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Integrated optics / photonics

Integration of optical functions on a circuit to overcome fundamental issues of free space
alternative: size, weight, stability, alignment, cost ...

THE BELL SYSTEM
TECHNICAL JOURNAL

DEVOTED TO THE SCIENTIFIC AND ENGINEERING
ASPECTS OF ELECTRICAL COMMUNICATION

Volume 48 September 1969 Number 7

Copyright © 1969, American Telephone and Telegraph Company

Integrated Optics: An Introduction

By STEWART E. MILLER
(Manuscript received January 29, 1969)

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-22, NO. 6, JUNE 1986

All-Silicon Active and Passive Guided-Wave
Components for A = 1.3 and 1.6 um

RICHARD A. SOREF, SeNIOR MEMBER, IEEE, AND JOSEPH P. LORENZO

20.06.24

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. LT-5, NO. 9, SEPTEMBER 1987 1277

Monolithic Integration of InGaAsP /InP Distributed
Feedback Laser and Electroabsorption Modulator by
Vapor Phase Epitaxy

MASATOSHI SUZUKI, MEMBER, IEEE, YUKIO NODA, HIDEAKI TANAKA, SHIGEYUKI AKIBA,
YUKITOSHI KUSHIRO, anp HIDEO ISSHIKI

© Camille-Sophie Bres - EPFL 2




Photonic Integrated Circuit (PIC)

= Photonics circuit: integrated optical circuit where it is possible to combine two or more
passive and active devices (building blocks) to generate and manipulate the optical signal.

Market Size in USD Billion
CAGR 25.53%

USD 41.87B

USD 13.43B

2023
Siew, Shawn Yohanes, et al., Journal of Lightwave Technology 39.13 (2021): 4374-4389.

Source : Mordor Intelligence
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Nonlinear optics

Study of light-matter interaction when the optical field is strong enough to
change material properties

= Microscopic scale: light field hitting atoms results in displacement of electrons and induced dipoles

= Macroscopic scale: nonlinear dependence of the material polarization on the applied field.

P = go(y(VE + eoy PE? + gox P E3)

Battery Pump LD Driver DPSS Laser Module

(1)1 + (l)l = 2(1)1
1064 nm — 532nm
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Optical nonlinear effects and applications

EO modulator Solitons
Optical switch Modulation Light manipulation & conversion
Sensor Supercontinuum
OPO Lasers
OPA Thresholder
EREency comb Light & material interactions
Bt i VIS sources
uantum optics Imaging
VIS/UV source Quantum optics
pcoPY Signal proceStuy Information technologies
Spectroscopy Frequency combs

Attoscience UV sources Strong-field physics

There is a need for integrated nonlinear building blocks to bring new functionalities to the chip-scale
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In this lecture

Quick basic of integrated optics and intro to nonlinear optics in waveguides
o Theory of optical waveguide
o Important parameters for nonlinear optics
o Platforms of interest

Integrated nonlinear optics in waveguides — illustration with supercontinuum generation
o Pulse propagation physics
o Design rules
o Demonstrations

Integrated nonlinear optics in microring resonators
o Basics of microresonator
o Nonlinear behavior
o lllustration of Kerr comb generation and dissipative solitons

20.06.24 © Camille-Sophie Bres - EPFL



Theory of optical waveguide

First let’s consider the case of a simple slab (or planar) waveguide

= Slab of dielectric (refractive index n;) between
two semi-infinite regions (refractive index n,)

* Waveguide assumed infinitely wide in y and z directions
* Invariance of translation along y and z

E(r) = E(x) exp(—jBz)

H(r) = H(x) exp(—jpBz)

* [ the propagation constant of the guided mode

20.06.24 © Camille-Sophie Bres - EPFL 7



TE and TM modes

Maxwell’s equations Wk e
Ey:—THx Hy—?Ex
VXE(r) = —joucE(r)
J0E 0H
VXH(r) = jweR(r Y iou-H Y _
H(r) = jweR(r) - o JougH, Ix JweE,
+ o e pp. O _
: . —J — o T Jwe —]J ——— = —jwU
Invariance of translation of ¥ ox Y o ox 0%y

the structure

2 sets of totally independent equations, 2 kinds of solutions:

= Transverse electric (TE): (Ey, H,, HZ)
Transverse magnetic (TM): (Hy, E,, EZ)



Theory of optical waveguide

« Common approach is to solve the wave equations, which reduce to the Helmholtz equation

w
ViU + kU =0 with k =nko =n—
0

= In slab, for TE modes the only non-vanishing electric field component is Ey:
2

E
y —
W‘F(kz —,BZ)Ey =0

« Combined with boundary conditions (interface of 2 mediums, continuity relations)

- Guided modes have nyko < f <niky = ny < Ngpp <My



lllustration of mode calculations

A = 1550 nm
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e e e From Prof. Morini

« The number of guided modes depends on: the refractive indexes, slab thickness, wavelength.
* Increases with increasing thickness
* Increases with decreasing wavelength

= Light confinement in the core depends on dimensions, wavelength and refractive index

* Confinement decreases withincreasing wavelength
* Tigher light confinement with large index contrast structures

20.06.24 © Camille-Sophie Bres - EPFL 10



Optical waveguide

- The waveguide is no longer infinite in the y

direction
* Have quasi TE and quasi TM modes
X
« Most of the properties of guided modes in slab
waveguides can be translated to 2D waveguides

« Mode calculations can be done using FDE
(Ansys/Lumerical) or FEM (Comsol)



Influence of wavelength in waveguide - dispersion

N
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= SiC waveguide, 500 nm x 1200 nm
cross section SiO, cladding

« Effective index varies with wavelength

= Varies nonlinearly with frequency

,B(a)) = fo +,31(0) — a)o) +%(w — (1)0)2 + ...

12



Effective mode area - confinement

« Introduced naturally during the derivation of
the nonlinear Schrodinger equation

257

(% [FCx, )12 dxdy)”
I, IFGx, ) *dxdy

Aefr =

Aeff

1.5}

« Used to quantify confinement and of great

1 15 2 25 importance for nonlinear optics
Wavelength (um)




Why integrated nonlinear optics?

