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I Introduction

Christian Lafforgue



Why integrated optics?

Application side Physics side

* Communications: High density, low power

* Nonlinear effects: high intensity
* Computation: High density, low latency
* Complete functionalities: )((2) materials
* Imaging: compact broadband sources
* Optical cavities: high FSR
* Sensing: compactness, high sensitivity

Need to shrink down optical systems: increases density, intensity, material choice, design parameter space

= |ntroduction
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Applications

 Communications: short-distance data processing

- 9 .
Photonic Integrated Circuit Market Size 2025 to 2034
(USD Billion)

$80.86
$66.98

60 $55.49
s $45.96
38.07
40 $31.54 H H H
sorea 52613 We build more and more gigantic, power-hungry
c s $17.98 -
S " | I facilities
i)
8} 0
_g 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034
(@)
b The Photonic Integrated Circuit Market size is predicted to increase from USD 17.93 billion in 2025 to approximately USD
c 97.62 billion by 2034, expanding at a CAGR of 20.72% from 2025 to 2034.
Source: https://www.precedenceresearch.com//photonic-integrated-circuit-mark et
u
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Applications

 Communications: short-distance data processing

* Challenge:
» get rid of bulky, power-hungry systems
* Get the optical processing as close as possible to the electronic drivers

! Output fiber
' Amplifier

o

= |ntroduction
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Applications

* Communications: short-distance data processing

* Challenge:
» get rid of bulky, power-hungry systems
* Get the optical processing as close as possible to the electronic drivers

Silicon Photonic Engine
200 Gb/s Micro-Ring Modulator
1.6 Tb/s Throughput

NVIDIA

Introduction
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Applications

* Computing: PICs for Al and quantum computing
* Small footprint
* Low latency
* Scalable for mass-production

XANADU

Introduction
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Applications

* Sensing: biomedical technologies, environment monitoring, lidar...

* Small footprint
* Low power
* High sensitivity

= |ntroduction
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Applications

* To go further: roadmap of integrated photonics

https://photonicsmanufacturing.org/2023-ipsr-i-integrated-
photonic-systems-roadmap/

= |ntroduction
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I Photonic integrated circuits (PIC)



Slab waveguide: infinite along x-axis
E(x,y,z) = E(y)el(Fz-wD)
H(x,y,2) = H(y)e/(Fz=wD)

* Two sets of independent equations:

* Maxwell’s equations: 65‘2 \ 6Hz \

X VXE=jouH 3y —JBEy = jopoH, Jy — JPHy = —jweEy
. Z (prop.) {V X H=—jweE ‘ ) H, = gEy < £, = —%Hy
g * Invariance ogg—axis: oM. b oE B
; = 0 . By —Jwek, \ jouoH,
% Transverse magnetic (TM) Transverse electric (TE)
.é k (Ey; Ez; Hy) j k (Ex;Hy; Hy) /

© Dr. Christian Lafforgue 12



= Photonic integrated circuits

Slab waveguide: infinite along x-axis
E(x,y,z) = E(y)el(Fz-wD)
H(x,y,2) = H(y)e/(Fz=wD)

Transverse electric (TE) (E,; H,; H,)

a

o

* Propagation equation: » Effective index:
_ WNegp 2NNy

OE? w?n(y)? p
x(x;Y)+< ng) _IBZ)Ex=O ¢ A
Ny < Neff < nq

* Boundary conditions: continuity relations
at interfaces

* Problemis fully defined /

© Dr. Christian Lafforgue 13



TE modes, A = 1550 nm, field intensity map (|E|?)

1.5 — .
| .
§0-5'n0 = 3.5 ' TEO
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05| | TE1
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E (V/m)

y (um)

= Photonic integrated circuits
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TM modes, A = 1550 nm, field intensity map (|E|?)

1.5

1 N
05t ng = 3.5 - T™ O
Nefr = 3.39
0

M= [

y (um)

—
o
(8]
o
o
8]
—

15— ' K
1

05| | ™ 1
Nefr = 3.13
0

-1 0.5 0 0.5 1
E (V/m)

y (um)

= Photonic integrated circuits
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Lateral confinement: infinite along x-axis
E(x,y,2z) = E(x,y)el (Fz=00)
H(x,y,2) = H(x, y)e/ Fz-@D)

i Z (prop.) * Maxwell’s equations:

E VXE=joud

% {V X H=—jweE

% * No invariance on transverse axis: quasi-TE and quasi-TM modes
5 - B = Wheff _ 2MNeff

§ c A

2 * Ny < Neff <Ny
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Waveguides

TE modes, A = 1550 nm, field intensity map (|E|?)

