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Silicon Photonics: Rationale

What's the big idea about silicon photonics?

K What: \

* Integrated photonic circuits on silicon using CMOS foundry facilities

*  Cost of production
*  Power consumption efficiency
* System footprint
* Alternative market not fully addressed by IlI-V discrete photonics
* New markets out of data-communication
* Opportunities:
*  Knowhow =» Among the more explored & mastered areas of science
* Throughput =» Large volume manufacturability
* Robustness =» Resist to a wide variety of perturbations
* Reliability =>» Long lifecycle when operated within specifications
* Constraints:
* Process flow =» Fabrication flow must be compatible with existing technologies
* Contamination=> Strict regulations about: material contamination, health hazards, safety

hazards
* Some materials not allowed (llII-V, Fe,...)
K * Some materials in restricted zones (FEOL / BEOL : Cu, Au,...) /
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Optical Communication Trend
Fiber optics data communication evolution

/ \ K)ptical link network keep)

FLAG: Fiberoptic Link Around on getting denser.
theaGlobe Pan-European Fiber Optic Niche Market So

far, the market still
addresses the professional

Networks. market.
.

National Fiber Optic

Eiberslo The x L
X=Node, GlitbpBuilding, Home, ... Projections tend towards

intra processor core optical
communication.

Ultimately, we may converge
towards a model where:

Logic = Electrical charges

" /
Domestlc',’
4
4 =
,/ Professional

4

Rack to rack m
L ——]

Qés.

Communication = Photons

Storage = ions

Core to core

S~=—=
Intra core
Consumer product
"I Communication at which ever scale is technically potentially feasible. It won’t happen without silicon photonics
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Datacom & More Than Datacom
New opportunities in silicon photonics

/ \ @ilicon photonics cannot rely\

on data communication
professional market only.

GD\. g For the industry to develop:

- More applications

Hybrid silicon waveguide optical gyroscope
John Bowers et al.
Silicon-Based Optical Biosensors
Laura Lechuga et al.

DATACOM

Photonic cables connecting people - Huge volumes

Bandwidth Optical Loss More than DATACOM

Photonic sensors & detectors connecting objects

- More actors
- Bigger competition

Power Management - Lower prices

LAser Detection And Ranging
Ming Wu et al. i i
gystent y e - More innovation
Manufacturing

Assembly & Test ,

@
C

Atmospheric LIDAR anemometer
Jérome Bourderionnet et al.

Footprint

AN

However, the applications, even though dissimilar , should make use of almost the same technology.

.

-
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Silicon Roadmap mm
Silicon Photonics: A roadmap in the roadmap

\ ﬁ/lixing up future silicoh

More than Moore : Diversification photonics  systems  will

anaiog/ e ] wews iicon Photon o movatone
nalog, maging ower Hicon otonics e better innovation:

Non-digital content ( Typically, a trend in
System-in-Package automation is to have robots
substituting to  humans.
Digital logic + photonics
communication + photonics
sensor = neuronal network +

nervous network.

130nm

A 4

10Gbps
90nm Information

Collection

IC

\ 40Gbps

FTTx

100Gbps

o))
a1
S
3

200Gbps

Datacom

400Gbps

Datacenter,

Information
Processing
Information
Storage
Digital content

System-on-Chip
(SoC)

._.
5
o

o
2

I
Gl
S
3

=» Rapid detection, rapid
dispatch, rapid analysis of
information.

N

w
)
S
3

N
)
S
3

=» Applications: Autonomous
cars, airplanes, trains,...

Baseline CMOS: CPU, Memory, Log

More Moore : Miniaturization
=
Iy
-
3
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Project Description mm

oA
PLAT4M - FP7 Project

K Project full title: " Photonic Libraries And Technology for\ f E'f \
(=) 1)

Manufacturing “

-

* Project Description: PLAT4AM's objective is to bring existing silicon T imec
photonics research platform to a maturity level which enables UN'EEEﬁ’TITEIT

seamless transition to industry, suitable for different applications fields

. UNIVERSITE
and manufacturing volume levels. S PARIS "l

SUD

CEA-LETI IMEC STMicroelectronics

___

1i-v lab

Solutions for Micro and Nana Techn

A’ ]
Tyndall National Institute éTynda" Eb
& Polytee - JHis

VAl .
&7 )
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Technology Setup mm

Building up a new technology

/ \ ﬁDerivative technologieh

(diversification) are usually
launched using existing
processes

DAPHNE (Datacom Adv.
Photonics Nanoscale Env.)
——a—— is a technology meant for
Extraction of R&D.
L | Process Bricks
———— —_— Both the process and device
library evolves.