- Let’s take the example of light propagation in a nonlinear waveguide with 3™ order nonlinearity )((3)

WoN;

= Efficiency of the nonlinear process is described by the nonlinear coefficient y =

(. |FCx, )12 dxdy)”
I, IEGr,y)[*dxdy

CoAerr

* With 4. the effective area (waveguide property) Ag¢ =

* With n, the nonlinear refractive index (material property) n, =

= Dispersion also plays a major role in nonlinear processes

= Depending on the process, loss can also be a factor to consider (for example in microresonators)




Important parameter - nonlinearity

- Nonlinearity often quantified through the nonlinear parameter y = Cw?qnz
04eff

- Self-phase modulation (SPM) comes from the intensity dependence of n: n(w, ) = ng(w) + n,I
* Nonlinear phase shift is given by @y, = yPoLefys

= Characteristic length of nonlinearity: Lyp = YT
0

Real field Real field
Envelope anelope
= V\V V V- V V Y
4
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Simulations, nonlinear propagation: L = 10Lx, Y = 2W ™ 'm™1, P, = 100 W, Ty = 1 ps
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SPM generated frequency components broaden the pulse spectrum, results in up chirp
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Important parameter - dispersion
Dispersion of light

Intermodal Intramodal
Modal Polarization Material Waveguide
Frequency dependence of Geometric contribution due to
Contribute in the case of bulk material refractive index distinct core/cladding material
multimode transmission material property
1 Nefr = 1.599 Z:
W= 1432
A= L2 - ~ s d
Opticel Fulse > - J 0.5 Z::
‘ . 1 ;" ; s o.

20.06.24 © Camille-Sophie Bres - EPFL 16



Important parameter - dispersion

2
= Group velocity dispersion (GVD), 5, = % is a key parameter (interchangeable with D = — 2:260 B)
Ty

= Characteristic length of GVD: Lp = ——
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The 2 dispersion regimes result in pulse temporal broadening, give rise to chirping of opposite signs

20.06.24
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Important parameter - losses

Nonlinear Coupling

- Two-photon absorption (TPA) = Impact overall requirements

- Three-photon absorption (3PA) = Damage and stability

Alleviated by right choice of Can reflect technology
material for given operating A maturity and challenges

Propagation

= Absorption and scattering: a

« Characteristic length:

1 —exp(—al)
a

Legr =

A lossy waveguide behaves like a loss-less waveguide with the same y but with a shorter length



Some information about available material platforms

Material Trans. Window (um) Bandgap n n, (cm?/W)

SiO, 0.13-3.5 9eV 1.46 ~2.7-1016

Hydex 0.13-3.5 9eV 1.7 ~1.1-107%

Si 1.1-9 1.12 eV 3.48 ~6-10%

SisN, 0.35-7 5eV 2 ~2.4-107°

SiGe (40% Ge) 1.5-11 ~1.1eV 3.6 (at 4 um) ~ 410" (at 4 um)

Ge 2-14 0.7 eV 4 (at 4 um) 0.5-1-10%3(at 4 um)

AlGaAs 0.57/0.87 —>6.5 1.42-2.16eV 2.86-3.5 ~ 101

AIN 0.2->55 6.2 eV 2.21 (o), 2.26 (e) ~23-107"°

InGaP 0.65 - MIR 1.9 eV 3.13 ~ 1013
Sulphides: VIS — 11 ~2.5eV

Chalcogenides Selenide: NIR—15 ~1.8eV 2-3 9.1012-9.10%
Tellurides: NIR — 20 ~1.5eV

TFLN 0.4-5 ~4 eV 2.21 (o), 2.13 (e) ~1.8-107"

SiC 0.5- MIR 2.36-3.23 eV 2.6 ~1-10%

Diamond 0.22 - MIR 5.5eV 2.38 ~0.8-107"°

Ta,O¢ 0.3-8 3.8eV 2 ~2-101

TiO, 0.4-5.9 3.4eV 2.4 ~2.4-101

TeO, 0.4-5 3.8eV 2.1 ~1.3-10%




Rational for integration — nonlinearity (n,) & transparency

Material Trans. Window (um) n, (cm?/W)

Sio, 0.13-3.5 ~2.7 1076
Hydex 0.13-3.5 ~1.1-107%

Si 1.1-9 ~6-1014

SisN, 0.35-7 ~2.4-107%

SiGe (40% Ge) 1.5-11 ~4-10%(at 4 pm)
Ge 2-14 0.5-1-10"3(at 4 um)
AlGaAs 0.57/0.87 - >6.5 - Large library of photonic ~ 1013

AIN 0.2 —>5.5 integrated platforms ~2.3.1015
InGaP 0.65 - MIR ~ 1013

Chalcogenides

TFLN

SiC
Diamond
Ta,0¢
TiO,
TeO,

20.06.24

Sulphides: VIS - 11
Selenide: NIR - 15
Tellurides: NIR - 20

04-5
0.5-MIR
0.22 - MIR

0.3-8
0.4-5.9

04-5

= Large transparency

= Large nonlinearity

© Camille-Sophie Bres - EPFL

9-1012-9 .10

~1.8-10%
~1-10
~0.8- 1075
~2-10%4
~2.4.10
~1.3-10%
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Rational for integration — intensity (A

Material n

Sio, 1.46
Hydex 1.7

Si 3.48
SisN, 2

SiGe (40% Ge) 3.6 (at 4 um)
Ge 4 (at 4 um)
AlGaAs 2.86 -3.5
AIN 2.21 (0), 2.26 (e)
InGaP 3.13
Chalcogenides = Possible large index difference 2-3

TFLN

SiC
Diamond
Ta,05
TiO,
TeO,

20.06.24

between core and cladding
= Small guiding structures

= Higher optical field confinement

© Camille-Sophie Bres - EPFL
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3rd order nonlinearity - figure of merit
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FOM = g [dB~1w~1]
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Rational for integration - dispersion

= Dispersion engineering: shaping of GVD
profile in a targeted wavelength range

« For integrated waveguides: chose cladding,
core height and core width to shape GVD

= How to obtain GVD?