Neff = 3.39 Neff = 3.32 Neff = 3.21

y (um)
y (pm)
Y (um)

2 ik A 05 0 0.5 1 15 2 T2 15 - 05 0 0.5 1 15 2 2 15 24 05 0 0.5 1 1.5 2
x (um) x (pm) x (um)

Neff = 3.00

y (um)
Y (um)
y (pm)

2 ik A 05 0 0.5 1 15 2 T2 15 4 05 0 0.5 1 15 2 2 15 -1 0.5 0 0.5 1 1.5 2
x (um) X (pm) x (um)

Photonic integrated circuits
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Photonic integrated circuits

Waveguides

Properties (n.¢f, area) depend on different factors

Inter-modal dispersion

Dependence on:
* Polarization

olarization Mode Dispersion

-
Optical Pulse }
—

e Mode

_© |

N = 3.39

o

2N

Intra-modal dispersion

Dependence on:
Materials

Geometry
Mat. 1

Mat. 2

Mat. 3

Temperature

© Dr. Christian Lafforgue

Chromatic dispersion

Dependence on:
* Wavelength

1+z i
A2 —C

18



Waveguide dispersion

* All this leads to a strong dependence of § with w:

_9%

- dw

Initial pulse

* Rely on numerical solvers

1
B(w) =By + L1(w — wy) +§,82(a) — wo)z 4.

After prop. with GVD

* 1 = group velocity

1 0.5+

* [, — group velocity dispersion (GVD)

Normalized amplitude (W'?)

= Photonic integrated circuits

Normalized time, /T,

© Dr. Christian Lafforgue
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Waveguide dispersion

e Standard fibers
e Material (but limited)
* Diameter

* Photonic crystal fibers
e Material (but limited)
e Core diameter
* Rod diameter
* Spacing

* Integrated waveguides
* Materials (wide choice)
e Width
* Height
e Shape

03

= Photonic integrated circuits
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Photonic integrated circuits

Materials

Material Trans. Window (um) Bandgap n

Sio, 0.13-35 9eV 1.46

Si 1.1-9 1.12 eV 3.48

SisN, 0.35-7 5eV 2

Si, Ge, 1.5-11 ~1.1eV 3.6 (at 4 um)
Ge 2-14 0.7 eV 4 (at 4 um)
-V 0.57/0.87 —>6.5 1.42-2.16 eV 2.86 -3.5
AIN 0.2—->55 6.2 eV 2.21 (0), 2.26 (e)
TFLN 0.4-5 ~4 eV 2.21 (0), 2.13 (e)
SiC 0.5—-MIR 2.36 -3.23 eV 2.6
Diamond 0.22 - MIR 5.5eV 2.38
Ta,O 0.3-8 3.8eV 2

Typical propagation loss: 1dB-m™ — 10dB-cm™!

Typical propagation loss of commercial fibers: ~ 0,1 dB - km™*

© Dr. Christian Lafforgue

IMLIGENTEC

‘umnec
2 CSEeM LioniXé

INTERNATIONAL

Factors playing on loss:

Material (absorption)
Geometry: smaller waveguide — higher
interaction with sidewall roughness
Wavelength: scattering o< 1/1*

21



Photonic integrated circuits

Integrated devices

Waveguides

Multiplexers

Thermal tuning

Gratings

\ Phase tuning

T LRRRRRARLL

STITITTTIITINIITIN

Couplers/splitters

Long waveguides

© Dr. Christian Lafforgue

Interferometers

Resonators

Active cladding




Linear optics

Materials submitted to a field E — dipoles — dielectric polarization P — total field

[Material response ] [ Time trace ] [ Fourier transform ]
P

N

>t
= .
2 1 2 3 4
g
:5 P~ eo)((l)E Sine wave Only fundamental harmonic
S
°
e
o
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Nonlinear optics — 3™ order

Materials submitted to a field E — dipoles — dielectric polarization P — total field

[Material response ] [ Time trace ]

p

Distorted sine wave,
But centro-symmetric!

P = gy VE + y®E3)

= Photonic integrated circuits

© Dr. Christian Lafforgue

[ Fourier transform ]

N\

Fundamental + 3" harmonic

24



Nonlinear optics — 2" and 3 order

Materials submitted to a field E — dipoles — dielectric polarization P — total field

[Material response ] [ Time trace ] [ Fourier transform ]
p
N
P
N
t
g 1 2 3 4
E_f _
S P~ go(yWE + yPE? + y®E3) Distorted sine wave, Fundamental +2"9 (+39) harmonic
S But not symmetric!
o

© Dr. Christian Lafforgue 25



Nonlinear optics — 2" and 3 order

Materials submitted to a field E — dipoles — dielectric polarization P — total field
Ferroelectric material: possess a spontaneous polarization

[I\/Iaterial response ] [ Time trace ] [ Fourier transform ]
P
A
P
N
>E t

g 1 2 3 4
g
S P = go(y(WE + yPE? + y®F3) Distorted sine wave, Fundamental +2"¢ (+39) harmonic
S But not symmetric!
o
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Nonlinear optics — 2" and 3 order

Materials submitted to a field E — dipoles — dielectric polarization P — total field
Ferroelectric material: 2 possible paths (hysteresis)

[I\/Iaterial response ] [ Time trace ] [ Fourier transform ]
P
N

- 1 2 3 4

P = go(y VE + yPE? + y®E3) Distorted sine wave, Fundamental +2" (+3r9) harmonic
But not symmetric!

Opposite curvature — opposite (%

= Photonic integrated circuits

© Dr. Christian Lafforgue 27



= Photonic integrated circuits

Nonlinear optics

EO modulator
Optical switch

Sensor

OPO
OPA
Frequency comb

Quantum optics

VIS/UV source
Microscopy
Spectroscopy

Solitons
Kerr Modulation

Supercontinuum

Lasers
SA Thresholder
VIS sources

THG Imaging

Quantum optics
FWWM  Signal processing
Frequency combs

Attoscience

UV sources

© Dr. Christian Lafforgue

Strong-field physics
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Nonlinear optics: what integration can do?

