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Motivations :

Convergence of p-electronics & photonics

Photonics can help to overcome the limits of electronics, in speed and power
consumption, for intra or inter-chip communication

CHALLENGES

 Deliver the necessary passive and active functionalities: low-loss waveguides, filters,
sources, switches, detectors...

» Perform low power consumption and high speed: fJ activation energies, >10Gbits/s
« Small footprint for high density (104-10° of devices per mm?): <100um?
* Integration with Si electronics and CMOS compatibility for cheap manufacturing

11I-V material microlaser SOl waveguide microdetector

Possible scheme for photonic inteqgration

Optical
Ghent Uni\/_ lnterconnectpl’:;:r

Electrical
Interconnect layer

- How to go about this?

Silicon transistor
layer




Motivations :

lll-V semiconductors/Silicon hybrid structures
Combine the best of both materials for photonics

SILICON

l1l-V SEMICONDUCTORS

QDs
* Tailored emission from UV to far IR

* High quantum efficiency
» Material engineering for high nonlinearity

Ideal for active devices
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Pursued approaches for heterogeneous integration

lll-V and Si in contact 2> hybrid mode

UCSB/Intel
p contact ‘,,,-"
v + "";:"‘E i,---;;4:---- n-v Mesa
Reglon| p contact 4 2 i
- o InP
SO1 urieg O o
. - _ . |

Region Si Substrate optical mode

+ not to scale

A. W. Fang et al, Materials today 10 (2007)

I1I-V region

buried oxide

“silicon substrate
silicon deenﬁlide

10 um

Edge-emitters, DFBs, SOAs,
Racetrack lasers, detectors,
modulators....

lll-V and Si separated by a low index layer

-> evanescent coupling
IMEC/LETI/INL

J.V. Campenhout et al, Opt. Express 15, 6744 (2007)

25 pm
pdisks lasers,

wavelength converters,
memories, detectors...
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LET'S GO FOR “NANO”!

InP-based
2DPC

Bonding layer

Si waveguide Silica

Si substrate

—>Smaller footprint
- Better power efficiency
—~>Higher speed

d~250nm
e1~250nm
e>,~300nm
e3~200nm
e4~21um
w~500nm
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Outline

* Motivations of hybrid photonics and state of the art

* [lI-V/SOI nanophotonics platform

- General view

- PhC lasers properties

* Nanolasers efficiently coupled to SOI circuitry

* Hybrid memories and switches



General view of the hybrid structure




General view of the hybrid structure: passive level

Passive level : Low loss
silicon wire circuitry
TE single mode @ 1.55um

Low-n layer

SI10, box + Si substrate
v LABORATOIRE
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General view of the hybrid structure: active level

Band structure of a 2D PhC:
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r M I}
From John D. Joannopoulos — Molding the flow of light

-> Ultimate control of light
propagation and confinement

Active level : lll-V PhC
membrane
(InP-based for telecom )

-Periodic structures at A-scale

S. John, Phys. Rev. Lett. 58, 2486-9
(1987)

| E. Yablonovitch, Phys. Rev. Lett., 58,

2059-62 (1987)

—In plane propagation ruled by
periodic patterning

->Vertical confinement thanks
to TIR
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PhC cavities

Active level : llI-V PhCs cavities
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Y. Akahane, Nature 425, 944-947(30 October 2003)
High Q ~104%, Small modal volume ~(A/2n)3

- Small footprint (few pm?)

-> High versatility

- Nonlinear effects enhancement as Q/V or Q?/V
(low activation power)

v
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PHOTONIC CRYSTAL LASERS PROPERTIES



PhC lasers

Frequency (wa/27c)

when we incorporate active materials (QDs or QWSs)

triangular 2D PhC for TE-
like modes

- laser emission

2 types of PhC lasers

0.5

0.4

~—1

0.3

0.2}

0.1}

A~

MK

What is so special?

band/mode edge resonator

lateral feedback with low group
velocity at flat band edge

defect-cavity resonator
band gap confinement

dépasser ks frontiéres
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PhC lasers: the basics

Rate equations model

Photon density in the lasing mode

Carrier density

Trad , UNrad carrier lifetimes associated with radiative and non radiative recombinations

I" confinement factor [3 coupling of spontaneous emission into the lasing mode
T photon lifetime Vg group velocity
O differential gain Ntr carrier density @ transparency
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PhC lasers: Static properties

What is so special with PhC nanolasers?

