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a , @ Outline

®Motivation
\ Photonics — integrated optics and optoelectronics
\ Why do we want to use silicon for photonic applications?
\ What are the main challenges?
\ Is silicon a good material for optics applications?
\ What are the markets?

BmMain building blocks in photonics
v Light propagation
v Optical modulation
v Light detection
v Light emission

BConclusion
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... among the « hot topics »

In photonics

Silicon Photonics
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a . Battle between Optics and Copper

Optical : Copper

Chip to Chip

- 1-50cm

Metro & )
Long Haul O@} Optical
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Figure Courtesy of Mario Paniceia, Intel

Optics has progressively eliminated copper in the metro and long haul network in the
last 20 years
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a @ Global internet traffic
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Internet traffic doubling every 18 months

Estimated trans-atlantic traffic in 2025: 400 Thit/s
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E. Desurvire, J.Lightwave Technol., vol. 24, no. 12, (2006), “Capacity Demand...Next...
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» The current technologies can't scale to the increasing traffic in future.
» 3-4 digit energy saving Is necessary, which means we need a new paradigm.

S. Namik et a1, OECC2009, FT2, Hong Kong http-/www.aistgoip L AIST s~ £\ McToREs




Data centres

100 000+ x 10 Ghit/s servers in data centre

.. )
80% data centre traffic inside data centre (>1km)

50% of data centre power for cooling
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a @ Copper interconnects in IC

B Increase of integrated circuit complexity

v Number of transistors
\ Frequency operation
v Length and density of metallic interconnects
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o JEMC )P What's happen?

Reverse scaling

R and C increase !

Metallic interconnects

Source: http://semimd.com/
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a @ To improve performances

—

Performance = Parallelism x Freqguency

e T

/l Need more cores, A ¥ Cu interconnect
memories, switches limitations
® More Integration 30 Cores
K ra
Examples:
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The problems for the next generation of

communication systems

: : Copper Approaching Limits
v Attenuation of Cu vs propagation length e

v Energy consupm)n . %

V Interconnect Use photonics at the chip scale to: z

v Frequency > Increase the data transmission o~ __

» Reduce the power consumption
Convergence between electronics and photonics

v length (speec > Increase the data processing Elecm-/o

J bend radius, \_

\ Weight g

\ Thickness (compactness) ?
@
<

Optical Fiber

In data centers
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a @ Optics vs microelectronics

_

Microelectronics

Building Transistor
blocks
Material Silicon

Manufacturing | CMOS
technology
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a @ Optics vs microelectronics

Microelectronics |Silicon Photonics

Building Transistor Laser, waveguides,
blocks photodetectors, modulator,
microresonators, ...

Material Silicon Silicon-based

1-V?

Other?
Manufacturing | CMOS CMOS
technology “compatible process”

Photonics is much more complex to integrate
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Optical Interconnects
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M Transparentin 1.3-1.6 um region
Take advantage of CMOS platform
' Mature technology
v High production volume
B |ow cost
Silicon On Insulator (SOI) wafer

v Natural optical waveguide

B High-index contrast (ng;=3.5 — ng;5,=1.5)

v Strong light confinement
»Small footprint (450nm x 220nm)
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a , @ Outline

®Main building blocks in photonics
\ Light propagation
» Waveguides
» Bends, splitters
» Fiber coupler

\/
\/
\/
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First approach: the simplified picture of

ray-optics
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a @ Substrates: Refractive index contrast
SARILAALCAY > ‘#
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Source: PoliCom (POLItecnico Comunicazioni Ottiche Milano)
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Oxide cladding 200nm

Si Mode size ~0.1um?2

SiO, Propagation loss ~1dB/cm
Sj Rib waveguides
SOl wafer = Optical planar waveguide

Mode size ~0.2um?
Propagation loss ~0.5dB/cm

A=1.55pum
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B Higher refractive index contrast,

smaller cores, tighter bends

Downscaling of photonics

Silica on silicon

Contrast ~0.01-0.1
Mode diameter ~ 8um
Bend radius ~ 5mm
Size ~ 10 cm?

Source: Slide from Wim Bogaerts — Summer school 2011 St Andrews
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S B Strip waveguides: total loss

e PA R |
; (leakage and scattering)

150 nmx150 nm
SOl waveguide

substrat

Light leakage

Total losses: aygia = Ooughness T Heakage

£ 4]

gi/ :2: —x— A=1310nm

<o T o ‘ Compromise between

3 o] scattering and leakage losses
T

R R e =
Waveguide width (nm)
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» Increase for narrower waveguides:

* Weaker confinement: bend
radiation

* More sensitive to roughness
= |ncrease for smaller bend radii

Testing
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Beam splitter

Compact structure (L ~ um)

Source : G.Rasigade et al, optics letters 2010
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Interference conditions => depend of the optical path => depend of the wavelength
Spectral bandwidth: several tens nm
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@ Waveguide crossings !?

out,
4
A=1,55 HMm oulz_'/ ~ :
T~ 93% /H y
crosstalk ~ 2% in,

Not SO Iarge Optica| CrOSStalk but October 1, 2007 / Vol. 32, No. 19 / OPTICS LETTERS

Low-loss, low-cross-talk crossings for
silicon-on-insulator nanophotonic waveguides

Wim Bogaerts,* Pieter Dumon, Dries Van Thourhout, and Roel Baets

Ghent Universitv - IMEC. Department of Information Technologv. Photonics Research Group.
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a B 0 Injection of light in/from an optical fiber:
i The problem to be solved

The waveguide
mode mismatch

(D]

-

... and the light
polarization issue.
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— Butt-coupling

Photonic
nanowire

Edge
coupling

Alignment
critical

@ Alignment critical;

®» Need facet dicing/polishing;
© Polarization-insensitive;

© Large bandwidth;

http://silicon-photonics.ief.u-psud.fr/

the main approaches

Injection of Ilght In/from an optlcal fiber:

Vertical-coupling
Optical fiber { N;II
1

-
- 'H_r—

Grating
coupler

Grating
coupling

Alignment
tolerant

@ Alignment tolerant;

© Test in wafer scale (no facet
dicing/polishing);

@ Polarization-sensitive;

® Relatively small bandwidth;

Laurent Vivien
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\/
\/ Optical modulation
» Principle
» Physical effect
» Recent advances
\/
\/
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é P @ Optical modulation

Electrical
driver |— Modulated optical

(Rptical intensity intensity

g A

v
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Electro- Electro-
absorption refraction
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a @ Optical modulation

