""" it =TT te + ‘/ to PSR output + ShOWS TE_)TE and
TE Vin | 'Edge Coupler Si2SiN Coupler A TE Dual —> 7 TM—TE
Fa q 1 . — PSR ATO ATPD =0 — out % qroup
\ 1-— X\‘J---@N-] ----- || *SIWGtoPSR | | _ NetDGD A _ Resp.| Port PD ]
Rotating SOP Vi = p t PD input A oo TodT::.;-\SP FIeIavs from receiver
TM—TE Path Losses (arr2) IR Pl Von an input to dual port
T
AL ="'/
Basis: Net TE—>TE path delay > net TM—TE path delay TM_>IE_ _________ T_TE . — DhOtOdeteCtOr (PD)

= Substantial ISI introduced when DGD occupies a significant portion of PAM-4 symbol interval, leading to eye closure

» DGD compensation: the added waveguide length AL in faster TM—TE path equalizes the differential delay in the receive path to
the dual port PD

= Note: any residual differential group delay from the fiber is to compensated by the equalizer in the DSP; VOA can be
incorporated to fine tune the PDL

DGD: differential group delay

. . . 45
Source: Y. Bian, OFC, Th2A.24 (2023) ISI: inter-symbol interference
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SFDC=Sales Force Dot Com

PDK Access & Multi Project Wafers (MPW)

« 45SPCLO Process Design Kit (PDK) access is provided after NDA signature
« PDK access is provided through the customer account on the SFDC portal
« Technical or clarification questions relating to the technology or PDK can be submitted as
a ticket through the GF Case system
« The Technical Program Manager (TPM) will provide details on Case submission once the PDK
access is approved
« MPW's are offered ~ 3X per year. One year look-ahead below.
« State-of-art wafer level optical & electrical test (WAC) is standard. Addition test services on request

Action MPW# MPW Region Geometry Reservation Configurator Reservation
Close Date® Submit Date Cancellation

Deadline™

E:Eﬁegpw MPWA4C12  Non-Restricted  45SPCLO_45nm  8/20/2024 8/27/2024 9/17/2024
ESEEEE'IPW MPWA4C11  Non-Restricted  45SPCLO_45nm  4/16/2024 412312024 5/14/2024
E:::;Sfegitpw MPW4C10  Non-Restricted  45SPCLO_45nm  12/19/2023 12/26/2023 1/16/2024
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SiPh Foundry Challenges

« Offering a PDK library that solutions a broad mix of PIC circuit architectures
* i.e. Various |/Os; different modulators (MRM, MZM), WDMs (cWDM, dWDM)

« Rapid market & product requirements change
« High optical power input > 150mW (optical performance, reliability, etc.)
« Higher electrical and optical BW to support applications beyond 200G

« Broad mix of final package solution, lack of standardization
* Wire bond to Cu Pillar, Cu Pillar capture
« Flip chip or PIC face up
* Fiber attach methods for test and products
« Rapid transition to Co-Packaged Optics

* Mix of customers who want standard PDK pcells vs need for customization

« 0O-band & C-band custom device support including manufacturing and OPC
« Custom packaging features

GlobalFoundries © 2021 All Rights Reserved 48



GF Fotonix™ roadmap & future directions

« Push to higher bandwidth supporting 200Gbit/s/lambda (PD, modulator & RF-CMOS)
« Finer pitch fiber attach 250 um -> 127um -> 65um

« Finer pitch Cu pillar supporting UCle

« Connectorized fiber attach (pluggable/detachable 1/0))

« 3D integration enablement

» Hybrid EIC co-design environment support

* Novel material integration, i.e. high-speed modulators, gain materials,..

« Continue support for customer's custom device designs

« Foundry solutions for marketplace beyond data centers

High Volume Billion Dollar Silicon Photonic Applications Silicon Photonics Innovation for Future Demands

Datacom/Telecom LIDAR Optical Gyroscopes Primary Market Driver:

" + Data Center Interconnects

« HPC, Photonic Compute, Al

* Transition to Co-packaged optics
Secondary Markets:

* Quantum Compute

« Telecon

« Sensors, Lidar

Future Opportunities...

» Defense harsh environment
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Summary and Outlook

4 N

« Comprehensive passive and active photonics libraries in
addition to CMOS components

Latest Progress

« Enhanced SiN device suite including CWDM
measurement results

» High performance SiN edge/surface coupler including
promising results on 32-channel 127um fiber attach with
record low IL (0.4 dB) and pluggable coupler

« Enhanced PDK compact models and automated testing
capabilities

« Demonstrated ORL reduction technique for high-speed PD
with record high BW-Responsivity product 130 GHz*A/W

« Measured TIA BW results up to 100 GHz

 Demonstrated polarization insensitive receiver circuits with
minimal PDL and DGD

/Challenges and Future Directions\

« Challenges

« Offering a PDK library that solutions a broad
mix of PIC circuit architectures

* Rapid market & product requirements
change

» Broad mix of final package solution, lack of
standardization

* Mix of customers who want standard PDK
pcells vs need for customization
 Future directions

« Higher bandwidth active devices for 400
G/A

* Finer pitch electrical and optical 10
« Connectorized optical IO
« 3D integration enablement

« Continued support for custom designs

M
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