* Example: supercontinuum generation

* SPM: the refractive index depends on the light intensity: n = ny + n,I
* N, depends on the material

3)((3)
o
> 4gycon?
* The total effect scales with the nonlinear coefficient y = (:an
eff

* Aq¢r depends on the confinement of light in the waveguide:

(ff_oooolF(x, y)|? dxdy)2
I, JE G, )| *dxdy

GVD: the pulse propagation depends on the strength of the GVD and its
wavelength dependence

Ao =

= Photonic integrated circuits

© Dr. Christian Lafforgue 29



= Photonic integrated circuits

Nonlinear optics: what integration can do?

o 2
’32 (s“/m)

x1072°

——W=0.8 pm
——W=1.0 pm

W=1.2 pm
—W=14 um

_

;-‘E-"L:-__-:_:_

1000

1200 1400
Wavelength (nm)

1600

1800

* Large core-cladding index contrast +
small dimensions

* Reduces A.¢r drastically
* Higher nonlinear effect for a given input
10 power
By
- : .
N / / * GVD is very sensitive to the geometry
 Lithographic control of dispersion

8, (s*/m)
=

e Can also be an issue: sensitivity to
fabrication tolerances and errors

AL

1000 1200 1400 1600 1800
Wavelength (nm)
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Photonic integrated circuits

Materials

Material Trans. Window (pm) Bandgap n n, (cm2/W) x@ (pm/V)
Sio, 0.13-3.5 9eV 1.46 ~2.7-10° X

Si 1.1-9 1.12 eV 3.48 ~6-:101 X
SiyN, 0.35-7 5 eV 2 ~2.4 .10 X
Si,,Ge, 1.5-11 ~1.1eV 3.6 (at 4 um) ~4-101(at 4 um) n.a

Ge 2-14 0.7 eV 4 (at 4 um) 0.5-1-10%3(at4 um) X
-V 0.57/0.87 — >6.5 1.42-2.16 eV 2.86 -3.5 ~ 1013 High
AIN 0.2->5.5 6.2 eV 2.21 (0), 2.26 (e) ~23-1071 Moderate
TFLN 0.4-5 ~4 eV 2.21 (0), 2.13 (e) ~1.8-10715 High
SiC 0.5-MIR 2.36 -3.23 eV 2.6 ~1-101 Moderate
Diamond 0.22 - MIR 5.5eV 2.38 ~0.8-101 X
Ta,O¢ 0.3-8 3.8eV 2 ~2-101 n.a.

© Dr. Christian Lafforgue
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I Frequency conversion



= Frequency conversion

Second harmonic generation

* In presence of a perturbation on the dielectric polarization, the
propagation equation is modified:

n(x,y)? 0°E 1 9%pNL

c? Ot? (r,t)=€OC2 ot? (r.0)

VZE(r,t) —
P = gy WE + PNt

« PNL contains harmonic terms: we need to model the propagation of
each component

© Dr. Christian Lafforgue
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= Frequency conversion

Second harmonic generation

* Coupled mode theory:

* we consider the nonlinear polarization as a perturbation on the propagating
modes

* We study the « cross-Poynting vector » : the amount of power coupling
between different waves with modes [ and m

Hlm=ElXH;1+E;1XHl

* In the linear case, this results in the mode orthogonality equation:

ff [Hlm]dedy = 4Py01m

/N

Kronecker
Power

symbol
© Dr. Christian Lafforgue
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Second harmonic generation

* Coupled mode theory:

* we consider the nonlinear polarization as a perturbation on the propagating
modes

* We study the « cross-Poynting vector » : the amount of power coupling
between different waves with modes [ and m

Hlm=El><H1ﬂ:)’L+E‘;‘nXHl

* In the nonlinear case, this results in the mode orthogonality equation:

|| mloaxay - [[ g5y

© Dr. Christian Lafforgue 35
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= Frequency conversion

Second harmonic generation

* We need to define the propagating fields accordingly:

E(T', t) — A(Z)F(X, y)ej(ﬁz_wt)

\ .
\ Propagation
/ Field distribution in the

Enve|ope cross-section

(normalized so that
|A|? =power)

* We use this definition for the pump (fundamental harmonic) and the
SH fields

© Dr. Christian Lafforgue

36



= Frequency conversion

Second harmonic generation

* We obtain a set of two coupled equations:

(04 .
—7(2) = jyindp(@Ap(2)e Pr=2Fp)?
<

0Ap , .

