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1. Silicon photonics: motivation

2. Optoelectronic devices

 Photodetection
e Optical modulation
e Optical laser source

3. Electronic-photonic convergence

4. Conclusion

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



S AT

Optical
telecommunicafions

communications Military

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



UNIVERSITE

PARIS

'ROBOT

ROBOT

GO ogle VIDEO! i

Data centre web services
~~~~~ On-line games, File sharing
TV/audio juke box ... more to come !!

1: E. Desurvire, J.Lightwave Technol., vol. 24, no. 12, (2006), “Capacity Demand...Next...Decades”
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Q/ Integrated circuits “ 1§ S Axis

SUD

B Increase of integrated circuit complexity
v Number of transistors
v Frequency operation
\ Length and density of metallic interconnects
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Metallic interconnect limitations
» RC delay

» Signal distortion
» Power consumption
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&/ To improve performances

ki

Performance = Parallelism x Freguency

- !

Use photonics at the chip scale to:
B Ne o onnect
m » Increase the data transmission |
M » Reduce the power consumption
N
Example:

d’:v“"‘l SR A
S N
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ﬂ Optics vs Copper
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Internet, Wide Local Area Network
Area Network

Rack-to-

Rack

Card-to-Card

On-Card

On- MCM

On-Chip

~10'000

~100'000

Source: IBM
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‘(/ Towards at the end...

Photonics . CMOS Analoa
: Laser : \-/

Optical
modulator
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<> I
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‘f/ Silicon for optics: Pro’s and Cons S PARIS

©

B Transparentin 1.3-1.6 um region

V' Low loss waveguides
B Take advantage of CMOS platform
V' Mature technology
' High production volume
Low cost

Silicon On Insulator (SOI) wafer

v Natural optical waveguide sio,
B High-index contrast (ng=3.5 — ng;5,=1.5) > . I>
v Strong light confinement
Si

» Small footprint (450nm x 220nm)

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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Higher refractive index contrast,

smaller cores, tighter hends

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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Laurent Vivien



” Passive photonic devices | ? SEGS*'S

Canal1

Canal 2

Canal 3

Canal 4

WDM

AccV SpotMagn Det WD F——— 20um
150kV 20 974x TLD 5.1

AccV Spot Magn_o61 WD
150kv30 75008 SE 60

AccV SpotMagn Det WD Exp F————— 500nm
160KV 30 60000x TLD 60 0
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&/ Silicon for optics: Pro’s and Cons S PARIS

© ®

B Transparentin 1.3-1.6 ym region ® Indirect bandgap material

V' Low loss waveguides

V' No or weak electro-optic effect

B Take advantage of CMOS platform \ “Lacks” efficient light emission

V' Mature technology > No Si laser
i

' High production volume

B No detection in 1.3-1.6 um region
Low cost

Silicon On Insulator (SOI) wafer

' Natural optical waveguide sio,
. . Si
B High-index contrast (ng=3.5 — Ngjp,=1.5) | . >

v Strong light confinement

> Small footprint (450nm x 220nm) Si

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

 Photodetection
e Optical modulation
e Optical laser source

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



Germanium on silicon:
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Pros and Cons SW

© ®

1 Absorption coefficient of pure Ge
» 0a~9000 cm at A=1.3um

— Lags®% ~ 3.3um (1)

O Lattice misfit with Si of about 4.2%
= specific growth strategies

required (wafer-scale and localized)
— Low capacitance devices

= High frequency operation 4|\ indirect bandgap: E;=0.66eV

. . - = high dark current for MSM devices
 High carrier mobility

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



Ge Photodetectors 1 S Biis

18.8kV X7.006K 4.28#»m

Europe: PSUD-IEF, 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 ...
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%/ Ge photodetector: optical coupling | (CrRJE
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Ge
