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* Brief review of linear & nonlinear optics waveguides
®* Nonlinear processes in nanowaveguides
®* Four-wave mixing (FWM) in Si nanowaveguides
< Dispersion engineering
< Ultra-broadband wavelength conversion

< Applications: correlated photons, signal regeneration
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* Brief review of linear & nonlinear optics waveguides
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® Microscopic picture: Lorentz-atom model.

light
field L % electron pU parabola
nucleus Zctual
potential
restoring force: Fres =—kx+ax>+bx’ +... -
electron X

displacement

® Macroscopic picture: nonlinear dependence on applied field.

polarization of _ 4D 2 (3) 3
the medium P /X E+X?(E "'/X E™+...

linear nonlinear
susceptibility susceptibilities
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* Consider oscillating electric field: £(1) = Acosw?

2
° X( )effects: second-harmonic generation:

2
p® (1) = )((2)E2 (1) = X(z) A?(l + Ccos2wt)

\

dc second-harmonic
—> W
frequency @ N ® Other processes:
doubling —> 2w 4+ terahertz generation
4 sum- and difference-frequency
(2) _ generation
X"~ material 4 optical parametric amplification

® Only occurs in non-centrosymmetric crystals.
4 requires phase-matching ( e.g., n, = n,,)
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3
o X ( )effects: intensity-dependent refractive index

3
p® (1)= )((3)E3(t): )((3) %(3cosa}t+cos 3or)

/ \

i o intensity-dependent 3rd-harmonic
All ma!:enals eXhlb_lt refractive index (usually not phase matched)
a nonlinear refractive L

index (usually n,>0) — +

o -~ . néglass - 10—16 sz /W
Am—> >A0ut =Al'n€l nl
\ ni’ ~10"" em® /W
3 .
nzoCRe{X( )} n =n0+n2[ n;‘”fle_zO cm’ /W
AN
intensity
27T

* Nonlinear phase shift is important when: @,; = 7112 IL =7
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focused

geometry — Lo —
L
Wo
T
- power
| P
nonlinear parameter @,, =K, — L

Wo \
/ Interaction

area length

waveguide

* Interaction length can be >> the diffraction length.

* Dispersion can be engineered.



Nonlinear Optics in Gb

Silicon-Based Nanowaveguides DA

(SiN: n ~ 2.1)
Absorption edge: Silicon =>~ 1.1 ym SizN, => ~ 400 nm
* Nonlinearity of Silicon 100X (Si;N,: 10X) silica
® Losses: Silicon — 1 dB/cm (Si;N, — 0.01 dB/cm)

® Light confined to a region < than a wavelength.
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Silicon-Based Nanowaveguides DA

(SiN: n~2.1)
Absorption edge: Silicon =>~ 1.1 ym SizN, => ~ 400 nm
* Nonlinearity of Silicon 100X (Si;N,: 10X) silica
® Losses: Silicon ~ 1 dB/cm (Si;N, —0.01 dB/cm)
® Light confined to a region < than a wavelength.

* Dispersion can be engineered.



Confinement Properties of GL?
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A SN
14_ [ [ | [ [ [ | _140
air
12F 120

<10+ 100 <

P X

> >

H n~1.5 > 8L 80 >
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= — glass rod in air =
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— Si waveguide
2r -20
Sio,
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H (core area)/A?
D n~ 3.4
Doptimal <A

Foster, Moll, and Gaeta, Opt. Express 12, 2880 (2004)
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Confinement Properties COLUMBIA
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* Expand propagation constant in power series expansion

k() = n(w)w

=ko+k1(a)—w0)+%k2(a)—wo)2+... K="
C

propagation . _ Mmode (wg) @y

constant 0~ c 10007 | | | M
inverse of _ % _ L § 0
group velocity 1 &
A0lyary,  Ver 2 -100
2 2 a
group-velocity feo = d’k _ A D 200, | | | |7
dispersion > dw? 2mc O\ 0.8 1.0 1.2 1.4 1.6
W= dispersion wavelength (im)
parameter

D >0 anomalous dispersion
D <0 normal dispersion
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Waveguide Dispersion COLUMBIA
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Mode effective index