BIPOLAR

b’ IMAGER

FLASH

Process Portfolio
The current and predicted

- - Adaptatic?n o production volumes are the
Example_ of Existing Cost effective strategy Rhotonics main arguments that usually
Technological Platforms decide about the amount to
. be invested in innovation.
NEW PPROCESSES pé
More than CMOS DAPHNE

Technological Platform

- AN
Lys
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Fabrication Flow

Process building blocks compatible with a CMOS foundry

DEVICE
i

Silicon

Patterning

Etch of Si for
device structuring

Silicon
Implant

Modulator
implantation

Silicidation

Modulator
silicidation

~

Localized

Germanium
Epitaxy

| Ge photodetector

definition

Germanium
Implant

Ge photodetector
implantation

Active device
interconnection

/P rocess. \

The fabrication flow is
divided in building blocks so
that process development
work is done in parallel. The
integration activity ensures
that the blocks are
compatible with each other.

Device:

While passive devices are all
fabricated in a single block,
actives devices involve the
whole flow.

J

Lys
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Different technologies coexist within the same foundry. Tools are qualified to be shared among those technologies.
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Silicon Patterning

Photonics Integrated circuits

-

]

]

]

Photoresist Local Windows

Hardmask

Step 1:

= High resolution patterning step to define the global photonic path in a single step (auto-alignment)

Step 2:
Low resolution patterning step to locally etch further silicon
Step 3:
Low resolution patterning step to locally protect silicon from etching

Sl 1)
320nm deep-rib + 50nm slab
IL: 3.7 dB/cm

350nm strip
IL: 3.5 dB/cm

y LR A
- 300nm H
160nm

400nm mid-rib + 160nm slab
IL: 1.4 dB/cm

ﬂarget: \

Etch silicon so as to define
photonic devices & circuits

Local Masking Zones

Challenge:

Auto-alignment between all
devices at chip level

Partial etching of silicon with
good uniformity

Non-Manhattan architectures
Huge disparity in targeted

lateral dimensions &
morphologies

E n !
—4 -

I |

The inset shows the waveguide after

K the whole process

o

Lys
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Multi-level patterning of silicon is a more than CMOS process building block developed for silicon photonics
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Silicon Patterning
Multi-level silicon patterning development to address device requisites

a N
N\

Rib-Strip Taper

Strip Waveguides|

Strip waveguides with Rib waveguides with el il
150nm minimum spacing 310nm minimum spacing o o'g top of u?e -

TEM observation Observation of the Measured Measurement of a Etch profile

of the remaining waveguides trench between the thickness in the dense trench measured on an

hardmask on top observed in a ring and the linear deep-rib dense targeted during the isolated strip
of rib regions ring device waveguide slab region first patterning step waveguide

Lys
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Germanium Integration
High Speed Photodetector

/ \ @ew material integration ish

challenge in a CMOS
foundry. Besides
contamination issues,
process feasibility must be
established.

Mono-crystalline germanium
includes:

- Selective epitaxial growth
of Ge using a Si seed
masked by SiO,.

- Si/Ge lattice mismatch.

(10 X 15) pum pure mono-
crystal Ge obtained by
selective epitaxial growth using
a patterned silicon seed
masked by silicon dioxide

Interface between germanium
and silicon layers showing a
good Ge crystal quality

Right part of Ge pin photodiode
with 3 interconnect metal layers

- Thermal budget of Ge

- Chemical compatibility
(Ge oxidizes easily. GeO,
is soluble in water)

- Same implantation
strategy as silicon.

- Same BEOL of Si

K / k devices. /
Lys
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Photonic Integrated Circuit

Schematics of a typical PIC

Grating Coupler Strip
Waveguide

Waveguide

Deep-Rib
Waveguide

Photodetector

Far-BEOL
- Cu Posts

BEOL

- 3interco Cu lines
- 1RFCuline

- 1RFAI line

Active Device

- High speed Ge side
coupled integrated
photo-detector

Passive Devices

- Waveguides, Grating
couplers, directional
couplers, AWG, MMLI,...

Active Devices

- Standard rib high speed PN depletion junction
- Standard rib low loss PIN injection junction

Active Devices

- Deep rib high speed
PN depletion junction

- Deep rib low loss PIN
injection junction

~

_
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System Integration
3D integration of EIC & PIC

\ @opper posts and coppeh

pillars are grown on the
metal pads.

Bonding is done by die-to-
wafer flip chip of the EIC on

Photonic IC the PIC.
&
Independent evolution for aptimization of technology platform Copper piIIars allow direct

e R S - connection  between the
Opto-Electronic middle of the two dies (No
System routing to die edge).