—

Electrical

driver
Optical intensity

A

Electroabsorption

Absorption coefficient variation

under an electric field

a

Intensity modulation

http://silicon-photonics.ief.u-psud.fr/

h |— Modulated optical

intensity
Optlcal ‘ h |_
modulator

Electrorefraction

v

Refractive index variation
under an electric field

Phase modulation

D interferometer

Intensity modulation

Laurent Vivien



a @ Electro-refraction vs intensity variation

-

—

Electro-refraction effect

r [ Refractive index variation ]

Effective index variation of the guided
optical mode 1

(interferometers\ r Phase variation
H H Optical intensity
. O variation
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Electrical signal

> t

Phase modulator

\/

Si
Sio,

Compact ©

Low insertion loss ©
Low power consumption ©
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Temperature dependent ©
Limited spectral wavelength bandwidth &
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B Asymmetric MZ|

Normalized
transmission

O
v

A (nm

A
Temperature independent © ’

Spectral bandwidth ©
Robust in terms of technology ©

Long phase shifter ©

CW input light _<'

odulated intensity

Asymmetric branches
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\l Insertion loss ® Y

v
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a Physical effect to induce phase shift
LODREHES s ‘#

What are the EO effects?

mrmal eﬁm Slow (few 10 kHz)

\ /

v Nonlinear effects:
> Pockels effect
> Kerr effect

( Plasma effect /

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



Electro-optic

?effect

<

Nonlinear Polarization:

P(t)=xVE@® + xPE*(t) + xPE @) + - -

®

Clas~trasmp—, 7~ — '..---l I |
Electronic cloud ([charge - |

Simplistic model for an atom = .»
.

p

Induced Dipole
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a @ Electro-opt'ic__effect

Nonlinear Polarization: In silicon
P@t) = xVE@ @
\ Pockels effect: & \fo\ \ Kerr effect: 60\6\\(\
> Linear electro- c,<ﬂ\6cffect » Nonlinear electre _ «®. effect
& O
N )
o2 _ (\\0
\ Waveler S Zonversion v Waveleno*'\)e Version
> (\\9?dnd Harmonic Generation (SHG) > Fr, ogv\we mixing (FWM)
00

SN ©F
@@ n=hny+I*n,

n ~10"em* /W ®e)> 7€ _107%em?* / W

2 2
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Electro-optic effect

Nonlinear Polarization:

Pty =xVE@) % B E (1) + - -

ainj Ing WIitR straining
\ POCk ‘I 0@\{ layer Break the symmetry
> Linear electro Lo effect of silicon crystal

Strained silicon
— photonics

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



B Strain induced by a straining overlayer
\ SOl waveguide

R —
y
(Si0,)
ch»x General result:

ied oxide
Si0,)

Burried oxide '

B Stress dependen x? is proportional to the initial stress
o applied to the crystal

\_ J
/ \ Intrinsic Stress
onditions

[ Pockels effect is still weak in silicon. Progress has to be done! ]VD etc)

Thermal stress

(Usualy) Small > Epitaxial stress

Contribution (Usualy) The main
contribution!!!
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a @ Electro-optic effect in silicon
SARILAALCAY $
J Free carrier density variation in silicon

» Refractive index are modified by free-carrier concentration
variations:

= Plasma dispersion effect

—

108 —— |
Cesier Aetadtion
!_ SILICOK, T=200 K ‘ C
B FREE ELECTRONS O |
: = |
" __ BN=4x oM o - 4 | E d
~ /{:n ' E
% 8
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'|:| 10 ?_-—/-””I:. Q ]
— O
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W= — QJ
= e "= -
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Soref et al IEEE JQE QE-23 (1), (1987).
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a Free carrier variation effect

_

—

é )
What are the possibilities to obtain a free carrier

Kc:oncentration variation in silicon-based materials ?J

B Carrier injection in pin diode under forward bias voltage

B Carrier accumulation in metal-oxide-semiconductor
(MOS) capacitors

B Carrier depletion in a pin diode under reverse bias
voltage

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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a : @ Modulator based on carrier accumulation
B B S-E AL :’_.'. A e ‘#

Oxide

L.
B e Y

/1
1x 101

Research lab now involved

n-Si

l i Silicon substrate

Phase shifter

UNIVERSITE

ik

= e
leti

_ <
LIGHTWIRE

Phase shifter

" [1] A. Liu et al, « A high-speed silicon optical modulator based on a metal-oxide-semiconductor capacitor »,
Nature, vol. 427, pp. 615-618 (2004).

m [2] L. Liao et al, « High speed silicon Mach-Zehnder modulator », Optics Express, vol. 13, pp. 3129-3135
(2005).
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a @ Modulator based on carrier injection

3

B Cornell Univ : modulator based on carrier injection in a ring resonator

Research lab now involved :

Output T
@E Cornell University
Waveguide :

3-8 UNIVERSITY OF .
4% CAMBRIDGE

Agency for
Science, Technology

and Research

<||Ii

SINGAPORE
Ring
Input T
" [1] Q. Xu et al, « Micrometer-scale silicon electro-optic modulator », Nature, vol. 435, pp-325-327 (2005).
m [2] L. Chen et al, « Integrated GHz silicon photonic interconnect with micrometer-scale modulators and

detectors », Optics Express, vol. 17, pp.15248-15256 (2009).
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3 @ Modulator based on carrier depletion

"W Intel : 15t modulator working up to 40 Gbit/s

Research lab now involved :

UNIVERSITE

S5

waveguide

UNIVERSITY OF

Southampton (intelm)

Si substrate

Agency for

Science, Technology

and Research life.augmented
SINGAPORE
I I I i I- Massachusetts Institute @j

of Technology -
leti

m [1] A. Liu et al, « High-speed optical modulation based on carrier depletion in a silicon
waveguide », Optics Express, vol. 15, pp. 660-668 (2007).
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Optical modulators

based on carrier depletlon

. @ Ndoped
O Phase shifters: || B ooped
Q Intrinsic
> PN d|0de Optical waveguide
X y z
» PIN diode - . I | -
Lateral pn junction Vertical pn junction interleaved pn junction

> PIPIN diode

AN AW

PIN diode PIPIN diode

O Interferometers

» Ring resonator

» Mach-Zehnder -

» Photonic cristals
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S Bieie Si optical modulators based on
A=
Plasma-dispersion effect

f ﬁ:[
Ii .. == | Datatransmission: >40Gbit/s .
I I Insertion loss: <6dB

0 i Extinction ratio: ~8dB

2004 2005 &IUU rAvivy rAvivie] LUUJ [AVERY) LULL 4{12 2013 2014
I I I I I I

T ey T Output
8i0.
* O 1

Europe: Univ. Paris Sud, CEA Leti, IMEC/Gent Univ., Univ. of Southampton, UPV, RWTH...