= Vertical coupling
Si
SiO2
Si
( Butt coupling

SOl waveguide 17 pm

U e ]
e

7 pm

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

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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B Optical absorption
\' Close to bulk values
\ Bandgap shrinkage (50 nm)
» Tensile strain

— Absorption up to 1.6 pm

IS [m 15 um

B Overgrowth of Ge

» To avoid faceting inside the
cavity

» To reduce Threading
Dislocation Density (TDD)

http://silicon-photonics.ief.u-pgsud.fr/
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&/ Device Fabrication: Ge

B Post epitaxial thermal cycling to further
reduce TDD in the Ge layer

B CMP step to remove protruded Ge

B S10, encapsulation

B Jon implantation of Ge 10" (Ge Thickness: 200mm
V' N-type : Phosphorus y _
10 F ®——__ Growth condtion ;
\ P-type : Boron E 300°C
B Rapid Thermal Anneal S "l o
(]
: 10°} =
Growth condtion
1o 300+550°C

- . .
gl 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/ Laurent Vivier



&/ Device Fabrication: Contact and Metal 19 S PARS

B Oxide encapsulation Lateral
B Planarization

B Contact definition

» 0.4x0.4pm vias for metal filling (TiN/W)
» T1/TiN/AlCu pad defined by etching

Ti/TiN,/Al Cu

http://silicon-photonics.ief.u-psud.fr/
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Ge waveguide photodetector f S PARIS
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&/ Optical modulation in silicon P EEs

Electrical [ —
driver Modulated optical

»

thical intensity t' intensity

l Imax
‘ ‘ Optical ‘ '_‘ |_
e modulator lnin |

t

4 N N

lo

»

Electro-absorption Electro-refraction
Absorption coefficient variation Refractive index variation with
with electric field electric field

Intensity modulation Phase modulation
N o\ _/

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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&/ Electro-optic effect 9 S PARIS

SUD

Nonlinear Polarization:

B) = xVE() @
<>

V' Pockels effect: \e@\ \ Kerr effect:

> Linear electro- (oﬁ\oeffect » Nonlinear elec! \)\,5\\0040 effect

cﬁd\e\ 6\06

\ Wavelpf o\‘?onversion \ Waveler- oge%nversmn

> \erﬁmd Harmonic Generation (SHG) > o vave mixing (FWM)

o N
= o
<0° n=ny+I*n,
nf ~10"em* /W >> ,fm“' 10"°cm” / W
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&/ Nonlinear optics in silicon 1o RYEE

Nonlinear Polarization:

Pty = x"E(@) % xPE @) +---

ut strainjng WIN straining
v POtk ?,ayif £ 0@\{ layer Break the symmetry
> Linear electro-_ . < effect of silicon crystal

Strained silicon
— photonics

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



AI"IEﬂ

B Pockel’s effect:

Mach-Zehnder modulator based on

Pockels effect

[neff(?)o V)= (1.94+4) x 1075 ]

NI

30 pm
dding
(8i0;)
~—
Burried oxide
Si

400 nm (Si0y)

2,5%10° —
2,0x10° -
1,5%10° -
1,0x10° -
5,0x10° —-

0,0
-5,0x10° -
-1,0x10° -
1,5x10° -
-2,0x10° .
-2,5x10° ]
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Inission (dB

Still weak effect and high voltage BUT promising

for the development of low power consumption devices

K/ Intrinsically high speed

v" Low bias swing
v Low insertion loss

-35 -30 -25 -20 -15 -10 -

\_

» No doped regions

v Field effect — no capacitance
> Low power consumption

Laurent Vivien
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W Plasma dispersion Si optical modulator Spams

Top cladding oxide

i

PIPIN diode
Metal Metal

e —

P-doped region N-doped region

2004 2005 2006 2007 2008 2009 2010 2011 2012

!

R

Europe: Univ. Paris Sud, CEA Leti, Univ. of Southampton...

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

North America: Intel, IBM, Cornell, Luxtera, Ligthwire, Kotura,
Oracle ...

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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Electro-refraction effect:
\carrier density variation: accumulation,

r [ Refractive index variation ]

Effective index variation of the guided

optical mode 1
/Interferometers)

[ } r Phase variation

H H Optical intensity
variation

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

Laurent Vivien



& Opti N | S PARiS
%/ Optical modulators S BAG
. B Ndoped
O Phase shifters: || B Fooped
Q Intrinsic
> PN d|0de Optical waveguide
X y z
> Interleaved PN diode — — r