" — i —j(Bn—2Bp)z
| Tz @ = rad@e p

AB = By — 2,: wave-vector mismatch between the two waves

wpx¥ II,., By (e, y)2Fp (x, y)dxdy

Vsh = '
2
J2eocinimn I IR, Gyl dxdy (11, 1F e ) 2dxdy

© Dr. Christian Lafforgue
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= Frequency conversion

Second harmonic generation

* We obtain a set of two coupled equations:
(
0A,
0z
| 08 2o i(ne)
E(Z) = jysnAy(z)e™/\Phm4Pp

(2) = jyin A (2)Ap(2)el (Pr=2bp)2

\

AB = B — 2,: wave-vector mismatch between the two waves

Ysn X ffaz F,(x,y)?Fp(x,y)dxdy : overlap of pump and SH modes

© Dr. Christian Lafforgue
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Second harmonic generation

* Hypothesis: the conversion process is weak enough to neglect
changes in pump amplitude: 4,(z) = 4,(0) = /P,

A
Py (2) = |ysn|*Psz* - sinc? (7'BZ>

Ap = B — 2,: wave-vector mismatch between the two waves

Ysn X ffaz F,(x,y)?Fp(x, y)dxdy : overlap of pump and SH modes

= Frequency conversion

© Dr. Christian Lafforgue 39



Second harmonic generation

¥ (um)

-2 15 -1 05 0 0.5 1 15
x (pm)

N

y (um)
y (um)

y (um)

-2 -1.5 -1 -0.5 0 0.5
x (um) X (um)

-

1.5 2 T2 -1.5 -1 -0.5 0 0.5 1 1.5

N
'
N
'
BN
(83}
'
i

-0.5 0 0.5 1 1.5 2
x (um)

Frequency conversion
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Frequency conversion

Second harmonic generation

y (um)

Highest overlap

-2 15 <4 0.5 0 0.5
x (pm)

1.5

y (pm)

22

-1.5

-1.5

-1 -0.5 0 0.5
x (um)

-1 -0.5 0 0.5
X (um)

© Dr. Christian Lafforgue

1.5

y (um)

-0.5

0
x (um)

0.5
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Second harmonic generation

No overlap 1
0.8
1
0.6
0.5 ‘
= 04
0
0.2
-0.5 0
2 -15 -1 -05 0 0.5 1 1.5 2

(um)

y

x (pm)

15 15

1 1

i £ os N

c ~ ey -

R

e 0 0
()
>
c

o 05 05

© 2 15 -1 05 0 0.5 1 15 2 2 15 <1 05 0 0.5 1 15 2 2 15 - 05 0 0.5 1 15 2
5 x (um) x (pum) x (um)
c
Q
-
(on
Q
S
i
[ |

© Dr. Christian Lafforgue 42



Second harmonic generation

- Overlap 5- 1

(um)

y

x (pm)

15 1:5

1 1

i £ os 305

C - - -~

Re;

n 0 0
(O]
>
c

o -0.5 -0.5

o 2 1.5 -1 05 0 0.5 1 1.5 2 2 15 -1 05 0 0.5 1 15 2
5’ x (pm) x (pm) x (pm)
c
()
>
O
)
| -
(T
n
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Second harmonic generation

* Two cases:
 Af # 0 — phase-mismatched SHG

Pumpwave IR S — EE——)
— — —

SH wave
E—)
* Af = 0 — phase-matched SHG

E—)
——

i

ump wave —

SH wave

I
I

= Frequency conv%smn

© Dr. Christian Lafforgue a4



= Frequency conversion

Second harmonic generation

* Af # 0 — the SH and pump waves are not in phase during propagation (not

. o (A 4
the same velocity), so the SH cannot grow, Py, (z) = |ygp|*Ps sin? ( fz) E
1-5 | | | | | | | | |
.| |
G
S
0.5+ i
0 ] | ] | ] | ] |
0 1 2 3 4 5 6 7 8 9 10
z(a.u.) — Af =25a.u.

© Dr. Christian Lafforgue

— AL = 1.8 a.u.
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Second harmonic generation

* Af # 0 — the SH and pump waves are not in phase during propagation (not
the same velocity), so the SH cannot grow

* Example: lithium niobate waveguide pumped at 1550 nm

Periodic pattern due to phase-mismatch

Top view (illuminated) Top view (scattering)

= Frequency conversion

© Dr. Christian Lafforgue 46



Second harmonic generation

* Af = 0 - the SH and pump waves are in phase during propagation, so the
SH can grow, P, (z) = |yspl*Psz*

1.5 | I 1 | | I 1 | 1
f i i
&
S
0.5 i
§ 0 | | [ ¢ |} 1 | 1
3 0 1 2 3 4 5 6 7 8 9 10
g z(au.) — AL =25au
L — AL = 1.8 a.u.

© Dr. Christian Lafforgue — A,B = 0a.u.
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Second harmonic generation

* Af = 0 - the SH and pump waves are in phase during propagation, so the
SH can grow, P, (z) = |yspl*Psz*

z (a.u.)

— AL =25au
— AL = 1.8 a.u.

© Dr. Christian Lafforgue AIB = 0a.u. 48

= Frequency conversion



Second harmonic generation

* Hypothesis: the conversion process is weak enough to neglect
changes in pump amplitude: 4,(z) = 4,(0) = /P,

Pr(2) = |ysn|*Psz*

Conversion efficiency:

?h(Z)
Py

TI(Z) — — |Vsh|222

Unit: W™t or % - W™ (you can also find % - W~ - cm™?)

= Frequency conversion

© Dr. Christian Lafforgue 49



= Frequency conversion

Second harmonic generation

* How to get A = 07?
e Ap = . (n((ff% — ngf?f)) — we need to match the effective indices

* We need to match effective indices of pump (4,,) and SH (4,,/2)

* Due to dispersion, this is usually not possible for fundamental modes
* We can use higher order modes: modal phase-matching

* |t decreases efficiency (less modal overlap)

Nefr = 3.39 Nefr = 3.69

Overlap ~ 1-10° m~? Overlap ~ 2.5 - 103 m™1
AB ~24-10°m™! AB ~0m™!