« Short A, high w
— Mode is fully confined

- neff% n

core

- Long A, low w

— Mode expands outside
core

o neﬁre Nejgg

- Step-index core
— Smooth transition



@ Nonlinear Propagation in Waveguides: ol
A\ 1 Nonlinear Schrédinger Equation JoRuMELA
PHoToNcs Grour [Nonlinear Optics, Boyd (2009)]
du i u L A
-~ 2
i=2/L, —=-sgn(k,) -—+i—*|ul u U=—
S 0z 20T L. / 4,
T = 2 Z/vg” dispersion nonlinearity input
T, amplitude
local input
time pulse duration
5 A efffective
dispersion T, nonlinear y _ e mode area
length Lys = length "~ o) 1 P :
| k2 | 0"240 input

2
Byl Ayl power

® Describes very well propagation of pulses in waveguides.
* Additional nonlinearities (e.g., Raman scattering) can be easily
included.

® Addition of self-steepening allows for treatment of ~ single-cycle pulses.
15
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e Raman scattering

< Raman gain & oscillation [Claps et al 2003; Rong et al 2004; Espinola et al 2004; Xu, et al. 2005;
Rong et al 2004; Boyraz et al 2004]

< Raman-induced slow light [Okawachi et al 2006]
< Zeno-switching [Wen et al 2011]

e Instantaneous Kerr nonlinearity

<> phase modulation & continuum generation [Tsang et al 2002; Boyraz et al 2004; Dulkeith et al,
2006; Hsieh et al, 2006; Hsieh, et al 2007; Koonath, et al 2007; Kuyken, et al. 2011; Halir, et al 2012]

<> harmonic generation [Corcoran et al. 2009; Levy et al. 2011]

® Four-wave mixing [Dimitropoulos et al 2004; Fukuda et al 2005; Espinola et al 2005; Yamada et al 2006;
Rong et al 2006; Foster et al. 2006; Koos et al 2009); McMillan et al 2010; Zlatanovic et al. 2010; Xiaoping
et al. 2010; Kuyken et al. 2011; Hu, et al. 2011]

<- generation of correlated photons [Sharping, et al. 2006; Harada et al 2007; Clemmen et al 2008]
<> signal regeneration [Salem, et al 2007, 2008]

<> parametric oscillation & comb generation (Levy, et al 2010; Foster et al 2011; Okawachi et al
2011; Ferdous et al. 2011); Herr, et al 2012]

< ultrafast processing [Foster, et al 2008; Salem et al 2008; Corcoran et al 2010; Christian, et al. 2011]
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e Raman scattering

< Raman gain & oscillation [Claps et al 2003; Rong et al 2004; Espinola et al 2004; Xu, et al. 2005;
Rong et al 2004; Boyraz et al 2004]

< Raman-induced slow light [Okawachi et al 2006]
< Zeno-switching [Wen et al 2011]

e Instantaneous Kerr nonlinearity

<> phase modulation & continuum generation [Tsang et al 2002; Boyraz et al 2004; Dulkeith et al,
2006; Hsieh et al, 2006; Hsieh, et al 2007; Koonath, et al 2007; Kuyken, et al. 2011; Halir, et al 2012]

< harmonic generation [Corcoran et al. 2009; Levy et al. 2011]

® Four-wave mixing [Dimitropoulos et al 2004; Fukuda et al 2005; Espinola et al 2005; Yamada et al 2006;

Rong et al 2006; Foster et al. 2006; Koos et al 2009); McMillan et al 2010; Zlatanovic et al. 2010; Xiaoping
et al. 2010: Kuvken et al. 2011: Hu et al 20111

Reviews: Foster, et al. Opt. Express 16, 1300 (2008)
Osgood, et al., Adv. Opt. Phot. 1, 162 (2009)
Leuthold, et al., Nat. Phot. 4 535 (2010).