* Mode solvers (Lumerical, Comsol) calculate mode
profiles, n. ¢ and associated wavevector 8

* Wavelength can be swept to obtain the dispersion
of a given mode

* Geometrical parameters can be swept to map the
GVD for different structures

20.06.24 © Camille-Sophie Bres - EPFL 23



Rational for integration - dispersion

« Large core-cladding index contrast
H=700nm * Appearance of 2 ZDWs

- ——— - ——
N ——————

* Strong anomalous dispersion window

5 X107 sX10% = Small changes result in large ZDW(s)
——W=0.8 pm ——W=0.8 pm
Bt V20 / * Lithographic control on dispersion
——W=1.4 pm / ——W=1.4 pm|

8, (s*/m)

8, (s®/m)
o

= Such sensitivity is also a drawback!

* Precise dispersion engineering is constrained by
nanofabrication tolerances and maturity

1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm)
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Advanced dispersion engineering in integrated waveguides (1)

» Coupled waveguides involving supermodes
* Additional lateral waveguide has strong effect at long A

o \ "
0 \ Engi d dispe profile

s - === g ?\.
al 2 4 on O === Vo e —— _

| visible " AR b ~=--___ AnomalousGVD __--~"

I; dispersive ‘~‘,‘\ o AP e aeSeroon B TR s L b= Single-core

&| wave \ \J,/ & ——— Coupled structure

Hairun Guo, et al. "Nanophotonic supercontinuum-based mid-infrared dual-
comb spectroscopy," Optica 7, 1181-1188 (2020)

20.06.24 © Camille-Sophie Bres - EPFL 25



Advanced dispersion engineering in integrated waveguides (2)

T hP-onm ]
= nP =200 nm
= nP =400 nm 7
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2 RETTE s s T 55 s
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.4 9 -
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— n
5‘_’: l nD
——f—) .
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100f ]
50t ] Nima Nader, et al. "Versatile silicon-
C ok ] waveguide supercontinuum for coherent
o mid-infrared spectroscopy,” APL Photonics
— W, =306 um 3,036102 (2018)

-100¢

D [ps/(km . nm)]

— W, =530 nm, nP=1.0 um ]

-150

25 3.0 35 4 45 50 55 6
Wavelength [um]
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Advanced dispersion engineering in integrated waveguides (3)

= Graded index waveguides (SiGe)
* Fine tune refractive index, control mode confinement
a) Width b)
y -~ x4'2_""""""""'_
Etch TE & ]

22
£ o=
depth 03818 o .
z. 18 = 1
= 3.640 -
o 18 |
=
- ¢ 3.4 4 1=3 -
oy ) - m o
Silicon Substrate & 32- # _
______ I
2 -1 0 1 2 3.4 5 6 17
y (um)
~ D(ps/nm/m) Y D (ps/nm/km) s D (ps/nm/km) 100 . . . . .
34 . |4 2y 78 ]
£ = = S
Z3 ] || 23 23 )
: N k £ ] ‘
2 7! 22
2 B 21 = 25- 1
= 123456780910 12345678910 123456780910 £ M
Width (um) Width (um) Width (um) £ o ‘
& ] ]
a
(a) (b) (c) 754 (d) ——TM 1
_—_ I _— =100 4~ T T T T T
3 4 5 6 { j 8
. (um)

J. M. Ramirez, et al. "Ge-rich graded-index Si Ge waveguides with broadband tight mode confinement and
flat anomalous dispersion for nonlinear mid-infrared photonics," Opt. Express 25, 6561-6567 (2017)

20.06.24 © Camille-Sophie Bres - EPFL 27



Advanced dispersion engineering in integrated waveguides (4)

e
il o

= Changing top ‘cladding’ of the waveguide

* Can be a post process dispersion control

* Tune the dispersion from anomalous to normal

GeAsSe iGe
1.26pm

0

-50

-100

-150

-200
20 10 0 10 20

(C) X (pem)

D [ps/(km . nm)]

100F

— W, =530 nm, nP=1.0um |

25 30 35 4 45 50 55 6
Wavelength [um]

Milan Sinobad, et al. "Dispersion trimming for mid-infrared supercontinuum generation in a
hybrid chalcogenide/silicon-germanium waveguide," J. Opt. Soc. Am. B 36, A98-A104 (2019)

20.06.24 © Camille-Sophie Bres - EPFL
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Advanced dispersion engineering in integrated waveguides (5)

\ = Can easily vary the geometry along the
waveguide length
* 3D dispersion engineering

D. Benedikovic, et al. Optics Express 25 (16) (2017)

20.06.24

 Continuously varying 5,

* Cascaded section which can be combined with
ML (J. Wei et al, PRA 14, 054045 2020)

* Sub wavelength structures

© Camille-Sophie Bres - EPFL
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In this lecture

Quick basic of integrated optics and intro to nonlinear optics in waveguides
o Theory of optical waveguide
o Important parameters for nonlinear optics
o Platforms of interest

Integrated nonlinear optics in waveguides — illustration with supercontinuum generation
o Pulse propagation physics
o Design rules
o Demonstrations

Integrated nonlinear optics in microring resonators
o Basics of microresonator
o Nonlinear behavior
o lllustration of Kerr comb generation and dissipative solitons
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Supercontinuum generation

Propagation of laser light in a nonlinear waveguide can result in extreme spectral broadening

- —input -

| T T T T | T T T | T T T T | T T T T | T T T T | T T T T | T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Integrated photonics offer a reduction of footprint, cost and complexity

Enhanced light-matter interaction in diverse materials also resulted in new design rules
and opportunities for supercontinuum generation