* B coupling of spontaneous emission is close to 1!

— Spatial redistribution of spontaneous emission into the useful mode due
to suppression of other modes (band gap), and Purcell effect
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PhC lasers: Static properties

What is so special with PhC nanolasers?

* B coupling of spontaneous emission is close to 1!

—> Spatial redistribution of spontaneous emission into the useful mode due
to suppression of other modes (band gap), and Purcell effect

Light-matter interaction in semiconductor materials

acceleration of spontaneous emission given by = 1—‘cav _ 3 Q

5 =
Purcell effect Ly 452 y?)
All modes (T,;) A

Q=MaX(Qcav’ Qemitter)

I‘non_cav
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PhC lasers: Static properties

What is special with PhC nanolasers?

* B coupling of spontaneous emission is close to 1!

- Threshold-less lasers?

Photon number
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From G. Bjork et al, Phys. Rev. A, 50 1675-80 (1994)
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PhC lasers: Dynamics

Intensity modulation response

What is special with PhC nanolasers?

* B coupling of spontaneous emission is close to 1!

- Very fast dynamics!

“Nanolasers”

p=1
y =107

_ -9
Ty = 107 s
Ty > ‘l",p

v=10"em?

]0‘ p—— ]04
10° | “edge emitters” 2 10°}
2 | = 2
10 20 mA g. 10
10 F g 10}
o~ [
1 -~ = 1
~ 15 2
o' B=lo S 0t}
02k ¥ =10 = 102t
g -
10‘3 - fspa 10 s E ]0-3 L
10°F 1,51, 2 107t
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102 10

1 10 102 103

Frequency (GHz)

from G. Bjork et al, JQE 27, 2386-96 (1991)

- 100GHz modulation possible!
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PhC laser: Dynamics

Some experiments

Up-conversion gating technique

Variable delay line

Monochromator
+PM «

Amplified
Ti:Sa laser

1kHz, 150fs

- 25GHz direct modulation possible

F. Raineri et al, Opt. Express 17, 3165-72 (2009)
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PhC laser: Dynamics

Some experiments on nanocavities

H. Altug, Nat. Phys. 2, 484-88 (2006) S. Matsuo et al, Opt. Express 19, 2242-2250 (2011)
950nm Nanocavity laser 1550nm Nanocavity laser
(iiL,/-/j"* .

(@) 57 "GN - ~ PPG

1.3-um LN

pump laser| |modulator Fiber| | Optical

amp.| | filter

—| Osc.

« Intensity of PhC laser
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Figure 8 (online color at: www.lpr-journal.org) Large-signal : 20 psfdiv 4 ! 20 psfdiv
lasing response in QW-driven PC laser. (a) Response to excitation I i i i
pulses at (i) 9 £ 0.5 and (i1) 15ps. (b) Excitation pulse train

created by etalon setup. Imperfect mirror arrangement causes (b) (c)

an exponential decrease in pulse power and only the first three ' ' ' ' ' '

pulses exceed the photonic crystal lasing threshold. (c) Lasing Fig. 6. (a) Experimental setup for direct modulation. Eye diagrams for (b) 15 Gbit/s and (c) 20

response delay. Gbit/s NRZ signals.




General view of the hybrid structure: coupling scheme

Passive level : Low loss
silicon wire, TE single
mode @ 1.55 um

Active level : PhC lasers

Possible connexion to a
larger optical circuitry

Low-n layer (BCB or
Sio,)

Energy transfer:
evanescent coupling

v

—->SMALL FOOTPRINT, ENERGY EFFICIENT

AND HIGH SPEED LASERS ON SILICON!

dépasser ks frontiéres
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Outline

* Motivations of hybrid photonics and state of the art

* [lI-V/SOI nanophotonics platform

* Nanolasers efficiently coupled to SOI circuitry

—>Evanescent wave coupling
—>Fabrication

—~>Experiments

* Hybrid memories and switches



Different type of structures

InP-based W0.65
2DPhC waveguide

CISSCT T T SEECTUIRC S0 P S S
e08 e e et 26262020 %0
ecesecele? 2e2ee2e e
Seine e te e 0220 Te
020220 0 o206