Asia: A*Star, Petra, AIST, Chinese Academy of Sciences, Samsung Electronics, Tokyo
Institute of Technology, Pekin Univ. ...

North America: Intel, IBM, Cornell, Luxtera, Ligthwire, Kotura, Oracle, MIT ...
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From the idea to the final device

VL, (V.em)

Structure design

10 parameters need for MATLAB —~
optimization l ISE DESSIS
el ' - Drift-diffusion
Structure definition g I i " SRH, Auger

C —
.g MESH '
= _
N : r )
e . . . " 5 DC, AC and Time
= Electrical simulation I
@) DESSS ' i AN = —88.10 22 AN —8,5.10 18 Ap 98

Aa =85.10 18 AN + 6,0.10 18 AP

Optical simulation { Effective index, loss
SolverFDM
T

Device model W

MATLAB A
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a Silicon modulators
FARISAALLAY aa 'g

/I\/Iain challenges: \

v" Follow the electronic
technology
v Still reduce cost!

Optical
interconnects

. /
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d P E5" 200 mm versus 300 mm

&
N

200mm wafer 300mm wafer

v High volume

v" Sub-65nm CMOS node

v 193nm immersion photolithography
» Sub-50nm resolution

v Wafer thickness uniformity

v’ < £5nm on 300-mm

v’ ~ =%=10nm on 200-mm

$i02 v Yield

AccV SpotMegn Det WD Bxp —— | 1qm

150KV 20 25000x TLINGT 0 r
' life.augmented

Fabrication — Crolles 2 (Fr)
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— p-doped
n-doped Mach-Zehnder Interferometer

Length = 950 um

Interleaved pn diode

i fle Control Setup Messure Calbrate  Utilties  Help 7N W13 1508 =]
/ \ e Mm Mumber Averanes = 3
— = ~
VL =24V.cm %= | 3| 40Gbit/s
T—T z
elin] @
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-3dB cut-off frequency > 20 GHz
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Silicon modulators

_

/I\/Iain challenges: \

v" Follow the electronic
technology
v Still reduce of cost!

Optical v" Driving voltage of
interconnects modulator
K v Power consumption/
ITRS Roadmap: Optical interconnect

=*(...) Alarge variety of CMOS compatible modulators have been proposed in the
literature (...)

=“The primary challenges for optical interconnects at the present time are producing
cost effective, low power components.”
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a @ Power consumption

_

—

Energy to charge the device
Energy/bit = 1/4 (CV,,)?

Energy dissipation of photocurrent
Energy/bit = 1/B (1,,Vpas)

B Drive the modulator in push-pull configuration
[ How do we reduce the power consumption ? ]

¥ STOW-Wave UeVviCce 101 reuduciriyg uic icriytl

v Ring Modulators

Targets : ~100 fJ/bit for longer off-chip distances, 10’ s of fJ/bit for dense off-chip
connections and a few fJ/bit for global on-chip connections.

D. A. B. Miller, Proc. IEEE 97(7), 1166—1185 (2009).
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S Bae -
a Power consumption

_
. o )
For emitters and short optical links:
~100 fJ/bit down to fJ/bit
Mach Zehnder mOdUIatorS (D.A.B. Miller, Opt Exp. , 2012)

Ring resonator modulators
~ 0.5 pJ/bit

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



Power consumption

_

Energy to charge the device
Energy/bit = 1/4 (CV,,)?

Energy dissipation of photocurrent
Energy/bit = 1/B (1,,Vpas)
B Drive the modulator in push-pull mode

B Reduction of capacitance of depletion device
v Slow-wave device for reducing the length
v Ring Modulators

B Modulation efficiency (compactness)
v Improve efficiency of Si modulator

v MZM or EAM Hybrid modulator
V' Ge EAM modulators (QCSE or FK)

Targets : ~100 fJ/bit for longer off-chip distances, 10’ s of fJ/bit for dense off-chip
connections and a few fJ/bit for global on-chip connections.

D. A. B. Miller, Proc. IEEE 97(7), 1166—1185 (2009).

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



Electro-absorption modulator

|

— Bulk
o material

QW structures

_ 2 }\J
_
CT1 _ede™ %4 s \
— .i__'um Cr
HHl — - —— )
N [ Ge/SiGe quantum well structures } ~r..—;.¥——— HH1
R P A N‘_'_'n,__ —— - LH1
Sio.15Gepss Ge well  Siy5Gegss Sig;ﬁz::“ Ge well
barrier barrier Sip.15Geo.as
barrier

O Absorption edge in QW structures is more abrupt than in bulk material
d E, depends on the quantum well thickness
» Adjustment of the wavelength is possible

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



. JEMcr )P Epitaxial growth by LEPECVD

LEPECVD
Low energy plasma enhanced chemical
vapor deposition

v" Growth of Ge/SiGe multiple quantum
wells

2.22 um SEL

Relaxed buffer

graded from Si to
Si, ,Ge, ¢ buffer layer

AccV SpotMagn Det WD b—+——— Tum
150kV 2.0 25000x TLD 6.0

Low dislocation den
- Best possible device

performance v' Temperatures down
Si(100) to 400°C
L-NESS @000

Como, Italy L' NESS

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



< laxed
— o e )
- 4 1pum x
90 pm Top / N 12% overlap factor
- contact between the optical mode
// P and MQWS 1 = MQWSs region
. S / o 2 = AL top contact
e // . 3 = SiN passivation
/ . / // Graded buffer Therestis pandn
- - Bottom g J y : doped layer
/ y
. _nJ_ay_e_r_ Ve contact // y
SiNd' 'Geqws Wi .
S|02 [ // 4
p layer v 4
2um relaxed buffer o 4
> 13 ym graded buffer v
IgNT  silicon substrate y

20 Ge/SiGe QW

P. Chaisakul et al., Optics Express (2012).
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URIVERSITE

PE Static perfor--ance: optical transmission
ey > j
1V swing 2V swing

PHoton Energy (eV)
f
3%.886 0. 0. ETS 0. BET | D.BE1 . EI.E?E-E . 0.849 IB
' E ti t ‘t
(a) 10 F * ::t::a:la e Extinction ratio -
257 - 3and 4V % 3“91”:’3:'; { >dB
I an
_ & 8l N a
oo kMRE 5| (o 4% 7
5 | /-.9.. i ——r : . 0.855 _ 0.849
a 15 F ov B B8+ L e s -
= om
E I g 2 inction ratio |
< 10} 2V-E al ZE__ : ) o 4 | een 5V and OV _
~3x104V/ % > PR,
5 H 3 R 1 .
2@ 5 i o - . 1
ﬂ L - _.:
1400 14 &4 5 ; -------------- 1-
© I + Measured :
oL E-Sr . Fit N\ '
Z 4l 1460 .
i 1 10 23GHznAOv