Cu pillar

= Copper Pillar ~

; i
| |
\ |
| 1
i i
) ‘ (=5
! g “, Copper Post Sl :
! i

.
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Test Vehicle: 100GBase-LR4 Demo

Integrated Multiplexed Transmitter

Free propagation region

Optical intensity map AWG full map
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Wavelength (nm) N— m——)

AOOGBase-LR4 transceiveﬁ

system.

WDM device designed and
simulated: Array Waveguide
Grating.

Stand-alone device shows a
loss of 1.2 dB / channel

Device integrated in system.
Fabrication On-going.

Dr. Charles Baudot e STMicroelectronics @ Silicon Photonics R&D



Lys

life.augmented

R&D Programs:

WYELEC.

Dr. Charles Baudot @ STMicroelectronics @ Silicon Photonics R&D

IRT Project 2012 - 2018

CEA - LETI
STMICROELECTRONICS STD CROLLES
MENTOR GRAPHICS

SAMTEC

CNRS

Funding:




WYELEC.

Project Description

IRT — Nanoelec Project

K Project full title: " Institut pour la Recherche Technologique “ \ / E e \
(=) 1)

* Project Description: Bring together in a single organization all the

tools and know-how to develop silicon photonics solutions that can
address a wide variety of applications.

New
equipment
| New Process '
| New Material l
New

D 1 . .
New Devices Applications

N J\_

n
w
3:
15l

@

J
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Silicon Photonics & IlI-V Integration
Does it make sense?
/ . 3D Integration of LaMP \ n e — ah

silicon waveguide at wafer level module at chkagmg Level integrated laser at wafer

- level will correspond to all
needs in optical data
communication.

Polarization

System providers militate in
favors of different
approaches.

Main parameters for
DATACOM:

- Cost

- Footprint

- Power consumption
- Reliability

- Robustness

In alternative markets, the

Lab On Chi . :
Sister?] On'pcmp constraints are different.
Bio-Chemical Detection Moreover, the need of an
integrated source is very
likely.
‘,’ Whatever the application, it is very probable that an integrated source will be coveted in future silicon photonics
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Source Integration

Integrated Il1I-V Laser

SiN isolation layer
__—InGaAsP QWs

i w2 - — - Topographical problem:
D ! fEEEE] - i similar heights (~3um) of
i o laser and 4 level metal stack.
1 1
- i i e we o e Planar surfaces needed
E Eﬁi i E_ —_ m (CMP) for IlI-V/Si bonding
e B i and 4 level Cu back-end.
1
1 1
i i The idea : use flat back-side
! [ of Si waveguide for laser
| E— T 5—-—5 - integration.
1 — M1
"'% - %E“" Si device interconnects on
i e s e one side, IlI-V/Si laser on

\ Kl'ypically 3um thick Ill-h

bonded to SOI waveguide.

M2 Close proximity (~ 100nm)
- needed between IlI-V and Si
PAD LA GC WG MOD PD 500nm Waveguide.

Surface preparation prior to
bonding based on CMP,
preventing topography on Si
photonics wafer.

Si rib waveguide

1
M ) \other side.
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Source Integration

Integrated Il1I-V Laser

/ \ Gistributed Bragg Reflecth

hybrid 111-V/Si laser cavity

__________ 600pum ¥ emitting at 1310nm
p- and n- contacts - g . . .
5 Active region : optical mode
confined in the 1lI-V
waveguide
t Grating coupler
500 nm | . . .
i Mirror: DBRs in the Si on
l Bragg Mirror Bragg Mirror _ both side of the IlI-V
BTN (100%) (5100%)  Waveguide  Metallic Mirror
+

Si Bulk

Or any other more complex
silicon  photonic  sub-system:
modulator, Mux,...

.

- AN
Lys
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Source Integration
Integrated III-V Laser

/ \ Gght transferred by\

adaptation of effective index
using the super-mode
theory*:

Variation of the SOl

o waveguide rib’s width (W)
/ along the propagation
L direction.

Si rib waveguide

Over 97% of the light is
transferred to the single-

X -
E mode waveguide
Z
1
4= W, I
II-V cavity Optical fiber s
>
=
o
506
=
o
¥ %ﬂ 04l —Percent of the power in the S1 waveguide
! = ~=-Percent of the power in the [11-¥
=]
(=]
Z o N,
azff
- - - - - S0 100 150 200 250 300 350 400
04 (I-V) = 10,4 (SOL) N, (MI-V) = 0.4 (SOI) 0,5 (I-V) < 0,4 (SOI) Length (um)

* X. Sun, H.-C. Liu, and A. Yariv, “Adiabaticity
criterion and the shortest adiabatic mode
transformer in a coupled waveguide system,”