Y dJiltaidaol HIUUUODII Iu LT UOLTI, ©L al £VUV0, valcCllil ©L al £VUVo, vuliuulall L al cviv, viliouall, cLal. \cvil)
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®* Nonlinear processes in nanowaveguides
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A =A4 e XPM

— out n
/ /

in ¢nl=y(]A+2]B)L




8 n,

Self-Phase Modulation w/ Pulses COLUMBIA
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* Neglect dispersion: k= — 77—
= ]
output _ o (7) o
fierl)d A=A, (r)e?ni %
j@F
=b _
nonlinear ¢ ,,(7)= % n,l. (1)L ié
phase shift g
= - —
| | | | | | |
max
frequency 50)(1.):_8%1 o ¢nl . [T T T T T
chirp Jai 1, £ blue
%
8 — —
=
. g red
® Pulse duration is unchanged, but =
spectrum is broadened. I T R B .2 é—
-3 -2 -1 0 1

local time,t/1
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Theory Experiment
JAAM A
g 0 05w /g AS5T
E . o
- >

=
w
=
25w 35w E; 25
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et 1
i

i
|
—ol 50.0GHz ,"—

45

Stolen and Lin, Phys. Rev. A 17, 1448 (1978).



Supercontinuum Generation in @
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Optical Waveguides UNIVERSITY
Qg E N pulse
spectrum

* Initial observation: Inject < 100 fs pulses
directly from Ti:sapphire modelocked
oscillator.

®* Combination of small core and zero
group-velocity dispersion allow for broad
supercontinuum spanning > octave. 600 700 800 900 1000

D (ps/kmnm)

wavelength (nm)

1000

Continuum

100 H

-t
o

1 100-fs input pulse

400 600 800 1000 1200 1400 1600
Wavelength (nm) Ranka et al. 2001

—

Log Spectral intensity (arb units)



Chip-Based Frequency Comb Generation in w

. . EOLYMBIA
Si;N, Waveguides CRIVERSHTY

QUANTUM & NONLINEAR
PHOTONICS GROUP

Si;N,
' nanowaveguide
| .

Modelocked laser

spectrum
spectrum

Ll

— i

time
" Origin of combs can be traced to four-wave mixing (FWM)
® Requires small anomalous group-velocity dispersion

Halir, et al. Lipson & Gaeta, Opt. Lett. (2013).

Chavez-Boggio, et al., Bohm, JOSA B (2014).

Zhao, et al. Roelkens & Baets, Opt. Lett. (2015).

Epping, et al. Boller, Opt. Lett. (2015).

Mayer, et al. Lipson, Gaeta, & Keller, Opt. Express (2015).
Johnson, et al. Wise, Keller, Lipson, & Gaeta, Opt. Lett. (2015).
Klenner, et al. Lipson, Gaeta, & Keller, Opt. Express (2016)

23
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e GVD can be tuned by varying
waveguide shape and size.

e Same chip can operate w/ different

pump wavelengths. Si/SiN,

SizN, anomalous Si
I

T T T 300 ! ' ' I I I I _
—— TE 730 x 1200 nm kS 00 nm
—— TE 730 x 1650 nm ‘ 20011 " 400 X 1500 nm

100 -

50 —— TE 730 x 2000 nm |- —— 450 x 1800 nm

= = = Bulk SizN, 100 1=

Of--=-=m=mmm-frn- i LREEEEEEEP LS

————— -100 |
-50 - _
200

-100

Dispersion (ps/nm*km)
o
i
Dispersion (ps/nm=km)

| ¢

-300 | .
1000 1200 1400 1600 1800 2000 2200 1500 2000 2500 3000 3500 4000 4500
normal
Wavelength (nm) Wavelength (nm)

Foster, Turner, Sharping, Schmidt, Lipson, and Gaeta, Nature 441, 960 (2006).
Turner, et al. Gaeta, and Lipson, Opt. Express 14, 4357 (2006).



Experimental Setup for @
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Supercontinuum Generation UNIVERSITY

* Si;N, spiral waveguide with 4.3 cm length, 715 x
1100 nm cross section

®* (0.8 dB/cm propagation loss

Si,N,

Polarization Waveguide OSA
* 80-MHz repetition rate, Control ~ Objective | | .
200-fs pulsewidth OPO  [OPO =ttt )= |
centered at 1335 nm B |

® Quasi-TE polarization
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Experimental Setup for
Supercontinuum Generation

SigN,4 Spiral
Waveguide

9.