Frequency (GH.Z.),,_U - 1440 1450 1460

Wavelength (nm)
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Rs=Rn*R,
o
o#
| nlayer n
3| Sip,1Ge.9 Spacer
o] .
n| GelSip15Gepgs —— C
MQWs dev

Sig 1Geg g Spacer j

Sip 1Geg g relaxed buffer
graded buffer from Si to Sip 1Gegg

Silicon substrate

Energy to charge the device
Energy/bit = 1/4 (CV,,)? _
C ~ 62 fF mmp Energy/bit= 70 fJ/bit

Energy dissipation of photocurrent (for a Vol(t)a5ge 3\\’/\’ Ing Otf 1V, 20 Gbps,
Energy/bit = 1/B (I,,Vyas) .5 MW input power)

http://silicon-photonics.ief.u-psud.fr/
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OF S5 @ Integrated circuits based on

Sl 1Geg g 2 um Siy ,Ge, o relaxed buffer

Sip1Geg g

doped-P Si, ,Geyq 13 pm thick gradual buffer

2 um Si, ,Ge, o relaxed buffer from Sito Sig;Geg g

13 um thick gradual buffer
from Si to Siy ;Geg g

Schematic description The real scale

Challenge: coupling the light from silicon to Ge/SiGe QW

http://silicon-photonics.ief.u-psud.fr/ 63 Laurent Vivien



@ Waveguide integration on bulk Si

1st Option: Wavequide based on the graded buffer
(The light is guided in the relaxed buffer layer).

4 N

Challenge: Use the relaxed Si, ,Ge, buffer layer as a

low loss waveguide

If y is too high => high propagation loss

K- If y is too low => strong strains occur => dislocations /

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



é i @ Waveguide integration on bulk S

= 1350 nm <« 1390 nm 1

B

. . m
Siy16G€0 g4 Wavequide losses Z 10} . 1360 nmM » 1400 nm -
2 | + 1370 nm + 1420 nm
2 pm b——- §-20+ « 1380 nm « 1440 nm-
© = * . s s |
Slo 16680 84 %'30 B — 1 ——-ﬁ-—__h_:h‘___:- B

(@] 4 A

Graded Buffer B 40| N |
- £ .50} ] ]

o

S

'_

o))
=)

00 1000 1500 2000 2500 3000
Waveguide length (pm)

100 u T u T L T e T ' T

@ ©
o o©
T T

1

Propogation loss
! of 1-3 dB/cm ]
., atA>1410 nm -

@ =
S o
T
1

Propagation loss (dB/cm)
- N W A~ O
o O O O O
T T T T T

’

*

| Acch SpotMagn  Det WD b—————— 500 gm | 0r * * 1
1 | s 1 L 1 1 L I

O EY e 1340 1360 1380 1400 1420 1440 1460
Wavelength (nm)
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a @ Waveguide integration on bulk Si

—

Optical link on bulk Si, based on Ge/SiGe QW active devices
and SiGe wavequide on graded buffer

Metal Detector

B N-dope Sig;Gego &4/“ m
Ge/Sij, 16Gepss MQWs 100 um
[ | P-dope Si;]_]GCﬂ_q
Sip,Geg s> waveguide
8 um graded buffer

M Silicon substrate e |nsertionloss: <5 dB
Modulator

iii) Monolithic Ge quantum well e  Modulator bandwidth : 6 GHz

Photonic interconnect on bulk silicon

(c) » photodetector bandwidth : 4 GHz

P. Chaisakul et al,
Nature Photonics 8, 482-488 (2014)

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



o s -
d = Integration on SOl

2nd option: decrease the thickness of the buffer layer
Challenge: keeping homogeneous and high quality layers

Fabrication is on-going

Modulator

QW's Stacks

15.0kv 30 25000x TLES

Ge/SiGe modulator integrated with
SOl : estimated performance :
Extinction ratio = 7.7 dB, loss = 4 dB

M-S. Rouifed et al, IEEE JSTQE (2014)

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



a @ Evolution of Si-based modulators
— Carrier depletion modulator MZi
Energy/bit ~ 5 pJ/bit

Ring resonator modulator
Energy/bit ~ 0.7 pJ/bit

EA Ge/SiGe modulator
energy/bit ~ 0.07 pJ/bit

..........

Strained modulator Ultra low power
Si0-Cladding consumption modulator
_fs"""s"a'"l'La"eL energy/bit ~ few fJ/bit

buried oxide (SiO,)

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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A=
Fanis

[]
\/
\/
>
>
>
\ Light detection
» Ge photodiode
» Avalanche PD
\/
[]
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Specifications:

|

v High bandwidth (> 10GHz)

v' High responsivity
v' Compact
v' Low power consumption

v' Compatible with Si technology

Integrated photodetector on Si platform

http://silicon-photonics.ief.u-psud.fr/

Laurent Vivien



Integrated p

i

hotodetector on Si platform

Specifications:

v High bandwidth (> 10GHz)
v' High responsivity

v' Compact

v Low power consumption

v' Compatible with Si technology

http://silicon-photonics.ief.u-psud.fr/

Laurent Vivien
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The sensitivity is defined as the minimal optical power which
could be recorded for a given BER

11+r
P Sy 0@
[ Responsivity[A/W] ] [Noise current [A] ]

r:. Extinction ratio (depend on the modulation format)
Q: Q-factor is given by the BER ( For a BER of 1.1012, Q = 7)

Objective: Reduce at the maximum PPy,
- Reduction of the noise current
- Increase the responsivity

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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a £s Responsivity and Noise

{ RESPONSIVITY ] [ NOISE ]
- Absorption A Thermal noise

e Absorption coefficient

e Layer quality (i)Yo = 4kpTAf

* Diode geometry Req

* Integration
(U 4
4 Carrier collection Shot noise

o Electric field

* Recombination (isnz)l/z - \lzq(Iphoto + IobS)Af

| 4

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



a @ Material Choice

- Energy (eV)

| 0.9 0.8 0.7
IH]GR ; 1 | ] |
1107 —; Ing 7Gag 3AS, 4P 36
1x106 3 I11/V (InGaAs) Ge on Si
a(m) . on Si
11073 Absorption at
: telecom A at 1.55pm at 1.55pm
Ix]ﬂ"_: (1.3 —1.6um)
] Carrier mobility High High
1o 0.2 I U.l-l- D d
. epend on
Layer quality Very good B —
Integration on Si Hetex(')(;espiltaxy

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



S PARIS |
a Ge Photodetectors

18.8kV X7.80K 4.29rm

Europe: Univ. Paris Sud, CEA-Léti, Stuttgart Univ., Roma Univ. ...
Asia: Tokyo Univ., A*Star, Petra, AIST, Chinese Academy of Sciences, ...