LPN-CNRS 1.0kV 3.3mm x6.00k SE(M) 4/1/2008 ' '5.00um

slow light waveguides
Y. Halioua et al, Appl. Phys. Lett. 95, 201119 (2009)

Bonding layer Grating coupler
(BCB+Si0,)

PhC nanolaser

;

SiO, buffer

Silicon substrate

Silicon waveguide

LPN-CNRS 1.0kV 8.8mm x1.80k SE(M) 1/24/2011 30.0um

Nanocavities
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dépasser ks frontidres erpePHOTONIQUE

NANOSTRUCTURES




Different type of structures

Bonding layer Grating coupler
(BCB+Si0,)

InP-based W0.65
2DPhC waveguide / PhC nanolaser

SiO, buffer

Silicon substrate

Silicon waveguide

CISSCT T T SEECTUIRC S0 P S S
e08 e e et 26262020 %0
ecesecele? 2e2ee2e e
Seine e te e 0220 Te
020220 0 o206

LPN-CNRS 1.0kV 8.8mm x1.80k SE(M) 1/24/2011 30.0um

LPN-CNRS 1.0kV 3.3mm x6.00k SE(M) 4/1/2008 ' '5.00um

slow light waveguides Nanocavities

Y. Halioua et al, Appl. Phys. Lett. 95, 201119 (2009) ﬁ
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EVANESCENT WAVE COUPLING



Evanescent coupling

E, field amplitude of independent (2D)
waveguides (n=3, w=0.5 pm)

A

Parallel wavequides:

o
(=)

o
o

e
>

Relative field intensity

o
)

- 0 -0.5 0 0.5 1 1.5
Distance (um)

I Coupling efficiency determined by:

1. Spatial field overlap between the original modes
2. Phase matching between the original modes

Huang, J. Opt. Soc. Am. A, Vol. 11, No. 3 (1994) %
l &é@%ﬁ&"{?&f‘éu
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Evanescent coupling: field overlap

Lo x _ 1
coupling strength
Vertical separation: Lateral offset (for 400 nm BCB thickness):
=

80 80/ —
£ £ *
g 60+ g 60+
3 S
> >
% 40+ % 40+

201 20+

a) b)
0 : : - : 0 : - : : '
[ 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Vertical Separation (um) Horizontal Separation (im)

100 nm misalignment gives

- Exponential dependence in

vertical direction 15% increase in the coupling

LABORATOIRE
e DEPHOTONIQUE
NANOSTRUCTURES

- Evanescent field in BCB ~500 nm




ing

phase match

Evanescent coupling

When phase-matched:

waveguide 1
waveguide 2

100% of energy exchange

Evanescent coupling can lead to
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Impact on Fabrication

Alignment error should be at approximatively 10% of the typical scales

Accurate control of dimensions necessary for phasematching condition

h =600 nm
InP layer w =500 nm

|

Silicon waveguide
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FABRICATION TECHNOLOGY



Fabrication

1- Adhesive bonding

Epixfab CMOS (IMEC or LETI)

Si waveguide —

Si02 T—

Si substrate
BCB

Active membrane
I InP with QW
(LPN)

Substrate InP

Etch stop
I layer InGaAs

* BCB dilution in solvent for thickness control (down to 80nm

possible!)
I  Cleaning of the surfaces, spin coating
. * Hard cure for polymerisation

l (Gunther Roelkens - Electronics Letters 41(9) p.561-562 — 2005) @ vmmﬁ

DEPHOTONIQUE
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Fabrication

1- Adhesive bonding

Typical bonding InP layer on patterned SOI:

: X [rigg— ey #

-

AChlGVM . Bare SOl waveguides .. :.‘J BbhdAed InP substrate

-

|

ey
[y -
A

U389 dNoJa1 4 Vi

- few cm? dyes of InP

- High Yield
- BCB thickness <100nm

e e—
e ——
— e
‘
e —

- Accurate control of the e —
_‘
e ——

L SSRTE
s 5

thickness by SiO2 layer
deposition on InP

l 0 v&mwoms
: . PHOTONIQUE
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Fabrication

2- Alighed Ebeam lithography

o

SOl waveguides ~ ©..