-1

2

COLUMBIA
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Lensed
Fiber
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Intensity (20dB/div)

500 1000 1500 2000 2500

Wavelength (nm
& gth (nm)

®* Peak appears at 1800 nm

—> onset of soliton fission
Halir, Okawachi, Levy, Foster, Lipson, and Gaeta , Opt. Lett. (2012).
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Si3N4 Waveguide UNIVERSITY
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Intensity (20dB/div)

500 1000 1500 2000 2500

Wavelength (nm
4 gth (nm)

* Self-frequency shift > 1800 nm peak to higher wavelengths
® Dispersive wave generation at 710 nm seeded by soliton fission
Halir, Okawachi, Levy, Foster, Lipson, and Gaeta , Opt. Lett. (2012).
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Si3N4 Waveguide UNIVERSITY
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- 1360 nm at —30dB -
>
9
oM
©
o
o
>
‘»
C
()
<
500 1000 1500 2000 2500
Wavelength (nm
X gth (nm) y

® Supercontinuum generation spans from 665 nm to 2025 nm

- 1.6 octave span
Halir, Okawachi, Levy, Foster, Lipson, and Gaeta, Opt. Lett. (2012).



Supercontinuum Generation with Gb

Diode-Pumped Solid-State Laser @ 1 ym oMbl
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Collaboration w/ Ursula Keller’s group (ETH-Zurich)

* Pump with 1-GHz repetition rate

SESAM-modelocked diode-pumped 1-GHz cavity

Yb:CALGO laser Yb:CALGO ) p

[Klenner, et al., Opt. Express (2014)] 0 —D-U

y
SESAM "/ \ ‘multimode
_ output pump diode

* 92-fs input pulses, 1055 nm center coupler

wavelength

* 5-cm-long waveguides

m -30 - T

% 40 - 37 pJ coupled pulse energy _

O (37 mW average power)

= 50

% .60 . l . l . i
600 800 1000 1200 1400 1600

Wavelength [nm] 30
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®* 1- and 2-photon resonances lead to absorption

Saturated Absorption Two-Photon Absorption

CB CB

T fico

E hw

g

! -

VB VB
intensity ﬂ = -0, 1— i ] ﬂ — _ﬁ]2
dz ]S dz \
saturation TPA coefficient

intensity



Issue for High-Power Operation: (;b

Nonlinear Absorption COLUMBIA
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conduction band

Two-photon absorption generates free LIPS
carriers. Tfree-carrier

absorption
Free carriers absorb incoming photons. E’.*3°”°”

 Reduction of free-carrier lifetime can T
reduce loss.
two photon
absorption
Solution:

Integrate PIN-diode structure into
waveguides.

valence band

Operate w/ pump > 2 um

Use SiN (broader band-gap).



Reduction of Free-Carrier Lifetime —
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e Incorporate p-i-n structure

n+ p+ n+
contact contact contact

n+ region

Si waveguide

300 - IS reverse bias |
=

7 250 g ]
o [
% 200 5

= 150 - 8 ]
§ 100 | £

o E }
£ S50 : 2
] o

0L 1 1 e 1 1 h 0, I ! ! | ! L]

0 3 6 9 12 15 0 50 100 150 200 250 300

reverse bias [V] . delay [ps]
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Effects of Two-Photon Absorption e
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®* 1- and 2-photon resonances lead to absorption

0.6
- - TR ET e T T ——-
0.5 -
" 2 =2.936um.
= 0.4 . Er-YAG Laser
g . CcB
—~ 0.3 I
= 2.09 pm 2.936 um
Z = - VB
‘= 0.2 .
S A=2.09um,
= oA Ho-YAG Laser
— 0.1 -
O
o Ll L] L] R
10° 10° 107 10° 10”

Optical Intensity (W/cm?)

Raghunathan, et al. (2010).
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Im{ %) } — Raman Amplification Cotomsin
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Stimulated Raman scattering produces gain for Stokes wave.

vibrational mode

w
Stokes . 4
© : I3 waveguide e
pump S
z
Stokes intensity a, =(g.1.)] o< | (3)
dz = Erlr)y Er m %R
QR
FF? € >
\ index
gain \1_| /profile PHMP _
profile ' Typical Raman values
Stokes frequency  Gilicon SiO,

[,~100 GHz T,~3THz
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SRS Net Gain

0.015

0.010

Raman Power (pW/nm)

[ TP NTT

&
(a) ¢¢ %

SRS gain

Wavelength (nm)

 (b)

fspont. Raman
spectrum

1541 1543
Wavelength (nm)

1547

SRS Gain (dB)

e
-

0.3

e
[

On-off gain (dB)

Raman Gain in
Silicon-Based Nanowaveguides

2

COLUMBIA
UNIVERSITY

%’ +{
i
$11
’I
o
6’# ¢
-
»°8
0 -
0 "
-
& O .
0.0 0.4 0.8 1.2 1.6

Pump Power (W)

14
12 o O

10 °
s ]
6
4
?
0

100 150 200 250

Pump Intensity (MWfcm?)