© Dr. Christian Lafforgue 50



= Frequency conversion

Second harmonic generation

* How to get A =07
e Ap = . (nfj@ — ngfjf)) — we need to match the effective indices

* We need to match effective indices of pump (4,,) and SH (4,,/2)

* Due to dispersion, this is usually not possible for fundamental modes
* We can use higher order modes: modal phase-matching

* |t decreases efficiency (less modal overlap)

e We can introduce a periodicity (A) along the waveguide to
compensate the phase-mismatch

* Af = 2m/A : Quasi-phase-matching

© Dr. Christian Lafforgue

51



Second harmonic generation

1 R\ PY . . . .
_ _ We can mtroduce.a periodicity (A)
o B along the waveguide to
S e compensate the phase-mismatch
>
- \\\ * Af = 2m/A : Quasi-phase-matching
_— ~—— \\\
— . )((2) is reversed every-time the SH

interference becomes destructive

4
* Pn(2) = = |[VsnlPg z*

= Frequency conversion

© Dr. Christian Lafforgue 52



Second harmonic generation

« Af = 2n/A — the SH and pump waves are in phase during propagation, so
the SH can grow, P, (2) = (4/1%)|ysp|* Py z*

1.5
— AL = 1.8 a.u.
1F — Af = 1.8a.u.,, QPM
& — AL =0a.u.
S

0.5

= Frequency conversion

© Dr. Christian Lafforgue 53



= Frequency conversion

Second harmonic generation

« Af = 2n/A — the SH and pump waves are in phase during propagation, so
the SH can grow, P, (2) = (4/1%)|ysp|* Py z*

o /
— AL = 1.8 a.u.
—~ 60 —— AB =18a.u,QPM
= — A,8=Oa.u.
> a0 .
20 -
0_—& l ] — ] ——— ]
0 1 2 3 4 5 6 7 8 9 10

© Dr. Christian Lafforgue 54



= Frequency conversion

Second harmonic generation

* How to reverse )((2) on a given fabricated waveguide?
* Ferroelectric materials!

P = &y(y VE + yPE?)

Opposite curvature — opposite )((2)

© Dr. Christian Lafforgue
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Second harmonic generation

* How to reverse )((2) on a given fabricated waveguide?
* Ferroelectric materials!

* Example: periodically poled lithium niobate (PPLN) waveguides
* Electrodes are deposited periodically on the sides of the waveguide
* High voltage pulses are applied to reverse ferroelectric domains

= Frequency conversion

© Dr. Christian Lafforgue 56



x® mapping

Optical
spectrum

Power (dBm)

= Frequency conversion

-30

-40 -

-50

-60

=70

-80

-90 -

-100

-110

P
<

Second harmonic generation

* Example: periodically poled lithium niobate (PPLN) waveguides

Original

Lithium
Niobate

ll I ' I l Electrodes

Pump

Power (dBm)

Pump

1 1 1 1
1000 1200 1400 1600
Wavelength (nm)

© Dr. Christian Lafforgue
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Second harmonic generation

* Example: periodically poled lithium niobate (PPLN) waveguides

Chen, PK., et al. Adapted poling to break the nonlinear efficiency
limit in nanophotonic lithium niobate waveguides. Nat. Nanotechnol.
19, 44-50 (2024). https://doi.org/10.1038/s41565-023-01525-w

T

Conversion efficiency: ~ 1-10% % - W1

~ 180 ; ~ 180
z ‘ z
® 150 + Periodic poling, L =3 mm ¥ 150 Adapted poling, L =3 mm
§ ‘ 610 439 é‘ 610 439
g TV L B E, B e, B
s £ a © E -2 1 U ————
= ‘ 7 605 O_, 436 % = = 605 436 2 ,’¢— ~~\
g 907 £ 600 a8 g % 5 600 O-' 3 8 I’ i p
c 3] - = o I 33 Q.
5 | : s| & : g / Commercial bulk PPLN \
g ‘ s 1 2 e _{:‘a =y 1 2 a0 ! \|
'g 30 | Distance (mm) 'g 30 Distance (mm) I 1
S G 1 1
g g | I
» L » : 1 1
0 0
1,500 1,520 1,540 1,560 1,580 1,600 1,620 1,500 1,520 1,540 1,560 1,580 1,600 1,620 : :
Wavelength (nm) Wavelength (nm) 1 1
1 1
1 1
f I
£ 1200 _g- 12,000 1 :
. t
2 = 1 1
® | ® 1 1
c £ 1,000 Periodic poling, L =21 mm < 10,000 - Adapted poling, L =21 mm 1 1
o § ‘ 610 439 é 610 439 : 1
‘7 8 800 € 2 3 8,000 £ 2 H H
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= Frequency conversion

Second harmonic generation

* How to boost efficiency?

Psn(z) < |ysp|?Pyz?

Increase modal overlap: limited design parameter space
Increase length: limited footprint
Increase power: limited laser sources

Length and power can be increased using resonators!