North America: Intel, MIT, IBM, Cornell, Luxtera, Ligthwire, Kortura,
Oracle ...

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



Butt coupling

SOl waveguide 17 pm

LA TLLTTEALTTERTITIR Ge
e

7 um

= Short absorption length => Low capacitance
@ Light absorption is independent of Ge film thickness

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



MSM PiN

e Strong field dependence e Uniform electric field
 High noise e Internal electric field
e Non uniform electric field (under 0V)

\_ /

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



Disposition
des contacts

(a)

Latérale

contacts

Wi

Verticale

Planar contacts

W, define during

Avantages the epitaxy
(in-situ doping)
W, define par ion | Ge etching
drawbacks implantation

Bottom contact

http://silicon-photonics.ief.u-psud.fr/
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PPd?IS

A =

Ge « Seed » layer
400°C, 60s

15 pm 15 um

B Overgrowth of Ge

» To avoid faceting inside the
cavity

» To reduce Threading
Dislocation Density (TDD)

Device Fabri_cation: Ge Growth

B Two RPCVD steps to overcome lattice mismatch issue

400°C, 60s +750°C, 180s 400°C, 60s +750°C, 360s

Si recess

s
¥ 5.000 upm.
Z  a00.000 1E 1o

—&— 400" Cig50"C
(e 400 C/BS0"C-SILT

> - ] H
400°C/850°C ‘5'1.].': ¥

= 400 CIE50" C-P=100T
¥ ADDTCiE0D"C

—C— 400 CHE0D C-TC
¥ ADDTCITSDC
o A00*CITE0"C-TC

—
=]
[5]

W

-
=}
-

Threading dislocations density (cm™)

o ]
1000 1500 2000 2500
Ge thickness (nm)

J.M. Hartmann et al., J. Crystal Growth, 274, 90-99 (2005)

http://silicon-photonics.ief.u-psud.fr/
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a @ Device Fabrication: Ge Growth

B Post epitaxial thermal cycling to further

reduce TDD in the Ge layer
B CMP step to remove protruded Ge

B Si0, encapsulation

B Jon implantation of Ge
\ N-type : Phosphorus
v P-type : Boron

B Rapid Thermal Anneal

TDD (ecm?)
s 3 B3

—
=
BT
T

10°

F-.elTh h:km;:ss: mulnm

300°C

- O

= O
Growth condtion
300+550°C

- @< Growth condtion -

O

depo.

As 700 750 800

Postannealing Temp (°C)

Y. Yamamoto et al., Solid-State Electronics, 60-1, 2—6, (2011).

http://silicon-photonics.ief.u-psud.fr/
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B Oxide encapsulation Lateral
B Planarization

B Contact definition
»0.4x0.4pm vias for metal filling (TIN/W) &
» Ti/TiN/AlCu pad defined by etching «©

Ti/TiN,/AlCu

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



unversité

III-V on Si PN, PIN in Si PIN Ge on Si
Hybrid laser

o) Circuit level integration

P

Ion implantation in Ion implantation in

Si Ge
Dopant activation Dopant activation
for Si for Ge
Contacts on Si Contacts on Ge

(silicide)

The full integration increases the fabrication
complexity and the overall cost.

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



a @ New Geometry

y

—

Double Si/Ge/Si heterojunction

Aim: Use the same technological steps for modulators
and detectors including doping, thermal annealing and
contacts

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



p-i-n Si/Ge/Si Photodetector

<

(urf) X
SPeT Lo kTErs

sUNNE HAREE

(R~1.1 A/IW @ 1550nm )
Dark current <nA @ -1V
Bandwidth 18GHz @ -1V

\ 30GHz @ -2V y

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



a , @ Outline

How to improve the sensitivity of the receivers?

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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-10

-15 L

Sensitivity (dBm)

-35 L

-40

-20-

-25 L

-30-

— R = 1.25A/W and TIA noise 15 pA/Hz?
BER 1.10-12

——

h . ......10

Data transmission (Gbit/s)

100

How to increase the
sensitivity?

* A Multiplexing
e 40Gbits/s =
4*10Gbats/s
 Reduction of the TIA
noise
* Increase the
responsivity

Avalanche PD

http://silicon-photonics.ief.u-psud.fr/
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P 5"

G @ Avalanche behaviour

- — Alpha Si
57| —DBeta 51
10k — Alpha Ge
i Beta Ge

a: lonization coefficient of electrons
B : lonization coefficient of holes

> k = B or k =

¢
a B

lonization coefficient (cm-1)

100 150 200 250 300 350 400

“Electric field (kV/cm)

fAt given multiplication region width:\
» * MGe >NISi

’ ViGe < Vpasi

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



<
A=

[ Shot noise J

(isn2>1/2 = JZQ[(Iphoto + Iobs,m)MzF + Iobs,nm]Af

Excess noise factor F is defined as the ratio of the Gain
variance on the mean square gain value

(M?)

i kM 21 /M ) (=)

F(M) =

[

-
(=]

—Si
—Ge

Ge in avalanche mode:
« High Gain

« Low voltage

BUT

T \0 High multiplication noise Y,

[ay
T

Excess noise factor F
()

10 X
10 10 10
Gain <M>
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@ APDs receivers.

8f -
]
univarsite
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—

First Approach:
B Separate Absorption, Charge and Multiplication(SACM) APD

\ Ge for ab space charge
. 350 ' ' ' ' — [ 11 l Electric
\' Si for mul 43111 Field

\[44]|]
° 5] |
- [46]|] )
- [4h]| H
o [48]]]
SACM| . 51|
| = [51]]]

'[5]: —

Low multipl

High Gain-E

200¢

Produit gain - bande passante (GHz)

B Critical par
\ The char ™ o0 200 300—400 500 600
_ Largeur de la zone de multiplication (nm)
» Thickness

» Doping

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



a @ APDs receivers.