Claps, Dimitropoulos, Raghunathan, Han and Jalali, Opt. Express 11, 1731 (2003).
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* Four-wave mixing (FWM) in Si nanowaveguides
< Dispersion engineering
< Ultra-broadband wavelength conversion

< Applications: correlated photons, signal regeneration
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Nonlinear Photonics on Silicon Chip

optical

On-Chip Communications

pump

data input
n-channels

multiplexed
data input

mux
FWM -l L\

CPU1 CPU2 CPU3
=
FWM SE 2
Routing S
Electro-optic
Modulator / OPO
[

— demultiplexed

3R regeneration
L
FWM N

Clock Recovery

clock

Off-Chip Communications

— data output

| multiplexed
data output

87,
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On-Chip Processing

* Multiplexing/demux

Regeneration

Optical buffers

Routing (switching / logic)

Multicasting

* A-D conversion

« Wavelength conversion
« Amplification

« Oscillator/comb source



Nonlinear Photonics on Silicon Chip

On-Chip Communications

optical
pump
CPU1 CPU2 CPU3
=
FWM == g
Routing -
Electro-optic
Modulator / OPO
é
data input —
n-channels —] L
M
mux -
multiplexed FWM -l L\
data input 3R regeneration
L
FWM Il [clock

Clock Recovery

Off-Chip Communications

— demultiplexed
— data output

| multiplexed
data output

87,
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On-Chip Processing

* Multiplexing/demux

Regeneration

Optical buffers

Routing (switching / logic)

Multicasting

* A-D conversion

« Wavelength conversion
« Amplification

« Oscillator/comb source

All performed via
four-wave mixing.
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Four-Wave Mixing COLUMBIA
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o —> idler lldler
. =
X( amplified e
signal —> —> signal Signal
nonlijr)ear energy
meaium conservation
—iw t _3
input field E =E +E =Ae " +4e™™ +c.c.
input p s p §
nonlinear (3) (3) =3 (3) 42 4* ~iQw,-o)t other
polarization P =x"E = \X ApASeJ ’ + terms
Y

idlerdriving ) =200 -
term ’ b



87,

Four-Wave Mixing COLUMBIA
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—_— idler lldler
pump
e Pump
amplified
signal — —_— signal Signal
nonlinear energy
medium conservation
—17 t 1
input field E =FE +E =A¢ " +A4e™™ +c.ec.
input p s p S
nonlinear 3 _ O3 L3 42 4 2 —i(2w,—0)1
polarization P = X L= X ApAS +2 | Ap | Ai €
A\ . J
Y A
idler driving ~ cross-phase
term modulation

* Efficient generation requires momentum conservation (i.e., phase matching)
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Phase Matching in Four-Wave Mixmg COLUMBIA
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A
Idler
e Momentum conservation: Ak = 2k, — (ks + k) + Ak, Y
Pump A
+ Balance of GVD and effects of self-phase modulation & Signal
cross-phase modulation 4
¢ Want Ak, L<1
No dispersion, no SPM/XPM normal GVDSignaI anomalous GVD
k . k
k Signal ,"A Signal
Pump ___c- Idler Pu'?/p" Pun,‘—p ------
ldler .-~ A Idler -~}
’T” T A ,,’,
(0] © T (O]
SPM/XPM normal GVD + SPM/XPM anomalous GVD + SPM/XPM
Signal Signal
Kk Pump ¢~ Pump K Signal
Idler e Idler Pump _.g-

Idler _ ,T’
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Requirements for Efficient Four-Wave Mixing coiomsia
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Idler

Pump
Signal

e Energy conservation: 2w, — (w; + w;) =0

e Momentum conservation: Ak =2k,— (k;+ k) + Ak,

+ Balance of GVD and effects of self-phase modulation &
cross-phase modulation

d’n
group-velocity dispersion: |GVD o _W =>(
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Challenge: Large Normal GVD of Si  coromnia
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e Bulk Silicon
4+ absorption band edge @ 1.1 yum