20.06.24 Camille-Sophie Bres 31



Supercontinuum generation

VOLUME 24, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MarcH 1970

Applied Physics Letters, Vo!. 28, No. 4, 15 February 1976

New nanosecond continuum for excited-state spectroscopy

OBSERVATION OF SELF-PHASE MODULATION AND
SMALL-SCALE FILAMENTS IN CRYSTALS AND GLASSES

R. R. Alfano* and S. L. Shapiro
Bayside Research Center of General Telephone & Electronics Laboratories Incorporated,
Bayside, New York 11360
(Received 10 December 1969)

EMISSION IN THE REGION 4000 TO 7000 A VIA FOUR-PHOTON COUPLING IN GLASS

R. R. Alfano and S. L. Shapiro
Bayside Research Center of General Telephone & Electronics Laboratories Incorporated,
Bayside, New York 11360
(Received 9 January 1970)

° o o
5300 A 5624 A 5990A
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Chinlon Lin and R. H. Stolen

Bell Telephone Laboratories, Holmdel, New Jersey 07733
(Received 20 October 1975; in final form 1 December 1975)

ELECTRONICS LETTERS 7th December 1978 Vol 14 No. 25

Wideband near-i.r. continuum (0.7-2.1 pm)
generated in low-loss optical fibres

Chinlon Lin, V. Nguyen, W. French + Published 7 December 1978 - Physics * Electronics Letters
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Supercontinuum generation — quest for the broad

15 September 2008 / Vol. 16, No. 19/ OPTICS EXPRESS 14938

12 November 2007 / Vol. 15, No. 23 / OPTICS EXPRESS 15242
Supercontinuum generation in dispersion

engineered highly nonlinear
(y=10 /W/m) As,S; chalcogenide planar
waveguide

Supercontinuum generation in silicon photonic
wires

I-Wei Hsieh,' Xiaogang Chen,' Xiaoping Liu,' Jerry L. Dadap,' Nicolae C. Panoiu,’
Cheng-Yun Chou,' Fengnian Xia," William M. Green,’ Yurii A. Vlasov,’ and
Richard M. Osgood, Jr.'

'Microelectronics Sciences Laboratories, Columbia University, New York, NY, 10027, USA
*Department of Electronic and Electrical Engineering, University College London, Torrington Place, Lonc
‘IBM T. J. Watson Research Center, Yorktown Heights, NY 10598, USA
th2109@columbia.edu

Michael R.E. Lamont,' Barry Luther-Davies, Duk-Yong Choi,’ Steve Madden
and Benjamin J. Eggleton’
!Centre for Ultrahigh-bandwidth Devices for Optical Systems (CUDOS), School of Physics,
University of Sydney, NSW 2006, Australia
egg@physics.usyd.edu.au
2Cenlre_f'or Ultrahigh-bandwidth Devices for Optical Systems (CUDOS), Laser Physics Centre,
The Australian National University, Canberra, ACT 0200, Australia
bld111@rsphysse.anu.edu.au
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Supercontinuum generation

Propagation of laser light in a nonlinear waveguide can result in extreme spectral broadening

— Frequency conversion process with wide optical spectrum
High coherence

‘Simple’ source

« Extremely useful solution to generate new optical frequencies.
* Sometimes only viable solution to reach ‘unconventional spectral windows’

= Spatial coherence and can have temporal coherence
* Despite broad bandwidth : frequency comb

« Powerful technique to bridge distant spectral regions
* Does not require resonant structure,
* Does not require additional seed nor temporal synchronization

What about the reach, efficiency and control of supercontinuum for a given pump source ?

20.06.24 © Camille-Sophie Bres - EPFL 34



Nonlinear polarization

P(r,t) =P, (r,t) + Py, (1, t)

nOZ 62E 1 GZPNL
cZ 0t2 gyt Ot2

= Consider envelope-based approach and propagation in the z direction
E(r,t) = Re[A(z, t)F(x,y) exp(ifz — iwyt)]

Temporal Propagation
envelope constant

Transverse Angular
modal frequency

distribution of carrier



Propagation physics

- Considering only cubic nonlinearity (Py; ~ g,x® : EEE) of the core and neglecting term oscillating
at 3(1)0 .

3
Py, (r,6) ~ 7 gox P1A(z, t)|1?A(z, ) |F(x, ) |?F(x, y)

0A(z,t) jk+1 %Az, )\ « _ ,
N - —RZZ B[~ )+ 7A@ 0 = Az OPAG, )
0 2
WoN, 3y (- IFCx,y)|? dxdy)

— A fF =
Colerf 4egcong : ff03|F(x» y)|*dxdy



GNLSE

Frequency dependence of y:
Raman contribution

R = (1= £)8(0) + frhy () y(@) = y(@o) +y1(w —wo) + -

0A(z, k+1 ok A
(z,t) B 2 i ) ( (z,t)

d
07 ek )+ A(Zt)—l)/(1+lyla)</l(zt) fR(t)IA(Zt—t)l dt>

Dispersion Loss Self-steepening SPM, FWM, Raman
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Propagation in anomalous dispersion

A large majority of work on SCG relies on pumping in the anomalous dispersion
* Leverages opposite effects of SPM and GVD that govern the generation of solitons and their dynamics

Soliton regime requires that Lp = Lyy.. Pulses are characterized by soliton number N

v = L_D= YPT§
\JLNL \ 152

For N > 1, higher order solitons experience temporal compression points.
* Higher order soliton are easily perturbed, can lead to soliton fission (N fundamental solitons split in time)

Lp T
N YPolPB>|

The fission length is given by : L. =



Propagation in anomalous dispersion
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Propagation in normal dispersion

= Main mechanism is SPM: broadening is typically narrower
* dispersion-induced temporal stretching is no longer compensated by counteracting Kerr effect

= Optical wave breaking (OWB) generates the extreme wavelength components

* Shifted components overlap with non-shifted components at the edges of the pulse
* Leads to non-phase-matched generate FWM if peak of the pulse is still sufficiently high

: 0
-10
-20
-30
-40
0 -50

1500 1750 2000 2250 2500 -3 -2.5 0 2.5 5
Wavelength (nm) Delay (ns)