—

In-situ epitaxy and doping
- Uniform doping in the charge layer
- Good doping level and thickness controls

High preformances

e Very high Gain - Bandewidth product

 Low multiplication noise
115-04 BUT

1E-05

1E-02

1E-03

< « Complexe integration
% s | « High reverse bias voltage
(.t:) 1E-08 \
1;:10 \ "+ Gain- Bandewidth product:
1E-11 L T10 ~ 560G’HZ
N I R « Avalanche voltage:
“Td2 a1 10 9 8 7 6 5 4 3 2 1 0 ~ 11V

Reverse bias (V)

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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D = E,/qE 4=t

-

Reduction of Wi

« Dead space is not neglecgible
d/Wi ~ 0.1

* Reduction of the Excess Noise

(M?)
\

factor F(M) = W

J

pdf(M)

p-i-n avalanche photodiode: moderated gain and noise
using « dead space » effect in Ge

In Germanium: d ~ 28 — 42nm for E ~300 — 200 kV/ecm
d/Wi~0.12>Wi<500nm

http://silicon-photonics.ief.u-psud.fr/
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Sensitivity of p-i-n APD

Sensitivity at 10Gbits/s for a BER=1.1012 and

a TIA noise of 15pA/Hz?2

1
18

0.9
20

0.8
1 Ge P22

0.7
-24

0.6
-26
0.5 |08

0.4

0.3

0.2

0.1

0»[ 40 60 80 100
Gain
P-i-n Photodiode w/o gain (M=1)

(wgp) AuAISUSS

Even for k=1 (the noisiest )
case) the sensitivity is
improved

The higher k factor, the
lower optimal gain )

http://silicon-photonics.ief.u-psud.fr/
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P-1-n APD rfec_;eivers

-

e (Classical p-i-n photodiode
* Robust and reliable design
e « Simple » Fabrication

e Low dark current

J

http://silicon-photonics.ief.u-psud.fr/

Laurent viven



a DC characteristics
FARIS-S ALLAY $

Wavelength: 1.55um

100}

Current (A)

—-37.51 dBm
—-36.43 dBm
—-32.64 dBm
10° —Dark current ] -26.11 dBm
— P’hotocurrent (@1550nm) -23.01 dBm

-20 dBm

-17.39 dBm
' —-14.73 dBm
—-10.84 dBm

0 | 2 3 1 5 6 7
Reverse Bias (V) 10

Gain

0 1 2 3 4 159 6 7
Reverse Bias (V)

Gain

10} : High gain achieved
e over 140 for -37.5dBm optical power
coupled to the photodiode

L. Virot et al., Nature Communications (2014)

10° - - - : -
-40 -35 -30 -25 -20 -15 -10 .
Optical power coupled to the photodiode (dBm) Laurent Vivien




S PARIS sricti
a @ RF characteristics

i
40— — T

R # -19.38dBm

TR x -22.22dBm
- Y + -25.23dBm
™~ [ x""’g %  =--- BW.Gain product = 130GHz
L 30F 4% .
(D | 1 [
: Xt

[ N
8 25: #* *-.H\‘ .
(D) i "t_H“
-] -I-\"-..\\
g 20 x N ;
o [ * % L‘H‘::\‘ ]
= 15' -- q""-u.:*\‘ 7
c * T -
5 * x ?|_ :.":-._‘ ]
5’ 1[]' x *.i:h::-%?t#-__ ':
S R
™ br s +|

0‘ 1 1 ] L 1 1 1 1 ]
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Eye diagramv._without BRVAN

_ 10GBit/s @ 0V (M=1)

Zpe Gl Sehp Measre Cabrale Uiles b ooemnous) |
/ 10GBit/s @ -2V (M=1)

Oope (owol Sy Meare Colbow (S fpp  mbemo ue) |
vl b ]

10GBit/s @ -2V (M=1)

O pe (owd feip beme Cabee U op memn mss |

8.12

2.42e-16

2.21e-16

4.2

1.31e-5

8.11e-13

I
i

§ BE Ll :QEE--E;‘E'-

Pin =-11.25dBm

=
1

\ t:l%'lﬂ- Iillrﬂ'\l HWDMI =IH'1“ I P-Hﬂnw.l'l:':v—' I% \W Iin‘rﬂl HHDMI =Il.l=l\“:l- I P-.iﬂﬂln'lrl'-I'I:'-Iv—' I@
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P-I-n APD receivers

10Gbit/s eve diagram without TIA

Coupled optical power into Ge diode: -11.25dBm

Q=42 — Q=813

M=10
10°
It —Ge
F 11 2508m = 0(M=10) / o(M=1) = 5.24 48
S
)
Qg
o L0}
c
Reduction of the noise § + —
using « dead space » effect u% This work
10"< B ,
10 10 10

http://silicon-photonics.ief.u-psud.fr/
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Light emission
» The approaches to emit light on silicon

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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a @ Laser on silicon

Off-chip laser

Fiber a nt & alignment
High coupling losses
ery expensive

Non-integrated

Of rhi[b
L gap

courtesy: Blas Garrido

http://silicon-photonics.ief.u-psud.fr/

Laurent Vivien



d = aser on silicon
Attached laser

_ “ Tight alignment tolerances
Attached Gold metal bnnding

Expensive Off-chip laser
Fiber attachement & alignment
High coupling losses
Very expensive
Non-integrated

Of rhip
L gap

courtesy: Blas Garrido

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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Laser on silicon

Attached laser
Tight alignment tolerances
Gold metal bonding

Expensive Off-chip laser
Fiber attachement & alignment
High coupling losses
Very expensive
Non-integrated

cuy = . . Offchip
Monolithic laser Si compatible s esr

Not any alignments

Highly integrable

Low cost

Electronic-photonic integration

o5

courtesy: Blas Garrido

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien



Qo TS
a e @ Germanium laser

>—> To indirect to “direct” bandgap SC

bulk Ge

“The first Ge laser”; J. Liu, X. Sun, L.C. Kimerling, J. Michel : Presentation at Group IV photonics — San Francisco (September 2009).