—*— Marks in silicon

. layer
3- PhC processing

maN 2410

|

« SiN hard mask deposition Hybrid
. structure
* E-beam lithography on PMMA
* RIE etching of the hard mask
l * ICP etching of the InP layer K.-H. Lee et al J. Vac. Sci. Technol. B 26 (2008). @

LABORATOIRE
£rBEPHOTONIQUE
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* InP removal



Fabrication

Silicon waveguides

InP PhC

[ T R S B B S S

LPN-CNRS 5.0kV 19.4mm x70.0k SE(M) 4/1/200: 500nm

LPN-CNRS 1.0kV 3.3mm x6.00k SE(M) 4/1/2008

Alignment < 30nm - control of evanescent coupling

T. J. Karle et al, J. Appl. Phys 107, 063103 (2010).
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EXPERIMENTAL DEMONSTRATION



Explored sample: Wire cavity

Assets :
- High Q/V on substrate (Q ~ 10> demonstrated on SOI)
- Very small footprint (3um?)

A. R. Zain, Optics Express, 16 (2008)

255nm InP membrane + 4 InGaAs/
InGaAsP QWs @1.55um

g A T o A M A O N A o A A e I il b M A S ST SR NG S I S B 225 /

<— low-n layer

Si wire

OO0000POG

B it £ P S -M-

Sio,

Y. Halioua et al., J. Opt. Soc. Am. B, 27, 2146-2150 (2010)
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Laser emission

Optical pumping @800nm or 1180nm PR ) (N R
L. 106 /
) _ 5 10
Bonding layer Grating coupler S 5
(BCB+Si0,) S 10
" 4
/ PhC nanolaser g_ 10
= 3
S 10 [
Si0, buffer O /
"4 68 2 468 2
Silicon substrate 10 100
Absorbed Pump Power (W)
Silicon waveguide E : : :
1600 :
£ 1580 0o®"®
= ® ( N
- Threshold around 20uW o 15607
. . (]
- Control of emission wavelength by > 1540 o
tuning the cavity length E 1520 . ®
9
7 1500 ®
€ 1480
m

400 450 500 550 600 650
Cavity length (nm)




What about coupling efficiency ?

—1
B Cavity “losses” channels: m I =T,

~Intrinsic losses I, (uncoupled cavity) /|

- Coupling channel I'

B Coupling efficiency

—

| %)
= I ¢ Qc _é 0.8
o -1 -1 = 06
r 0 + r ¢ QO + Qc % oe
204
Qc X T'c %0.2

with O

0, x1, 10 20 30 40 50



Coupling between nanolaser and waveguide

B Laser/waveguide system: intra-cavity field temporal evolution when
injected:

Ay (L 1,1
dt %o T, T, T,

absorption/gain « losses »

E..+ Fem J I _+Iv,0(N- Ntr)/
’L'c - 2

Tg

—Tunable parameter

(active material) - Trgnsmission of an incoming
wave in the waveguide

2
eout forward |

—

outinput |

R T=

€

out forward

out backward

Si Waveguide

0 LABORATOIRE
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Coupling between laser cavity and waveguide

Transmission

B Coupled mode theory applied for a cavity coupled to a waveguide

10

% ! A
T,
T(0) = 1- S
R i B e
¢ To iTg, “
_ )
...... Q/Q=5] [y = o

Laser threshold

C. Manoulatou et al.,IEEE JQE
35,1322-1331(1999)

Absorption/Gain

- T=0 when gain compensates
intrinsic losses:

FWHM gives T,

- At laser threshold
gain compensates all losses

% LABORATOIRE
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Experimental set-up

B Goal: measure transmitted spectra through the WG around

resonance of the laser
Computer

@ Lock-in
| Amplifier
Tunable

Wavelength FPC AOM 1

Laser

800nm u

High-Speed
Photodetector

@ LABORATOIRE
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Pump-Probe transmission measurement

Wavelength (nm)
&
3

154%,4 8.4 134 184 234
Absorbed Pump Power (uW)

,| Atresonance

Transmission
H

4k e .
3 4 5 6 7 89 2 @
1 0 ]ISABORATOIRE

Absorbed Pump Power (uW) P BEPHOTONIQUE

NANOSTRUCTURES




Pump-Probe transmission measurement

eSS TR mIndex changes with carrier

population (blue-shift)