N
o

-
(&)

-10

-20

Prop. distance (mm)
w o

-30
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Important concept - coherence

= A SC can have pulse-to-pulse stability: high degree of temporal coherence, frequency comb

Coherence in anomalous regime Coherence in normal regime

= Can have modulation instability (MI) = SPM/OWSB: less susceptible to noise amplification

2YP,
Omp = 5] - Coherence can still be degraded

* From non-phase-matched parametric amplification
of noise from nonlinear coupling of SRS and FWM

« Want soliton dynamics to dominate M
e N < 22, ).C. Travers J. Opt. 12 113001 (2010)

* N < 16, J.M. Dudley, et al. Rev. Mod. Phys., 78:1135, 2006 = Occurs for N > 600 A Heidt, at al. JOSA B 4(4):764 (2017)
* Typically means that pulses have to be < 100 fs * Can have coherent supercontinuum with ps pulses
. . . 1 (E{(DE2(1))
Often estimated through numerical simulations: |g£2) (/1)‘ =

~ JEDRYEM)



Supercontinuum generation regimes

Time evolution Spectral evolution

1100
Wavelength (nm) 1300 O

Long pulses (ns) Short pulses (fs)
A I di . Modulation instability Soliton dynamics
nomalous dispersion Soliton dynamics Dispersive waves
. . Raman scatterin - '
Normal dispersion rng Self-phase modulation
Four-wave mixing Four-wave mixing
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Summary of important parameters

Parameter

Nonlinear coefficient

Dispersion length

Nonlinear length

Effective length

Expression
WoN;

y ==
CoAeft

_ T
1Bz
1

YPo
1 — exp(—al)

Lp

Ly =

L —
eff a

Soliton order N =

Lp YPoTg
LnL B2

Parameter

MI angular frequency

Fission length

OWSB length (Gaussian pulse)
Coherence limit
(anomalous SCG)

Coherence limit
(normal SCG)

Expression

2YP,
Qi =
M ’ IiY

Lp T,

Lgiss = =
N YPo S|

Lp
Lows = 1.1 N

N = 22

N = 600



Examples of SCG in integrated optics

Material width x height Pump (nm) Y (Wim1) a (dB/cm) coupling loss
SiO, HNLF [1] Core radius ~1.7 um 1690 0.0194 N.A. 0.7 dB/ splice
SiO, PCF (2] Core radius 1.13 um 1064 0.023 <107 3 dB/facet
SOl 3] 1.6 x 0.39 um? 2300 38 0.2 12 dB/facet
S0S [4] 3.45 X 0.66 pum? 3060 N-A. [~ 9 from 57 ~7 dB/facet
other source)
SisNg [5] 0.69 x 0.95 pm? 1030 1 0.7 11 dB/facet
SisN, [6] 1.175 x 2.29 um? 2090 0.37 0.2 5.5 dB/facet
Sio.cGe4[7] 5x 2.7 um? 4000 0.72 0.3 4.2 dB/facet
AlGaAs [8] 0.5 x 0.3 um? 1555 630 2 12 dB/facet
AIN [9] 0.42 x 0.5 pm? 780 9.8 6 4 dB/facet
TFLN [10] 0.8 x 0.8 um? 1506 N-A. (~0.4 from 3 8.5 dB/facet
other source)

High propagation losses
—> High coupling losses

— Compact structures (mm length)
—> High nonlinearity
— Wide range of wavelength

[1] Takashi Hori et al. Optics Express, 12(2):317-324, 2004

[2] Alexander M. Heidt et al. Optics Express, 19(4):3775-3787,2011 [5] Adrea R. Johnson et al. Optics Letters, 40(21):5117, 2015 [8] Bart Kuyken et al. Optics Letters, 45(3):603—606, 2020

[3] Bart Kuyken et al. Nature Communications, 6(1):6310, 2015 [6] Davide Grassani et al. Nature Communications, (10):1553, 2019  [9] Xianwen Liu et al. Nature Communications, 10(11):2971, 2019
[4] Nima Nader et al. APL Photonics, 3(3):036102,2018 [7] Milan Sinobad et al Optica, 5(4):360, 2018. [10] Mengjie Yu et al. Optics Letters, 44(5):1222, 2019
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SCG in integrated optics

v
= Proposed figure of merit for supercontinuum generation: FOMgc; = TP
0

103 T T T rrrr T T |||||/|| T T T T T T T T T T T T T T TTTT] T T T T TIIT] T T T T T T T T TTTT SiOZPCFJ|\/|StOﬂeeta|,OptEXpl’€SS,V0|16,pp2670,Feb2008

/

K N
) K //. AIN / K / sio ] HMO PCF: A. N. Ghosh et al., JOSA. B, vol. 35, pp. 2311, Sep 2018.
/ / m Si i
, ° Si/N / / / 2 ZBLAN fiber: C. Xia et al., Opt. Lett., vol. 31, pp. 2553, Sep 2006.
B / / / / T
L // / / / / / i ChG nanowire: D. D. Hudson et al., Optica, vol. 4, pp. 1163, Oct 2017.
/ / / / /
i / / /6 LNOI // // /. ZBLAN i Hydex: D. Duchesne et al., Opt. Express, vol. 18, pp. 923, Jan 2010.
, . .
) // // ® AN (VIS) // // // = HMO SiN: H. Guo et al., Nature Photonics, vol. 12, pp. 330, 2018

| G/ 5 / / / Si: N. Singh et al., Light: Science & Applications, vol. 7, pp. 17131, 2018
®InGa / / /
/ / XIGaAs/ / / m ChG (MIR) / Si (MIR): N. Nader et al., Optica, vol. 6, pp. 1269, Oct 2019.