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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— Electrically pumped Gemanium

An electrically pumped germanium laser

Rodolfo E. Camacho-Aguilera,' Yan Cai,' Neil Patel,' Jonathan T. Bessette,'
- - M - - L
Marco Romagnoli,'? Lionel C. Kimerling,' and Jurgen Michel"
'"Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, MA 02139, USA

*PhotonlC Corporation, 5800 Uplander Way, Los Angeles, CA 90230, USA
*imichel @ mit.edu

Abstract: Electrically pumped lasing from Germanium-on-Silicon pnn
heterojunction diode structures is demonstrated. Room temperature
multimode laser with ImW output power is measured. Phosphorous doping
in Germanium at a concentration over 4x10“cm™
Germanium gain spectrum of nearly 200nm is observed.

is achieved. A

http://silicon-photonics.ief.u-psud.fr/

(a) (b) ] ©
1.0+ 1.0+ ,I 1.04
0.8- 0.8- _ 0.8+
3 5 3 '
5 0.6 81 0.6- L 06
2 04 2 04- S 0.4-
2 ] 2
= £ =
0.24 V) 0.2 0.2 y}
) N e
00— - P u.oﬂm 0.0 : .
1560 1600 1640 1620 1640 1660 1660 1680
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Rodolfo E. Camacho-Aguilera, et al. Opt. Express 20, 11316-11320 (2012) 1576nm 1622nm 1656 nm
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=5 Laser on silicon

i

Attached laser
Tight alignment tolerances
Gold metal bonding

Expensive Off-chip laser
Fiber attachement & alignment
High coupling losses
Very expensive
Non-integrated

Monolithic laser Si compatible Hybrid integrated laser st
Not any alignments InP bonded laser to SOl CMOS

Highly integrable No alignment

Low cost Possibly to integrate

Electronic-photonic integration Moderate cost

Lateral
5\5\‘\’ contact

courtesy: Blas Garrido
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[11-V Integration on silicon

- & There are several was to integrate IlI-V on SOI

¢ Flip-chip integration of opto-electronic components
© most rugged technology

© testing of opto-electronic components in advance
@ slow sequential process (alignment accuracy)

® low density of integration

¢ Hetero-epitaxial growth of IllI-V on silicon

‘ © collective process, high density of integration

@ mismatch in lattice constant, CTE, polar/non-polar
@ contamination and temperature budget

© sequential but fast integration process

InPAnGaAsP

U © high density of integration, collective processing

si © hlgh quallty epitaxial -V IayerS courtesy:GuntherRoelkens I




InP wafer dicing

@ Removal of substrate

Direct bonding at 300°C

IR image after bonding

R&D use Industrial process

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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InP dies bonded on an EIC wafer

3

& 'f"l>-| 1
- [ Remrae. L e .1;]-‘- AL, i = =
= 11 _::.:.-_-‘-‘.t}._r.:_f'-i'_!,.-.--i"";-'_'-.'; AP o MT
i -'Pi":.'.: gl %‘E"‘he-—'-:"!'] H“‘: oo {‘:' B 1.._ el

i FICRD B U BTN R R :
L B ot __,-"‘:'.-.;_,_'-""a:-,_ B e

Bonding interface
courtesy: J-M Fédéli and L. Fulbert
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Tunable lasers

o

i
o

o
S

Ring
resonator R2

Heater

w
o

InP gain
section

Power (dBm)
\ N ,
o

w
o

= Ring
resonator R1 .60 -

Bragg grating
For vertical —> -80 ' ' ' ! ' '
light output 1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)
o
20 mA threshold at room temperature Hi-v lab

ﬁ\

B >45dB SMSR, tuning range 45nm
courtesy: G.H. Duan
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d i Silicon photonlc building blocks

Off-chip IlI-V laser On-chip [lI-V laser on S|

photodetector

wwn /
|||-y_|ab

Optical coupler
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mConclusion
\ Electronic-Photonic convergence
\ Silicon photonics: Ecosystem
\ Business
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2 JEHCr )P 100GHE (4x25G) WDM in QSFP

Power Monitors Ge PD
[ 1]
[ ]
I:I
Modulators
Lasers

UQ 4

; : © Q

25G received eye over 2Km of fiber S a)

S o

2 v

| - ©
1 I —
10 |‘ fi '|

Quad SmaII Form-factor Pluggable

Power (dB)
Sood
(=]

. | — | .

\ \ H 25G Transmit eye with low
| | 4 .

> v L e e power drivers from Oracle

s Laser spectrum (<70mW/ch)

1544 1546 1548 1550 1552 1554 1556 1558 1560 1562
Wavelength (nm)

2

KOTURA.
http://silicon-photonics.ief.u-psud.fr/ N




utlons for All Reaches
—

1310nm Parallel Solution
* 1 Laser

* 1 Chip

* Lowest cost at short reach
* Lowest power

« |deal for short reach

1310 nm WDM Solution
* 4 Lasers

1 Chip

* Lowest cost at long reach

* Reuse fiber plant

* [deal for long reach

0 to 30m: Active Optlcal Cable — Wavelength Agnostic

4x25G QSFP

Reach limited by deployment
practicality of AOC, not by the
optical transceiver

0 to 70m: Parallel Multi-Mode Fiber — 850nm to 1060nm
4x25G QSFP with MPO

0 to 1000m: Parallel Single Mode Fiber — 1310nm
4x25G QSFP with MPO Embedded Optics with MPO

Longer Reach Possible /_ | e

0 to 2000m: WDM Single Mode Fiber — 1310nm
4x25G QSFP with LC Embedded Optics with LC
B, ""-' .

Longer Reach Possible

==t
u

0 to 10,000m: WDM Single Mode Fiber — 1310nm
4x25G QSFP with LC Embedded Optics with LC

-
% -

h J
11/8/2011

Page 10
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Top view of a flip-chupped laser on top of a
CMOS die. The laser die 1s outlined by the
dashed white lines.

Eh agayRiayE

E-E F] |"Ta. |-_| o |.";._| -i-
| Bl ieontact pad S5

afniolio oioie

i Sl waveguide

A Huang et al., 2006 ISSCC

Germanium photodetector integrated into
CMOS, shown with 10-Gbps eye

Tight Ut {more 1aps 1o the righl Sasan Fathpour, CREOL
11T aulerl




MEMS Laser

Silicon Photonic
Source

die

S SYSTEMPlus
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= INYERS F

U5 Fiber coupling
P _ 5

Optical fiber
cable (8 fibers)

Silicon photonic die

i Optical fiber couplage - tilted view
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8  Tniel's 4 x 12 5 &b/ Silicon Photonics Link

— Integrated Transmitter Die Integrated Receiver Die
4 x 125 Ghps = 50 Gbps 4 x 125 Ghps = 50 Ghps

110100711001 |

IayIaEnUe’)
fledm = T g

Fit"-;f'- Reproduced
Optic electrical
Cable data stream
T i T » InP laser evanescently
: communication : :
Incoming it betp-:m two chips C-'DUPIEd mto a S1 WG

electrical
data stream

p contact . p-InGaAs

-‘:hf‘ﬁh L - i'ﬂ - ’J’ p.‘ Inp (Iadding
il He | He | . p-AlGalnAssch [ IV Mesa
Region| ncontact === -” AlGalnAs MQWs