> PIN dIOde -Lateralpnjunction Vertical pn junction interleaved pn junction
> PIPIN diode

PIN diode PIPIN diode

O Interferometers

» Ring resonator

» Mach-Zehnder

» Photonic cristals

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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Example: carrier depletion in interleaved pn diode

Free carrier
Figures of merit

» V_ L. Modulation efficiency

> IL Insertion loss
doped N > f. -3dB bandwidth
{ » ER  Extinction ratio

» Voltage swing

\ > Power consumption /

Light propagation

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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"7 Si modulators on 300-mm platform DS oS

SU

Geometry: 0,95mm long Mach-Zehnder modulator

Frequency (GHz)

(dB)

p++ doped

= —Ilateral pn diode
-12

—interdigitated diode
-14

/Normalized optical response

“5 file Contol Setp Measure Calbrate Utities Help zwnwm sl |
\EyelhskModen —

/\/ V. L ~2.2V.cm
v" Extinction ratio: 8 dB Frequency (GHz)
v Insertion loss: 4 dB "l s s 0 4
v" Frequency > 20 GHz
v §,,<20dB

\\/ Data rate: 40 Gbit/s /

-10

-20

N -AAAAAAA

w / /ARSI \’\«/\/\/\U/AW‘“”

S, (dB)

D. Marris-Morini et al, Opt. Exp. (2013)

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



& silicon modulators v S B

SUD

Short distance and high volume applications (electrical bottleneck)

/Main challenges: A
v" Driving voltage of
modulator
. | v’ Compactness
Data-center | \_ v' Power consumption Y
Optical
interconnects

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.”

http://silicon-photonics.ief.u-psud.fr/
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&/ Power consumption | S B

For emitters and short optical links:

~100 fJ/bit down to fJ/bit
(D.A.B. Miller, Opt Exp. , 2012)

Mach Zehnder modulators
~ 3 pJ/bit \ y

Ring resonator modulators
~0.51t0 1 pJ/bit

» Franz-Keldysh effect
in bulk material

_ Electro-absorption
» Quantum Confined Stark Effect

In quantum well

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



l(/ Electro-absorption modulator | S P

Bulk
o material
A
QW structures
A
EO:hC/}LO }\. E=0

CT1 a2 %4

-ﬂ.-;.—;,-.-*-[Ge/SiGe guantum well structures L§

— — =~=— — - HH1
LHI — b ————

...... N——'n"—___ I—H1
."
. ] Sio.15Geo.es
Sip.15Geoss Ge well  Sig15Geoss barrier  Ge well \
barrier barrier Sip.15Geo.s5

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



&/ Epitaxial growth by LEPECVD S B
._3 |

SUD

v Growth of Ge/SiGe multiple quantum LEPECVD

I Low energy plasma enhanced chemical
WelIS vapor deposition

Relaxed buffer

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

2.22 ym 346 nm

Acc.V SpotMagn Det WD ———— 1um
150kV 20 25000x TLD 6.0

- Best device performance

v' Temperatures down

Si(100) to 400°C

L-NESS @000

Como, Italy L-NESS

http://silicon-photonics.ief.u-psud.fr/
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&/ Electroabsorption modl;nator 1B S PAris

3 um
C—l
90 T / Ll H
m op
H contact 4 Bottom q
S/ contact
e
L/
Bottom /

contact

2um relaxed buffer
.~ 13 ym graded buffer
IgNT Silicon substrate

20 Ge/SiGe QW

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

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

3

R.=R.+R,
o
@)
o hlayer ! =n
;* Sig,1Geg.g Spacer
[ ]
n| GelSip15Geg.s5 —— (™
“-'dev

MQWs

Sig 1Geg g Spacer j

Sig.1Geg.g relaxed buffer
graded buffer from Si to Sig 1Gegg

Silicon substrate

Energy to charge the device
E Ibit = 1/4 (CV,,)? _ _
nerayim! (CVpp) C ~ 62 fF ™ Energy/bit = 70 fJ/bit
Energy dissipation of photocurrent (fora voI(’;aSQe i;‘:/\\//VI_ng of 1V, 20 Gbps,
Energy/bit = 1/B (I, Vias) .5 mW input power)

http://silicon-photonics.ief.u-psud.fr/
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i/ Integrated circuits based on
Ge/SiGe QW ?

Sig1G€p g 2 um Si, ,Ge, 4 relaxed buffer

Sip1Gep g

doped-P Si, ,Gejq 13 um thick gradual buffer

2 um Si, ,Ge, 4 relaxed buffer from Si'to Sly;Geq

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

Schematic description The real scale

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

http://silicon-photonics.ief.u-psud.fr/ 38 Laurent Vivien
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&/ Integration on bulk silicon Ry

SUD
j

15t option: wavequide in the relaxed SiGe layer (thanks to the graded