T T T 7T
~

Broadening (THz)
°

/
/ / %i (MIR) / ®ChG (MIR) / SiGe: M. Montesinos-Ballester et al., ACS Photonics, vol. 7, pp. 3423, 2020.
/
/ / / /
AIN(VIS): X. Liu et al., Nature Communications, vol. 10, no. 2971, 2019.
/
/ / / /
InGaP: U. D. Dave et al., Opt. Express, vol. 23, pp. 4650, Feb. 2015

/ . /
/ / / / ®SiGe @ Hydex / Ge: A. Della Torre et al., APL Photonics, vol. 6, p. 016102, 2021.
/
' / ' (MIR)// // @ m Peak power : P} ChG: Y. Yu et al.,, Opt. Lett., vol. 41, pp. 958, Mar 2016.
B / / / / / / 7
L , / // // PY Ge/(MIR) / _
L / / / / / / AIN: J. Lu et al., Opt. Lett., vol. 45, pp. 4499, Aug 2020.
/
| ' | / | / | // | // | | ] AlGaAs: B. Kuyken et al., Opt. Lett., vol. 45, pp. 603, Feb 2020.
-3 R _
10 1072 107" 10° 10’ 102 103 10* . ,
Length x Peak power (cm.kW) LNOI: E. Obrzud et al., APL Photonics, vol. 6, no. 12, p. 121303, 2021.
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SCG in integrated waveguides — first conclusions

108 —

® SiN

® LNOI
® AN (VIS
Si vis)
®e @nGaP
AlGaAs

i (MIR)

Broadening (THz)
>

T T
® AN

= SiO,

= ZBLAN
= HMO

m ChG (MIR)
®ChG (MIR)

@ SiGe

® Hydex
(MIR)

® Ge (MIR)

® m Peak power: P ]

v L L Lo L Lol
107 102 1071 10° 10°

102 103 10*

Length x Peak power (cm.kW)

= Obtained record broadenings in waveguide/fiber
are similar, especially in near-IR

« FOM of integrated platforms can be several
orders of magnitude higher than fiber platforms

* Even when using the input pump power requirement

mmm) Comes from significantly reduced length x pump power: advantage of chip-scale platforms

mm=) For ultrabroad SCG, propagation loss are not a drawback

m==) Many platforms have similar FOM !



Engineering aspect — strong anomalous pumping

— - SiN

1.7 pm x 0.87 um - v
— 1.0 um x 2.09 pm L2

L o 4 AL o 0 AT
.10 pm X £. 17 pin

= Recall specifics of waveguide dispersion:
* Relatively large values of anomalous |f, |

T2 [ a0 2YP,
Ly =— fiss ~ Qe =
P B2 VYPolB:| M B2

* Large anomalous dispersion window between 2 ZDWs

0.5 1 15 2 25 3
Wavelength (um)

mmm) Ultrabroad band anomalous SCG in integrated photonics is often bounded by dispersive

waves located in normal dispersion regime
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Dispersive wave generation

« Femtosecond pulse in anomalous dispersion
* Spectrum is broadened through high order soliton dynamics
* Soliton can be perturbed by HOD, shedding energy to a phase matched DW located in normal dispersion regime

= Phase matching condition: phase constant of soliton wg equals that of the linear wave at wj

_ yP _
B(ws) — Vg 10)5 + o = B(wp) — Vg 1(‘)D

* For negligible soliton nonlinear phase compared to f(w) we are looking for frequencies w where:

B(w) — flws) —v; (@ — ws) = 0
\ )
Y
AB(w) ~

(w — ws)z d"B(w)
dw™

= ,Bmt

mz2



DW engineering & designs rules in integrated waveguides

PSD (20dB/div)

A
)]

Propagation length (mm)

20.06.24
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=N

3 @J /" "‘f

'o

H Pumpl

ND ND
AD
—
1 15 2 25 3 35 4

Wavelength (nm)

= Typical design rules for broadband SCG in integrated
waveguide differ from that of fiber platforms

In fiber: low |B,]| at the pump A + long propagation length

* Broadening depends on the soliton number N
* For finite P, and given T}, a low y platform implies low value of |5, ]|

* All characteristics length become long (Lyiss...)

= In integrated waveguides: ¥y can be much higher

* Can have higher values of |, ], allows pumping away from ZDW
* Can have two well-separated DWs with high coherence

* Reduces all main physical length scales : device lengths of few mm
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Engineering aspect —anomalous and normal SCG

1.5

T T
——TE -w=2.00 um, h=0.75 ym
——TM - w=2.00 yum, h=0.75 um

— TM

]
1um

TE

a

0.5 1 1.5 2 2.5 3
Wavelength (um)
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Engineering aspect —anomalous and normal SCG

——P =48 kW

TE polarization
Spectrum (10 dB/div)

I I I I '
1 2.5

o H il l L
0.5 1.5 2
Wavelength (um)

I [
——P =54 kW

Spectrum (10 dB/div)

TM polarization

1.6 1.8 2 2.2 24

Wavelength (um) E. Tagkoudi et al., Optics Express 29(14) 2021
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Trend: Pushing the performance of ‘low’ y platform (SiN)

-
D

|

Calibrated loss (dB / m)
N
GVD (fs¥um)
o
(o]

N
N
T T

¢ Sample A, 1 m

o .
I

T ¢ Sample B, 1m
® Sample C,0.5m I
® Sample D, 0.5 m 0
0 ——%50 1550 1630 12 14 16 18 2 22 24
Wavelength (nm) Wavelength (um)
Meter-long waveguides Ultra low losses Low dispersion engineering

J Liu, et al. Nature Com 12 (2021)

= Other trend: use high y waveguide that can also be dispersion engineered !