+ Si@ 1.55 uym: D ~-1000 ps/(nm*km)
[silica glass @ 1.5 ym: D ~ 20 ps/(nm*km)]

1500_ 1 | | | I 1 _
Bulk Silicon
1000 _
500+ -
3 t anomalous
I i E
x }normal
GVD E g0l .
B ‘-//’_,_,__
2 1000+ .
- -
-1500+ ~ -
-2000- / _
-2500[ I I ! I 1
1.2 1.3 1.4 1.5 1.6 1.7

Wavelength [um]



Tailoring of GVD in Si Waveguides COLUMBIA
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. . . ) 1:22_ Bulk Silicon ]
e Utilize waveguide dispersion to tune o n
GVD- é -suz— lnormilii-
112 I W;f\:eleng'(h1 éftm] I 1 !7
Sio,
] T T T T l T T T T l T T T T I T T T T ]
1200 —
E] --- 300 x 500 nm
1000 -~ -—- 300x550rm .- -~
=== 300 x 600 nm PP
_ — 800 - — 300x650nm ’__,-"' _ =T
e GVD can be tuned by varying E 600 b - i
waveguide shape and size. I= -7 T
£ 400 ’,x’ _ -7 e —
& 20F.- 7 T .
()] ’ - - _=T
0 > —- -
7 P
Turner et al. (2006) 200 - -
Lin et al. (2006) -
-400 B | S YN WY SRR WA NN WA WA TN NN S TN T S WA S MU S S ]
1.35 1.40 1.45 1.50 1.55

Wavelength [um]

Predicted anomalous-GVD ~50X SMF-28 fiber [20 ps/(nm-km)].
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1200
1000
800
600
400
200

D [ps/(nm*km)]

-200
-400

X

Measurement of Anomalous-GVD in Si Waveguides: .

UNIVERSITY

300 x 500 nm
300 x 550 nm
300 x 600 nm

|
|
o> m <«

300 x 650 nm'

-
-
-
-

1.40

1.45 1.50

Wavelength [um]

Turner, Manolatou, Schmidt, Lipson, Foster, Sharping, and Gaeta, Opt. Express 14, 4357 (2006).

Dulkeith, Xia, Schares, Green, and Vlasov, Opt. Express 14, 3853 (2006).
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normal
A

17
anomalous

-6 ¥ T ’ T y 1 ' T /T
0.2 0.4 0.6 0.8 1.0 1.8 20
Waveguide Width [pm]

Meier, Mohammed, Jugessur, Qian, Mojahedi, and Aitchison, Opt. Express 15, 12755 (2007).
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Phase-Matched Four-Wave Mixing in Si COLUMEIA
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- Broad regions of FWM gain predicted.
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 First observation of broadband gain in Si.
(Raman gain bandwidth ~ 1 nm)

Foster, Turner, Sharping, Schmidt, Lipson, and Gaeta, Nature 441, 960 (2006).
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Mid-IR Frequency Conversion
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Lau, et al., Lipson, and Gaeta, Opt. Lett. (2011).
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Pulsed conversion (w/ gain) [Zlatanovic et al. (2010); Kuyken et al. (2010, 2011).]

Need other cladding materials (e.g., sapphire, SiN) for longer MIR wavelengths

[Baehr-Jones et al. (2010)]
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50 dB parametric on-chip gain in silicon photonic wires
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e 50-mW pump at 1969 nm, ASE from thulium fiber amplifier
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Generation of Correlated Photons in Si COLUMBIA
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Application: Signal Regeneration & Reshaping . .
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output power

input power

® Region A
> Reduces fluctuations on the logical 0’ s.
» Improves the extinction ratio.

® Region B

> Reduces fluctuations on the logical 1’ s.
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» ER improvement by FWM in fiber, Ciaramella et. al. (2001) & Bogris et al. (2003)
» ER improvement by FWM in SOA, Gosset et al. (2001) & Simos et al. (2004)

Timing jitter reduction
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» 3R regeneration by FWM in fiber, Su et al. (2001)
» 3R regeneration by OPA in fiber, Yu et al. (2005)
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Turner, Foster, Gaeta, and Lipson, Opt. Express (2008).