© Dr. Christian Lafforgue
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Second harmonic generation

* Ring resonators:

* Light circulates in loops: longer interaction distance + higher intensity
(accumulation of optical energy)

= Frequency conversion
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Second harmonic generation

E,oe 1 —aelPt
E,, 1—raelPL

al
a=e 2z ; L=2nR ; [r]*+|k|? =1

Pout 7% —2racos(BL) + a*
P.,, 1-—2racos(BL) + (ra)?

: Eln Eout

= Frequency conversion
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Second harmonic generation

Critical coupling : v = a

1 — cos(BL)

P;, 1 — 2a? cos(BL) + a*

= Frequency conversion

© Dr. Christian Lafforgue
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Second harmonic generation

TTTTTTTTITTT]
Critical coupling : v = a
Pour . , 1 — cos(BL)
~ P, 2a 1 — 2a? cos(BL) + a*
0
FSR f

= Frequency conversion
Ty
)
~
Il
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Second harmonic generation

1
Critical coupling : v = a \ r

6f

P 1 — cos(pL
N out — Zaz (:B ) 0,5
P;, 1 — 2a? cos(BL) + a*
Quality factor: Q = fo
5f 0 v :

c Depends on loss: lower loss, f
§ higher Q
of
% Finnesse: F = —
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Second harmonic generation

What about the field inside the
resonator?

— The power inside the ring is enhanced!

Ein

= Frequency conversion

© Dr. Christian Lafforgue
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= Frequency conversion

Second harmonic generation

* Ring resonators:

* Light circulates in loops: longer interaction distance + higher intensity
(accumulation of optical energy)

* Can be resonant for the pump wave.
Conversion efficiency enhancement:

2

71-2

© Dr. Christian Lafforgue
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Second harmonic generation

* Ring resonators:

* Light circulates in loops: longer interaction distance + higher intensity
(accumulation of optical energy)

* Can be resonant for the SH wave.
Conversion efficiency enhancement:

:Fsh

T

= Frequency conversion
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Second harmonic generation

* Ring resonators:

* Light circulates in loops: longer interaction distance + higher intensity
(accumulation of optical energy)

* Can be resonant for the pump and SH waves.
Conversion efficiency enhancement:

F2F,

3

= Frequency conversion

© Dr. Christian Lafforgue 68



= Frequency conversion

Second harmonic generation

* Example: PPLN in a racetrack resonator

Length L = 780 nm

Straight PPLN waveguide

© Dr. Christian Lafforgue

PPLN waveguide in a
resonator (pump
resonant)

FSR ~ 50 GHz
Q~5-10°
F ~ 125
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= Frequency conversion

Second harmonic generation

* Example: PPLN in a racetrack resonator

FSR ~ 50 GHz
Q~5-10°
Length L = 780 nm F ~ 125

PPLN waveguide in a

Straight PPLN waveguide resonator (pump

resonant)
-30 . =
_55_
35+
B0
£ 5
@ o
T 65 <
= o 45 >30 dB
oo
enhancement!
70 .50
. "”"": ...... I‘f‘ IIIIIIIIIIIIIIIIIIIIIII . 55

-1500 1510 1520 1530 1540
Wavelength (nm)
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Second harmonic generation

* Example: PPLN in a ring resonator

Vbbb ¥
e ks "l'r,"‘fh_'h",
\ AN AD o R s
UL/

60+t . . g/2.1r =1.2 MHz|

FOV: 169)m x 1 4Zjm
1oj: 50x

Juanjuan Lu, et al., "Toward 1% single-photon anharmonicity with

0 M M
199.398  199.399 199.400
iodically poled lithi iob icrori ," Optica 7,
ig;lz_llgggy(ggzeo) ithium niobate microring resonators," Optica Pump frequency (THZ)

Qp = Qp =5-10°
Conversion efficiency: ~ (5+ 1) - 10° % - W1

Frequency conversion
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* Frequency conversion

Second harmonic generation

* Example: PPLN in a ring resonator

Integrated PPLN

A
TR

~1-10%9% - w1

© Dr. Christian Lafforgue

72



= Frequency conversion

Second harmonic generation

e Other way: electric field induced SHG

[Material response ] [ Time trace ]
P
N
t
P~ go(yWE + yPE? + y®E3) Distorted sine wave,

But not symmetric!

© Dr. Christian Lafforgue

[ Fourier transform ]

0

Fundamental +2" (+3) harmonic
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Second harmonic generation

e Other way: electric field induced SHG

External field

y (um)

y (um)

- Si substrate
El Intrinsic crystalline Si

1 c i - p*Si - n*Si
Via 800 nm e |:] piSi i
100 nm 220 nm
- v i-Si $ " D Metal contacts
Sio, ac

Timurdogan, E., Poulton, C., Byrd, M. et al. Electric field-induced second-order

- (1) (2) -2 (3) 3 nonlinear optical effects in silicon waveguides. Nature Photon 11, 200-206 (2017).
P =~ 50()( E+x*“E“+x*E ) https://doi.org/10.1038/nphoton.2017.14

Frequency conversion
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Frequency conversion

Second harmonic generation

e Other way: electric field induced SHG

P~ go(yWE + yPE? + y®E3)

© Dr. Christian Lafforgue

Optically induced field

(@) (b)4 E

A WAI( . —»p—hk |e> |k>

"""""" o, ﬁ(x-)-- '""'""Ik =0>
A ‘o

.
>

O. Yakar, E. Nitiss, J. Hu, C.-S. Bres, Generalized
Coherent Photogalvanic Effect in Coherently
Seeded Waveguides. Laser Photonics Rev2022, 16,
2200294. https://doi.org/10.1002/1por.202200294
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= Frequency conversion