K / Qat. Lett. 34, 280-282 (2009) /
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to

bond locally patches of IlI-V

Preliminary tests done by
material

wafer-to-wafer bonding

Ongoing developments

strategy:

@OI wafer level IlI-V bonding\

Integrated III-V Laser

~

LI R B B
LI A N ]
LI I B R R R
LR B I ™

ill‘llllllllllll.l-lll

Source Integration

"N A N g
" xEwoa
" g E N EEGN

LA AR BLEE B B B ]
% s N gu g a
54 g uEB opm
l-l-ln
-

=
©]
2]
3
g
o
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C
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R&D Programs:

COSMIE

CmOs Solutions for Mid-board Integrated rarsce vers with
breakmrougn Connectivity & uira low Cost [COSMICE)
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B
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il - ”~
AR A0 w
b —FJ ~ .
'Y N
>
aI% Cmos Salu
N
breakmros,

Tons for Mid-baard Integrated trarscel vers with
AgN Connectivity & uira low Cost [COSMICE)

Project Description

COSMICC-H2020 Project

Project full title: " CmOs Solutions for Mid-board Integrated\
transceivers with breakthrough Connectivity at ultra-low Cost “

Project Description: COSMICC consortium will achieve mid-board
optical transceivers in the [2Tbit/s, 2pJ/bit, 0.25/Gbit/s cost]-range.

Low Power
Electronic
Driver (EIC)

Efficient
50Gbps NRZ
Modulation

CwDM4
Multiplexing

12 X 4 X 50 = 2400Gbps

a )
&7 @8-

UNIVERSITE

< pAR I S Yy ‘-"‘""-"t[-!."||\ Y OF
> NUp) Southampton

@) UriversITA DI PAVIA

vario-optics ag

@ SEAGATE University of
St Andrews
FINISAR = SRt

| 24 Fibers 1/0 l

o /
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SR 1 : o
| §03M|C Project Description
S COSMICC-H2020 Project
K Project Organization: \

Foundries Devices/ modules Systems End-users

R&D / Conception

UNIVERSITE

S PARIS

| ce2 B 437 or o5
Photonics \
UNIVERSITE i Electronics 3D- L Al e
& EXEE || Ooiprmees b / @) UNIVERSITA DI PAVIA

- —
L e vario-optics ag
High Performances
Computing systems

University of Silicon Photonics - Uni itv of
) \ Integrated circuits w g ey o
StAndrews | e @ SEAGATE % St Andtr}f;ws
‘ vario-opfics ag Subcontracting |

Flexsubstrate E L |
rmevenrss || Qmen | FINISAR JE e

- AN j
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Capacitive Modulators
Capacitive structures substituting junctions

Horizontal Interface \ mertical Integration \

: -~ 1.6pF/mm capacitance oxide
w4 nterfacial Oxide ([3;20]nm oxide  thickness
P-doped silicon range)

/ Vertical Interface

'4/Interfacial Oxide
L

_ n-doped poly-silicon
n-doped poly-silicon P-doped silicon

2]0)¢

1.2Vpp voltage swing ([0.6-
1.8]V) with a DC bias to put
swing around flat-band voltage
and use accumulation charges

z (microns)

= 1.52pJ/bit at 56Gb/s

-02 a1
% (micrors)

2 (micrors)
2

Horizontal Integration

1.1pF/mm capacitance oxide

55 B ([5;15]nm  oxide  thickness
Ngop [x10%8cm?
: 0 Ml . range)
= e —e—11 =
53 PE _e1d S ;
= w0 s : 5% 0.9Vpp voltage swing ([0.9-
a3 = 5 e 1.8]V) with a DC bias to put
) = z swing around flat-band voltage
b = ] .
3 E ! L and use accumulation charges
8 g 3%
2. = 2] k=]
c = .
g , 2 => 0.37 pJ/bit at 56Gb/s
Naop [cm?] 13 - . o
: T e T . Pu_sh-pull Mzl with 30° phase
0.2 04 06 08 1 Active Ler?fg?h (30° phase &?ﬁ, 0.9Vpp) [III(I)H% shift on both branches:
K Active Length (30° phase shift, 1.2Vpp) [mm] Correspo%dmg %4 Thickness [nm)] 15 / k = Active Length <1imm )

Lys
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Summary & Conclusions

K New feature in CMOS: wafer size did not evolve for more than one and a half decade. \

* Traditionally, old tools were used for diversification (Ex: MEMS). It is not the case for silicon
photonics.

e Silicon photonics shares the same 300mm fab tools as other high-end technologies. Strict
regulations about tool contamination or deviation.

* Process evolution, new material introduction and device integration are all technically
possible but not under any conditions.

e Silicon photonics is a promising market and strategic efforts must be done to cover a wide
variety of applications

AN
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