Wavelength (nm)
&
3

154%,4 8.4 134 184 234
Absorbed Pump Power (uW)

| At resonance

Transmission
H

4k e .
3 4 5 6 7 89 2 @
1 0 ]ISABORATOIRE

Absorbed Pump Power (uW) P BEPHOTONIQUE
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Pump-Probe transmission measurement

eSS TR mindex changes with carrier

population (blue-shift)

EMinimum of transmission
when gain compensates
intrinsic losses

Wavelength (nm)
&
3

1543,4 8.4 134 184 234
Absorbed Pump Power (uW)

| At resonance

Transmission
H

4k e .
3 4 5 6 7 89 2 @
1 0 ]ISABORATOIRE

Absorbed Pump Power (UW) pr IR BIPHOTONIQUE

NANOSTRUCTURES




Pump-Probe transmission measurement

3.5
Diue=sintt 3 Hindex changes with carrier
= - population (blue-shift)
= L EMinimum of transmission when
%1550 gain compensates intrinsic losses
< 15 . . .
s HFit of the transmission spectra at
= [ minimum gives:
0.5 ] ] ]
S 1.4 FWHM~0.8nm i
19984 8.4 13,4 18,4 23,4 Q 1.2
n - 4 "Qc~1800 1,
Absorbed Pump Power (uW) » 10 -rm:m'.s.‘,..:. SRR ATV
'EE 0.8 L ‘
4F - .
| Atresonance n 0.6 v
C 04 -
© -1
1¢ « 0.2 i
E = 00 %
J

1548 1550 1552
Wavelength (nm)

4k e .
3 4 5 6 7 89 2 @
1 0 ]ISABORATOIRE

Absorbed Pump Power (UW) g B PHOTONIQUE

NANOSTRUCTURES

Transmission
H




Q_ measurements

Wire Cavity B measurement for cavities coupled to
waveguides :

. with various widths

Si Waveguide . for 3 different separations
layer thicknesses.

1 bonding layer thickness

O 4r i s

(@] : : . . . .
I o [ A e B Coupling is optimal when overlap in

= q o the k-space between waveguide mode
= 3 % f : . .

S 10tk W A — and cavity mode is the highest.
B & . 0 s A

} . 6 i £, : :‘/, .,'

‘g 4' ‘\‘\‘ *. '.1" .

& HRY R A 1000<Q_.<30000
I P o} [SiO, thickness: LY : T P o

= ® 400nm ‘m., 3 .7 & 5

g A gggnm n,.‘-‘. -“--’
=G 4ot O |

250 300 350 400 450 500 55 @ v

Waveguide width (nm) A HIORIONE

NANOSTRUCTURES



Determination of Q,

B Uncoupled cavity quality factor Q,

- iIs necessary to retrieve
= 7
< 10
-~ 6
= 10 B Standard rate equations for QWs
2 10° laser are used to fit L-L curve with 2
& A free variables:
I§. 103 B factor
s 10 | | Photon-lifetime
i i

"4 68 2 468 2
10 100
Absorbed Pump Power (uW)

> 10000<Q,<30000
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Coupling efficiency

Coupling efficiency (%)

el N A S A } Total losses > Maximum gain

S { Boundary of laser

emission

20p 5 O — _______________________ _______________________ _ _
o e 400nm ; j Total losses < Maximum
=1 A 300nm | T """""""""""" """""""""""" """"""""

@ 200nm gain
O™ T o fro o prod g
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—Very efficient coupling

Halioua et al, Opt. Express 19, 9221 (2011)

-> very efficient way to interface PhC cavities
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Outline

* Motivations of hybrid photonics and state of the art
* [lI-V/SOI nanophotonics platform

* Nanolasers efficiently coupled to SOI circuitry

* Hybrid memories and switches

—>Bistable injected lasers

—2>10Gbits/s switches

e Conclusion and Future Work




Operation based on active material

llI-V quantum wells are embedded as active medium

( : : : :
I dispersive nonlinearity
optical switching, bistability

- < F. Raineri et al, Opt. L

absorption/gain nonlinearity -

amplification, laser emission,
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v Large optical nonlinearities through injection of carriers
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F. Raineri et al, Appl. Phys. Lett. 86, 091111 (2005)
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Optical Bistability through injection locking

Bistability = 2 possible paths for the same
output 4 ensemble of input parameters

Important applications: data processing,
logic functions,transistor , memory

5>

input
How is it achieved?