Second harmonic generation

e Other way: electric field induced SHG

P~ go(yWE + yPE? + y®E3)

© Dr. Christian Lafforgue

Optically induced field

. A*
Lens;d fiber S, , Chip

. - . — ,‘

Conversion efficiency: ~ 250 % - W1

Clementi, M., Nitiss, E., Liu, J. et al. A chip-scale
second-harmonic source via self-injection-locked
all-optical poling. Light Sci Appl 12, 296 (2023).
https://doi.org/10.1038/s41377-023-01329-6
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= Frequency conversion

Other frequency conversion processes

* The process must
conserve energy

* The efficiency
depends on
dispersion

e Resonant
processes increase
efficiency

HG SFG DFG/OPO
Aﬁzﬂsh_zﬁp Aﬁzﬁs_ppz_ﬁpl Aﬁ:ﬁs-l_ﬁi_ﬂp
—— = - —— ===
(2) ®p Wg w Wg
X N ' v Wy @p
Y
(l)p A w;
4 Op1] ¢ v
AB =P — 3By AB =Bs— B2 —2Bpm AB =B+ B — 28,
- --g---r-- ——p==7==
W, o,
X(3) A Wih : wp Wg
w, . A w, A
w 1 "4 Wp |
Pl v Wp1 \ V@
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= Frequency conversion

Frequency comb generation

* Nonlinear processes can cascade

abs

Power 4

r

) R

© Dr. Christian Lafforgue
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= Frequency conversion

Frequency comb generation

* Nonlinear processes can cascade

Power 4

© Dr. Christian Lafforgue
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Frequency comb generation

* Nonlinear processes can cascade
* Multiple waves can be generated
* With enough power, a frequency comb can be generated

e Useful for:
* Frequency metrology (e.g. atomic clocks)
 Communication technologies
* Spectroscopy

= Frequency conversion

© Dr. Christian Lafforgue 80



Frequency comb generation

* Example: silicon nitride ring resonator

T T T T T T T T T

or Power (d8m) °° T
20 F B 0 Frequency(MHz) 500 N
40 - .

1| i | 1 1 I T T T
0 I | I I I | | - =
Power (dBmj 0
-100
20k 0  Frequency(MHz) 500 _|

c Anamika Nair Karunakaran, et al., 0 —@ ' ' ' ' ' ' Pc;e,(dsqﬁg%m—

9 "Dissipative Kerr soliton generation at 2um 20} ‘ 0" Froquency(MrHz) 500 _|

& . g . . . g 4 .

o in a silicon nitride microresonator," Opt. -

>

S Express 32, 14929-14939 (2024)

O oF T T T T T T T I — 7]
Experiment

a @ Simullation

c 20 |-

=

o -40 -

g

L 1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300

Wavelength (nm)
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* Nonlinear optics permits to generate new optical frequencies
* Access unconventional wavelength bands
* Generate frequency combs

* Integration improves nonlinear performances
* Higher optical intensity
* Smaller footprint
* Many degrees of freedom for dispersion engineering/material engineering

* Advanced design further increases conversion efficiency
* Resonant structures

= Frequency conversion
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I Electro-optic modulation



Electro-optic phase-shifter

* In presence of a perturbation on the dielectric polarization, the
propagation equation is modified:

n(x,y)? 0%E 1 g%pNL

s (1) = = (1, t)

VZE(r, t) —
E(r©) goC? Ot?

PNL = ¢,y (2E?

E = Eopt + Epc

= Electro-optic modulation
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Electro-optic phase-shifter

* In presence of a perturbation on the dielectric polarization, the
propagation equation is modified:

n(x,y)? 0°E 1 9%pNL

s (1) = = (1, t)

VZE(r, t) —
E(r©) goC? Ot?

PNL = ¢,y (2E?

E? = EZ,: + 2EpcEopt + Efc

= Electro-optic modulation
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= Electro-optic modulation

Electro-optic phase-shifter

* In presence of a perturbation on the dielectric polarization, the
propagation equation is modified:

n(x,y)? 0°E 1 9%pNL

c? Ot? (r,t)=€OC2 ot? (r.0)

VZE(r,t) —

* Projecting the equation on terms oscillating at the optical angular
frequency w, we obtain:
n(x,y)* + 2x@Epc 8°Eopt

c? dt?

VZEOpt(TI t) — (TJ t) — O
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Electro-optic phase-shifter

* We get a refractive index that depends on the DC field

* We can tune the refractive index by changing an externally applied DC
field

(/ ...