« GaP waveguide
* 165 Wm1 (35-fold higher than SiN), propagation losses 1 dB/cm
* See N. Kuznetsov et al, arXiv:2404.08609
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In this lecture

Quick basic of integrated optics and intro to nonlinear optics in waveguides
o Theory of optical waveguide
o Important parameters for nonlinear optics
o Platforms of interest

Integrated nonlinear optics in waveguides — illustration with supercontinuum generation
o Pulse propagation physics
o Design rules
o Demonstrations

Integrated nonlinear optics in microring resonators
o Basics of microresonator
o Nonlinear behavior
o lllustration of Kerr comb generation and dissipative solitons
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Optical microresonator

Confine light:

= Spatially, small mode volume - large overlap and interaction strength of light with matter
= With low losses — coherent enhancement of the interaction

The concept of an optical microresonator can be implemented in different structures/geometries

WGM in cylindrical
symmetric structure

—

_ 60pm

g T g ]
S e e

U G

D. Armani, et al. Nature 421, p 925 (2003)

Integrated Fabry Perot
resonator

A. Nardi et al. arXiv:2304.12968v2

T. Wildi et al. arXiv:2206.10410v3

Photonic Crystals

S. Kim et al. Nature Com 9, 2623 (2018)

Closed loop waveguide
Microring resonator

From Klab, EPFL

20.06.24
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Microring resonators

Hydex SiN Diamond
Razzari et al. Nature Photonics 2009 Levy et al. Nature Photonics 2010 Hausmann et al. Nature Photonics 2014 Griffith et al. Nature Com 2015

40 pm

AlGaAs AIN LiNbO; SiC
Pu et al. Optica 2016 Liu et al. ACS 2018 He et al. Optica 2019 Guidry et al. Optica 2020
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Linear coupling to a microring resonator

A Loss channels:

/ Ko = alossLR/TR

Resonator modes

) S exp(—QjossLg) Kex = Ogx/Tg

W, =M )
m n(w)R Total energy loss:

- Coupling ratio

N = Kex/K

Sin =

Quality factor

Q = wp/K

|A|?is the energy stored in the resonator

|s;,|? represents the photon flux of the pump and relates to the incident power.

Rate equation

dA K
I = — (E + i6a)) A(t) + \/KoxSin(t) , with Sw detuning between resonance and input pump frequency

20.06.24 © Camille-Sophie Bres - EPFL
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Linear coupling to a microring resonator
A

Sin

» Lorentzian dip with minimal transmission on resonance

Steady state transmission:

2
Sout KexKO

Sin ) (%)2 + Sw?

Kex[> Ko |

* FWHM linedwidth of k/2m (in frequency) 1 |
Ko—Kex\ 2 Kex \< Ko :
= Transmission depth AT = (u) 0sl ;
Ko+Kex — ig
. . _ 5 i
- Coupling conditions 1 = Kex/K 06 | 3
1 £ >
= Undercoupling: 1 < > (Kex < Kg) %0-4 i ig
" . 1 = 02 |5
= Critical coupling: 1 = > (Kex = Ko) ' ]
1 i
= Qvercoupling: 7 > > (Kex > Ko) %

20.06.24 © Camille-Sophie Bres - EPFL
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Dispersion N S D

05
= Frequencies of longitudinal modes are described by: w/2n—
C —020_00 -1 5:00 -1 (lJOO —5100 (l) 5(;0 1 OIOO 1 5.00 2000
Wy =M
m n(w)R ] | |
. 'I 1 ; 1 T
« Taylor expansion: \( ﬁ\r: T(
05 |
|
|
|
|

|
|
|
|
D] j K,w_1/2n : it e B N—w /21
Wy, = Wo + Z j_'ﬂ B ! ]
' 0

]EN -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
FSR =D,/2m x 10*
C

= Deviation from an equidistant grid is compounded ‘B AT an'rﬂ‘h(' i
into the integrated dispersive cavity mode shift: : | I{I{ i i {(TJ
g IRsk
E ol | |
Dint ((UM) = (UM — Wqo — Dll.l _6> D, /2m ’ N frequenc(;/(MHz) ’ ‘ x1604
D2 D3 - 3000
Di‘nt(wu) z?ﬂz‘l'? 3+ ngooo:

-10 -8 -6 -4 2 0 2 4 6 8 10
relative mode number p=m-m_
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Nonlinear response

» Coupled-mode theory can be extended to describe many modes and nonlinear interactions

dA  D,9%A K
— =i 357 + ig|A|*A — (§+ l5a))A(t) + \KexSin¥
hwécn, _ .
g=— , per photon Kerr shift Verr = AerrLg, effective mode volume
nOVeff
di) 0%y

—= = —(1+ G + i1 — if oz + f

249 K K 2ng —D, 20w
_ _ = 0 = /— _ / _ _ 2 _ 20w



Nonlinear response

= Can identify different regimes depending on the pump power and detuning:
* Continuous wave — CW

 Tilting of the cavity resonance, creates bistable region .
. _Bistability
* Modulation instability — M/ ? H ) A4
* Formation and growth of sidebands (periodic patterns). ;’éoﬁgh\
* Can be stable or chaotic "3; g
* Dissipative Kerr solitons — DKS > cr
e Optical pulses 0 6/ dem
* Rely on double balance dispersion/nonlinearity and loss/gain. Normalized detuning ¢

Bistable region:

go E[§¢a§¢] with gT z3(f2/4)]/3’4/¢ zfz
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Frequency comb generation

« The homogenous CW region exhibits modulation instability (MI) when the intracavity energy is

beyond a threshold. The minimum input pump power to reach Ml is:

2 2
_ ng VeffK

Pthres -

2 2 —
[V1° > 1= fihres = 1 Bwocy Ny, 7N

* Depends on cavity properties : effective mode volume, nonlinear refractive index
* Quadratic influence of the cavity linewidth (i.e. Q factor)

= CW solution becomes instable. Formation of sidebands due to four wave mixing

5 ; TIIT oF . 1 . r : ; ' T '
T ‘ _
K T s o0 |
D 5 |
i HE ] e
- L 1 1 | L 1T T 1 t
- @
I ____J__._] ,,,,,,, g bt
2 20}
‘ 40}
| I I A e IL | IR |

A + A i i 1800 1850 1900 1950 2000 2050 2100

Wavelength (nm)
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MI combs

= Increasing the intracavity power leads to destabilization of the Turing pattern.