buffer)

Ge concentration in the waveguide: trade-off between
« Strain compensation
* Optical loss

Metal Detector
B N-dope Siy;Geg o %p.m

Ge/Sig.16Geggs MQWs 100 pm
M P-dope Siy Geyo
Sig.16Geg g4 waveguide
8 um graded buffer
B Silicon substrate
Modulator

(¢) Ge quantum well Photonic
interconnect on silicon

V” \\\
[ \
L
(
E.
T

\

\

\

\

P. Chaisakul et al, soumis

Optical loss of each device, including input/output
coupling with Si, ,Ge, g,waveguide < 5dB

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



'4 Integration on SOI

2"d gption: decrease the thickness of the buffer layer

Challenge: keeping homogeneous and high quality layers

Ge/SiGe modulator integrated with
SOl : estimated performance :

Extinction ratio = 7.7 dB, loss = 4 dB @
M-S. Rouifed et al, soumis

Under fabrication

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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& Power consumption ev}oluﬂon | B S B

Carrier epletion 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
510 Cladding consumption modulator
JS'°N';S"_,may°L energy/bit ~ few fJ/bit
/2500
—— 88!
buried oxide (SiO,)

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



& Laser on silicon DS s

Off-chip laser

Fiber t & alignment
High coupling losses
ery expensive

Non-integrated

Off chip

laser

courtesy: Blas Garrido

http://silicon-photonics.ief.u-psud.fr/
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&/ Laser on silicon D S P

ll Attached laser

| Tight alignment tolerances
Attached Gold metal bonding
Laser Expensive

Off-chip laser

Fiber attachement & alignment
High coupling losses

Very expensive

Non-integrated

Off chip
laser

courtesy: Blas Garrido

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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&/ Laser on silicon I S FRs

ll Attached laser

. Tight alignment tolerances
Attached Gold metal bonding
s Expensive Off-chip laser

- ‘m Fiber attachement & alignment
e High coupling losses

Very expensive

Non-integrated

Off chip

laser

Monolithic laser Si compatible
Not any alignments

Highly integrable

Low cost

Electronic-photonic integration

Pl

Ge laser on Si
A ~1.6um

courtesy: Blas Garrido

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



&/ Laser on silicon

n Attached laser

Gold metal bonding
Expensive

Attached
Laser

Monolithic laser Si compatible
Not any alignments

Highly integrable

Low cost

Electronic-photonic integration

5

Tight alignment tolerances

) S e

SUD

Off-chip laser

Fiber attachement & alignment
High coupling losses

Very expensive

Non-integrated

Off chip

laser

Hybrid integrated laser

InP bonded laser to SOl CMOS
No alignment

Possibly to integrate

Moderate cost

N-metal Active layer

Lateral
contact

[Ge laser on Si]

A ~1.6um

courtesy: Blas Garrido

SOI WG

http://silicon-photonics.ief.u-psud.fr/
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&/ Tunable lasers

Bragg
« reflector
Bragg
J reflector

Ring
resonator R2

InP gal

section

Heater

= Ring

Bragg grating
For vertical —>
light output

B 20 mA threshold at room temperature

B >45dB SMSR, tuning range 45nm

resonator R1

-10

o
S

w
o

Power (dBm)
\ N \
o

w
o

-60

-70

-80

1520

1530

1540 1550 1560 1570 1580
Wavelength (nm)

1i-v lab

ﬁ\

courtesy: G.H. Duan
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i(/ Outline S BARTS

3. Electronic-photonic convergence

4. Conclusion

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



&/ Option beta - | DS oS
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0 Use wire-bonding to connect chips

4\x10Gbps SiP Tx & Rx Packages

Not a waferscale approach

Not compatible with micro-electronics packaglng

fm

Driver IC _.¢ ' /" SlGeDPDRx
“ mnmr-lnw{w "LSE \ / / )

Socketable “~ Receiver and Transmitter

Edge Transmltter Package packages enable both
Connector - separable (passive) optical
”,} = and electrical connectors
@

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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‘t/ Photonics-electronics integration \— S PARIS

" L rm u....._l' L |
-_ErTrTe

Front-end fabrication

© Very low parasitics

@ Custom SOI, specific
libraries

@ process co-integration