- Resonator+nonlinear material (dispersive
nonlinearity or absorption/gain saturation)
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Optical Bistability of injected PhC laser

What if we inject a red-shifted (;\.inj) external laser in free running laser state ()\.0) ?
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Optical Bistability of injected PhC laser

What if we inject a red-shifted (;\.inj) external laser in free running laser state ()»0) ?
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Wavelength Wavelength
—s carrier density changes — as injected power is
through stimulated emission j,creased, laser is locked at ;»inj
— }»0=)\.inj and injected

intracavity intensity is higher
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Optical Bistability of injected PhC laser

What if we inject a red-shifted ()\..

inj
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Wavelength Wavelength
—s carrier density changes — as injected power is
through stimulated emission j,creased, laser is locked at A

— }»0=)\.inj and injected
intracavity intensity is higher

) external laser in free running laser state (},0) ?

Switching
power

inj

v

Wavelength
— from locked state,
injected power has to be
decreased to a lower level
than the initial level in order
to recover the unlocked

regime
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Optical Bistability of injected PhC laser

What if we inject a red-shifted ()\..

inj
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I Wavelength Wavelength
] — carrier density changes — as injected power is
through stimulated emission j,creased, laser is locked at A
— }»0=)\.inj and injected
intracavity intensity is higher
-

— emitted power at A versus
l injected power will present an hysteresis
cycle

) external laser in free running laser state (},0) ?

Switching
power

inj

v

Wavelength
— from locked state,
injected power has to be
decreased to a lower level
than the initial level in order
to recover the unlocked

regime
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Hysteresis cycle

Laser intensity (a.u.)
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— bistable threshold = 50uW
— high contrast (>20dB)

---------- — switching power < 40 yW

— switching energy < 0.4 fJ
for 10ps pulses!

120

Dynamics determined by laser dynamics -> measured to be faster than 50ps
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ULTRAFAST SWITCHING



Ultrafast all-optical switching

Principle
Change of refractive index through optical carrier injection
i | signal
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Ultrafast all-optical switching

Principle
Change of refractive index through optical carrier injection
| signal
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Dynamics determined by carrier lifetime

—~>Reduction of carrier lifetime by enhancing surface recombination
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Ultrafast switching

Reduction of carrier lifetime using surface InGaAs QW and material patterning

Bonding layer BCB

PhC cavity

Grating coupler

A

<— BCB

SiO, Bo
Silicon substrate

sio,

Si

Fully embedded in SiO, for robustness
and increased heat sinking
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InP+ surface
- quantum wells
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Ultrafast switching

Measurements

Transmission characterisation

Quasi degenerate pump-probe experiment
with balanced heterodyne detection

[—— 400nm SOI wire

AOM 1
(200MHz)

Q=2500

ps mode
locked laser AOM 2
(160MHz)

pump&
probe t

Transmitted signal (arb. units)

154 156
wavelength (um)

—Measurement
—Exponantial decay fit| |

- induced blue shift of the resonant by
the pump

Transmission (arb. units)

- 12ps carrier lifetime!

10 0 10 20

Pump probe Delay (ps)
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- Switching energy of 40fJ!




10Gbits/s Wavelength conversion

B)

Transmission (d

7{(
Measured @ @1 by K. Lengle, M. Gay, L. Bramerie, T.-N Nguyen
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- 2 colours!
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-> Error free operation of the converted signal

(4 dB penalties coming from low extinction ratio of the converted signal)

First time ever PhC based all-optical switching @ high bit rate!
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Conclusion

Hvbri | Demonstration of integrated PhC
ybrid goes nanol! laser —> Slow light
— nanoscale structure s Cavity

— alignment better than 30 nm
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Future work

Cascaded blocks

— == =

- Multi functional
- Coupled Resonators and
associated effects

Electrical pumping:

Optomechanics:

B. Ellis & al., Nat. Photonics, 5, (2011)
S. Matsuo et al, Opt. Express 20(2012).

LPN 15.0kV 8.6mm x6.00k SE(U) 5/10/2010 5.00um
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