- - .n-InP
*~ n- InP/InGaAsP 5L

soi | [BuriedOxide el
g Si Substrate

- - pptical mode

not to scale

White Paper, Intel Labs, July 2010
W. Fang et al_, Opt. Express 14, 9203-9210 (2006)

B]AffirtﬂtES Day Short Course
U [J ULJU - U J U



O i Evolution of optical interconnect

Evolution of Optical interconnects

Time of Commercial Deployment (Copper Displacement):
1980’ s 1990’ s POl > 2012 *
 WAN, MAN

LAN

campus, enterprise

System )

intrafinter-rack
Board
module-module

metro, long-haul

Module

i i
C |pc |p _‘ Te
on-chip
= BW*distance advantage of l m

optics compared to copper
leading to widespread

deployment at ever-shorter Com pute rcom
distances S
= As distances go down the
number of links goes up Increasing integration of Optics with
putting pressure on power decreasing cost, decreasing power, increasing density
efficiency, density and cost
& 2011 IBEM
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G _E-MJ‘!!‘_
2020 TmW/Gb/s | $0.025/Gb/s —eie

Vision for 2020 — Optically connected 3-D Supercomputer Chip

© 4

e e simmen el -+ 36 “Cell” 3-D chip

= Silicon photonics layer
integrated with high
performance logic and
memory layers

- = Layers separately optimized
2 fem % o e S S e T LEEN for performance and yield
P otonic Prane — — ey

Memory Plane
Logic Plane

Photonic layer not only
connects the multiple cores,
but also routes the traffic

Logic plane ~300 cores, ~5TF
(36 “supercores”)
Memory plane  ~30GB eDRAM
Photonic plane  On-Chip Optical Network o
>20 Thps (bidirectional) optical on-chip
(between supercores)
>20 Thps optical off-chip

10 Optical Communications in Exascale Systems Courtesy of Jeff Kash
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Business model

éi Photonics
Activity (2014)

N\YOLE
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The Si Photonic supply chain
i

Optical
— - ~ ) interconnects
Suppliers Chlp firms firms Servers End-users
Wafers
- Al B® Microsoft
( Soitec
sz I £ CIsCO.
S - = ; 5. amazon
ShinZtsu =y - 58 Y Lz
=3 T : N
o3 S =& Finisar gug===="= fakebook.
@ Amcra - S = 2 3 =
a0 T 0 3 _
Manufacturing % % o @ E c 8 M @ GOUg[e
equipment 2 < 3 = 25 Mellanox
O 0 = O = = T
O o @) YaHoO!
g 50 25 o | 3
EVG o QD S o molex _
_ 2 < S 8 g You L
ficontec setd © < » 3 Q
cadence ; gf) @ Eyratex FU]]TSU
etc ... KYI ,,e;;::,e etc ... synos etc ... AIFOTEC~  eicC ...
“» SUMITOMO BAKELITE
Materials & etc ... etc ... etc ...
supplies Today, end-users are driving the R&D for
vario-opfics ag T optical data centers.

N\YOLE

‘ Développement
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More than $1B invested worIdW|de by
public fundlnggI = ‘

~Strong investment from the European Commission

v In the perlod 2002-2006, around 50 photonlcs research projects were funded under the
EU's 6th research framework program -(FP6) for approximately €130 ‘million.

v Since the beginning of FP7, 65 R&D photonic projects, including organic photonics, have

| +been selected so far with more than' €300 million of EU funding. e,
> "‘;_A total of €430 million invested g;'./'-’the European Commission e.g. US‘;‘S8OM
il - | -
-*.Japan : JISSO program
-~ ¥ $300M invested in 10 years - e

« US: mainly DARPA programs
v A $44M DARPA program involving Kotura, Oracle, Luxtera, various Universities (Stanford
San Diego)
v Orion also hag-?blg program -

— :
5&-'-"! ' - 1
(a B =T 1o




Transaction

Almost $1B transactions for photonics in
datacenter!

Company Date Product value Acquirer Rationale for transaction
Silicon CMOS
: : optoelectronics : To face with increasing traffic in
Lightwire (US) February 2010 interconnects / optical Cisco (US) data centers / service providers
transceivers.
Luxtera may be changing
strategy to become an IP
: licensing company. Molex had
Lljjg(tera ACCINE January 2011 AOC line Molex (US) AOC product line for 12-channel
(US) AOCs with a product from
Furukawa/Fitel based on a
1060nm InGaAs VCSEL.
COGO Optronics : To access 100Gb InP modulator
(CAN) March 2013 InP modulators & lasers. TeraXion (CAN) technology.
. : To strengthen products portfolio
Cyoptics (US) April 2013 InP-based photonic Avago (US) for 40Gb & 100Gb data centers
components. D
applications.
Si photonics & VOAs for To access 100Gb optical engine
Kotura (US) May 2013 data center. Mellanox (US) for data centers.
IC for parallel optical O IS [IERIEES
IPTronics (US) June 2013 interconnects (drivers). W EUE O E(ES)) technologies for 100Gb optical
engine.
: Si-based optical : To develop European-based
Caliopa (BE) September 2013 transceivers for datacoms. Huawei (CHINA) R&D in Si photonics.
A $900 0
= A 1' . Développe
http://silicon-photonics.ief.u-psud.fr/ 122 Laurent Vivien
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a S B Silicon photonics 2013-2014 market
s | forecast in US$M

SiPh Total Market (USSM)

$800

$700

$600

$500

$400

$300

$200

$100 I
o mwu mm [N H BN III

2013 2014 2015 2016 = 2017 2018 @ 2019 = 2020 2021 = 2022 @ 2023 2024 CAGR
B SiPh Total Market (USSM) | $23 $29 $39 S46 $52 $122  $188  $330 | $444 | $535  S$612  $720 38%

USSM

B Silicon photonics devices market will grow from less than US$25M in 2013 to
more than US$700M in 2024 with a 38% CAGR.

' Emerging optical data centers from big Internet companies (Google, Facebook ...) will
be triggering the market growth in 2018 (see following slides).

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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Home > Low Power-High Performance > Photonics Moves Closer To Chip %
LOW POWER-HIGH PERFORMANCE

Photonics Moves Closer To Chip
» M@ » BEE =

Bio/l Government, private funding ramps up as semiconductor industry
cie /00Ks for faster low-power solutions. ect

JUNE 20TH, 2016 - BY: ED SPERLING

ome wiring and
consumer

Applications

In-cabinet
communication

Sensor applications
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