= Electro-optic modulation
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Electro-optic phase-shifter

* The effective index of the propagating mode is changed by a DC
voltage:

(2)
Mg =% n:e" U

2
N ffGZ Fpc(x,y,1V) - ‘Fopt(x, y)‘ dxdy
Yeo = >
Teff ffoo‘Fopt(x; :V)‘ dxdy

= Electro-optic modulation
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Electro-optic intensity modulator

* We can introduce the phase-shifter inside an interferometric device

* Example: Mach-Zehnder modulator
e Useful for communications: data encoding

Pout 1
T=——= > (1 + cos(Ag))

Pln
711/\
\/\/\/\/o.s-\\
o~ . S
0 /2 s 3m/2 A¢

= Electro-optic modulation
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Electro-optic intensity modulator

* We can introduce the phase-shifter inside an interferometric device

Maximum efficiency: quadrature
point (-3dB optical transmission)

* Modulation depth depends only
on architecture

1
AT =~ —A
> AP

P 1
T =22 (1 + cos(Ag))
Py 2

711/\
\/\/\/\/o.s-\\
o~ . S
0 /2 s 3m/2 A¢

= Electro-optic modulation
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Electro-optic intensity modulator

* We can introduce the phase-shifter inside an interferometric device

* Speed depends on geometry Maximum speed: given by delay
' bet RF and optical
(and architecture) etween RF and optical waves

POth 1
T = =—(1 A
P 2( + cos(A¢))
’1;/\
\/\/\/\/0.5-\\
0 /2 s 3m/2 A¢

= Electro-optic modulation
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Electro-optic intensity modulator

* Mach-Zehnder modulators:
* Easy to fabricate
* Good linearity of A¢ with voltage U
* Can be insensitive to temperature
* Very fast (>100 GHz)

Pout 1
T=——= > (1 + cos(Ag))

Pln
711/\
\/\/\/\/o.s-\\
N . S
0 /2 s 3m/2 A¢

= Electro-optic modulation
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Electro-optic intensity modulator

* Mach-Zehnder modulators:
* Easy to fabricate

* Good linearity of A¢ with voltage U
* Can be insensitive to temperature

* Very fast (>100 GHz)

A. Rahman, et al. “High-performance Hybrid
Lithium Niobate Electro-optic Modulators
Integrated with Low-loss Silicon Nitride
Waveguides on a Wafer-scale Silicon
Photonics Platform”,
https://doi.org/10.48550/arXiv.2504.00311

Pulse Pattern
Generator

50 Q Load

Oscilloscope

Laser

= Electro-optic modulation

%

—

T

I

Photodiode
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Electro-optic intensity modulator

* Mach-Zehnder modulators:
* Easy to fabricate
* Good linearity of A¢ with voltage U
* Can be insensitive to temperature
Very fast (>100 GHz)

Needs RF design (impedance matching) for high speed operation
Consumes power (continuously driving current)
Large footprint (need long interaction length)

= Electro-optic modulation
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= Electro-optic modulation

Electro-optic intensity modulator

* We can now control the phase of light with an external voltage

* We can introduce the phase-shifter inside an interferometric device
* Example: micro-ring modulator

P 1
T = out _ 1— _
a)AneffL Pin 1+ (%)
Ap = o]
’1-'1/\
T e—
0.25%
0 —1/2 0 +ﬁ/2 \A¢
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Electro-optic intensity modulator

* We can now control the phase of light with an external voltage

Maximum efficiency: at maximum
 Modulation depth is proportional to Q | *°°¢ o F
AT =~ ———"-A
8V3m »
T — POth — 1 _ 1 -
Pin A¢
1+(3)
T A l
1
—
0 —1/2 0 +m/2 A¢

= Electro-optic modulation
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Electro-optic intensity modulator

* We can now control the phase of light with an external voltage

Maximum speed: limited by photon
lifetime in the cavity

* Speed is inversely proportional to Q

y 1443 fy
cut—off 2\/§ Q
P 1
T = out _1_ _
e
+ ?
T o l
——~
0 —1/2 0 +m/2 A¢

= Electro-optic modulation

© Dr. Christian Lafforgue 97



Electro-optic intensity modulator

e Example: silicon nitride micro-ring modulator

o

&

-
o

-
o

¥
S

Power (dBm, norm.)

N
(3

[y
=

108 10° 10"°
Frequency (Hz)

-
(=]
-~

Lafforgue, C., Zabelich, B. & Bres, CS. Monolithic silicon nitride
electro-optic modulator enabled by optically-assisted poling.
Commun Phys 8, 142 (2025). https://doi.org/10.1038/s42005-
025-02071-8

= Electro-optic modulation
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Electro-optic intensity modulator

* Micro-ring modulators:
* High Q — strong modulation (stronger slope)
* Small footprint
* No need for RF design (lumped element circuit)
e (Almost) no power consumption (open circuit)

* Sensitive to fabrication deviation
* Sensitive to temperature
* Trade-off on speed (~ 10 GHz)

= Electro-optic modulation
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= Electro-optic modulation

* Nonlinear optics permits to control the refractive index of materials
e Optical phase-shifting
* Intensity modulation in interferometric devices

* Integration increases the design space
 Different structures (Mach-Zehnder, ring, Fabry-Pérot...)
e Larger parameter space (EO optimization, electrical engineering...)

Further information:
C. Lafforgue and Camille-Sophie Bres, "Electro-optic modulation in amorphous silicon nitride
photonic integrated platforms [Invited]," J. Opt. Soc. Am. B 42, B81-B94 (2025)

Jorge Parra, Juan Navarro-Arenas, Pablo Sanchis "Silicon thermo-optic phase shifters: a review of
configurations and optimization strategies," Advanced Photonics Nexus 3(4), 044001 (24 May 2024)
https://doi.org/10.1117/1.APN.3.4.044001
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