Normalized power (dB)

1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300
Wavelength (nm)
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Dissipative Kerr solitons

= The analytical soliton solution to the LLE is not known.
* Good approximation similar to the fundamental soliton solution of the NLSE
* secant hyperbolic profile plus a continuous wave
* The soliton existence range is approximately the bistable region ({,ax = ™2 2/8)

= There can be Nsolitons in the cavity at various position ¢; :

N

PO ) = o +20ei®s D sech| |52 — i)

k=1

Nmax

Total intracavity power (a.u.)

R

20.06.24 Normalized detuning (g

~
~
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Multi solitons and soliton crystals

Soliton crystals: tightly packed solitons that fully occupy the resonator and exhibit collective temporal
ordering, filling the angular domain of the resonator

Perfect soliton crystals: Evenly distributed solitons on the resonator circumference

Two-soliton comb 4-PSC

O O

Power (10 dB/div)

Power (10 dB/div)

1500 1540 1580 1620 1500 1540 1580 1620
Wavelength (nm) Wavelength (nm)

Power (10 dB/div)

Single soliton

1500 1540
Wavelength (nm)

O

1580 1620

Formation of structures is linked to perturbation giving rise modulation on CW intracavity background leading to

the formation of long-range bound states.

In microcavity: avoided mode crossings plays a significant role

20.06.24 © Camille-Sophie Bres - EPFL
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Versatile soliton generation

60
——————————————————————— > « At higher pump power, dissipative Kerr solitons
S0 F Stochastic DKS 1
10 (DKS) with stochastic soliton number is generated.
3
E
. 30}
(O]
% ................................................................................................................... l
A0 mm = - > Deterministic PSC
" Sreathore « At lower pump power, equally-spaced perfect
10+ -
Chaos Stable DKS soliton crystals (PSC) are formed deterministically.
% 0.2 0.4 0.6 0.8 1 1.2

' Detuning (GHz)
M. Karpov et al., Nature Physics 15 (2019)



Experiment — the resonator

= Si;N, microresonator, 217 um radius

20.06.24

QO > 107
Ko/ 2T = Koy /270 = 20 MHz
Pumped near 1555 nm

Anomalous dispersion, with major avoided mode
crossings near the near the 15t mode

80 r i i T T T O
O Total linewidth
O Coupling strength ° 0o © ?
O Intrinsic linewidth o o
60 © o ° o Wop L)
o o ©
0o 90 O @0 Bo &% © 0@9:% 0

Linewidth (MHz)

15]80 1620
Wavelength (nm)

Wavelength (nm)
1500 1540 1580 1620

N
I
O
K Ll el
N ' ‘ &
20.4 \p=1555.96 nm 2
o D,/2n = 103.91 GHz e
D,/2n = 1.28 MHz ©
0.2 % o & ]
OO 'OO
Cop 04
G000 e
or 09000000000 T o ]
1540 1550 1560 1570 1580

Wavelength (nm)
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Attractor map — above threshold

Jamod Ajneoseuu|

60
180 1
e Y. — - — = = = — )
S0 Stochastic DKS 1
40+ 1 ~
()]
= 30 % 0
% .................................................................................................................. ) ?c»
o 20k | <
MI Breathers
10+ |
Chaos Stable DKS
0 l_ | ! 1 | ! -
0 0.2 04 06 0.8 1 12 180 Time (2.0 °
Detuning (GHz) -

» Sweeping through chaos region clears some solitons and results in a stochastic generation of soliton crystals.

> The relative position of the solitons should however be deterministic, following the modulated CW background.
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Two soliton microcombs - experiments

= =
Kl Ko
= )
o ©
o o
o o
5 S
a o a=117°
1480 1520 1560 1600 1640 1480 1520 1560 1600 1640
Wavelength (nm) Wavelength (nm)
3 >
X Ke)
[a4) S~
S 3
2 S
g %
kS S
| o
1480 1520 1560 1600 1640

1480 1520 1560 1600 1640
Wavelength (nm)

= >

Rel el

) )

o o

] T

g s J"HM”JHH “»' !
[a [a

1480 1520 1560 1600 1640

1480 1520 1560 1600 1640
Wavelength (nm)

= o 1ock | | | A | |
= =] | | | | | | [ =ntracat\‘;|ty
S S10F [ [ [ [ I
S g [EEE [ HEEA] | -
< (]
F] ] o V]
6 w1072 -
2 N
2 ©
) 1ok

1480 1520 1560 1600 1640 >

1

-
o

Wavelength (hm)

20.06.24 © Camille-Sophie Bres - EPFL



Perfect soliton crystals

> : : :
3| Single-soliton e Ap=1556.0 nm
o Exp
60 2F | Fitting
ot 1
ol 2 il Dl
Q1500 1540 1 580 1620
Wavelength (nm)
40 - .
% L PSC (N=2) ATTTTTT Xp-1556 0nm
S a3l i [ ) 180
(O]
% .................................................................................................................. o} i
O 20m === > Deterministic PSC . t ( I
=
o MI Breathers g | PSC (N=3) T p=1554.3 nm
r i o A h
Chaos Stable DKS of A1 M
0 L 1 1 1 1 - :L;— y ’,, M
0 0.2 04 0. 6 0.8 1 1.2 = ¢
Detuning (GHz) o .

L PSC (N=4) ATTTTT \Xp—1555 1nm |

1500 1540 1580 1620
Wavelength (nm)

By pumping different resonances at low power, single soliton and 3 different PSC (N=2, 3 and 4) could be

deterministically generated with 100% probability
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n, (cm?/W)

Challenges of integrated nonlinear optics

v?) nonlinearities are key for several essential building blocks...

PO N /'—/
%\,:a‘*’** o >
o -

" f°1:/ e
— /
> [ . il \\

>

-~

Three wave mixing

Electro optic effect

but the most mature photonic integrated platforms lack %% response
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Conclusion

Combination of nanofabrication advancements, material evolution and novel designs
leveraging 3D engineering make integrated nonlinear photonic quickly evolve and

applicable to several application domains
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Thank you !
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