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



CMOS Photonics Process: LUX-G

* LUX-G CMOS Process:
— 130 nm CMOS SOI Technology Platform (8") based on Freescale
Semiconductor's HIP7SOI (PowerPC™ microprocessors and controllers)
— Extensive library of photonic and electronic devices (including high-speed
transistor models).

“Photonically-enabled” CMOS SOl process:
— Shallow trench etch: definition of waveguides and grating couplers
— Selective Ge epitaxy for photo-detector integration
+ Low temperature growth of relaxed Ge films
« Standard CMOS foundry toolset for Ge epitaxy (SiGe stressors, HBT)
« After-salicidation approach:
* No need for transistor protection
* One contact module for all devices

* LUX-G CMOS Process in manufacturing mode since 2008 (Maturity Level 3
at Freescale Semiconductor):
— All processes and tools standard and fully compatible with full flow SOI
CMOS
— Under change control and run by production team
— Second of a kind (SOAK) fab tools verified in split lots
— Process windowing experiments on split lots completed satisfactory

— More than 1500 wafers (~ 61 lots) processed B Mota) 1 —¢ g
| PolyGate  salicide Block Contacts
» Electronic and photonic device models: = Y Ge
— Based on material from different lots and process skews _ _-."'A“’“"l.-‘ #
— Accurate transistor and interconnect models established Active o
— Results in improved circuit designs (e.g. power reduction) and high yields Buried Oxide

» Passed industry standard reliability qualification (JEDEC)

— Hot Carrier Injection, Negative Bias Thermal Instability, Time Dependent : ; .
Dielectric Breakdown, Electromigration Y Y I

— Performed on nmos, pmos, sgo and dgo test structures from 3 different lots e b o e P

Y

S e LUXTERA

Luxtera Proprietary May 8% 2011
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Front-end fabrication

© Very low parasitics

@ Custom SOI, specific
libraries

@ process co-integration
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Back-end fabrication

© On top of CMOS or in
metal layers

© Serial process

@ Compound yield

@ Thermal budget < 400C

S PARIS

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

Laurent Vivien
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MIT BEOL approach

Target Areas for
Integration

FEOL for current devices

» Shared area with FET's

= Crystalline Si low loss
WG's

*» Temperature tolerant
processing

BEOL for future device
generations

* Timi <450 °C

= Current research focus

Si CMOS

......

Bulk Si
Si FET

FEOL BEOL

Bulk Si or SOI

Photonic Integration Scenarios
2050176 SLZB1 w08 AX

EPIC project



i/ Photonics-electronics integration
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Back-end fabrication

Front-end fabrication

© On top of CMOS or in
metal layers

© Serial process

@ Compound yield

@ Thermal budget < 400C

© Very low parasitics

@ Custom SOlI, specific
libraries

@ process co-integration

R

. " u."'._l. L |

3D integration
© Separate processes

© No change in CMOS Front-End
© No thermal budget!

© Other layers: MEMS, antennas
@ Higher (but reasonable)
parasitics

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

Laurent Vivien
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‘(/ 3D integration S ~ i S PARIS
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Pad

3D integration

FC AWG

Not depending on the
specific node used to
produce the electronic
wafer

Modulator Ge PD

CMOS
wafer

leti

T

:

Si rib waveguide

AWG on CMOS = Germanium PD Flip grating coupler |
Germanium

http://silicon-photonics.ief.u-psud.fr/ Laurent Vivien
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ﬂ Conclusion Nl by S PARIS
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B Photonic links may replace copper links, even for very short
distances

\ Silicon photonics is more and more a mature technology
with the demonstration of 40Gbit/s optoelectronic devices
iIncluding optical modulators and photodetectors

\ Development of silicon photonics on 300mm platform
B Advances in electronic - photonic integrated circuits (EPIC)

® New trends:
\ Low power consumption optoelectronic devices

Ge/SiGe platform on silicon

e Strained silicon photonics

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