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Ultrafast Propagation Chip-Based Photonic Crystal
Nanophotonics Fibers

Dynamics
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€ b Outline: Nonlinear Photonics in
Chip-Based Structures

Lecture |
® Brief review of nonlinear optics
®* Nonlinear processes in nanowaveguides

* Four-wave mixing (FWM) in Si nanowaveguides
< Dispersion engineering

< Ultra-broadband wavelength conversion

< Applications: correlated photons, signal regeneration
Lecture |l

® Optical parametric oscillators

® Broad-band frequency combs, ultrashort-pulse generation, WDM
source



o@ b Outline: Nonlinear Photonics in
Chip-Based Structures
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® Brief review of nonlinear optics



€ Nonlinear Optics:
Interaction of Laser Light with Matter

® 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 _ A 2 (3) 13
the medium P /X E+X?(E "'/X E™+...

linear nonlinear
susceptibility susceptibilities



€ ) 2nd-Order Nonlinear Processes

* Consider oscillating electric field: £(1) = Acosw?

o 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,,)



€ @ 3rd-Order Nonlinear Processes

3
o X ( )effects: intensity-dependent refractive index

3
p® (1)= )((3)E3(t) = )((3) %(3 cosmt + cos 3mr)

/ \

intensity-dependent

3rd-harmonic
refractive index

(usually not phase matched)

All materials exhibit
a nonlinear refractive L
index (usually n,>0) —

o -~ . niglass - 10—16 sz /W
Am—> >A0ut =Al'n€l nl
\ nf’ ~10"" em® /W
”ZOCRC{XG)} n =n0+n2[ ng‘” ~10% ecm® /W
AN
intensity
27

* Nonlinear phase shift is important when: @,; = 7112 IL =7
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B Nonlinear Interactions: Why Waveguides?

focused
geometry

— Lo

waveguide

Wo

__ power

| P
nonlinear parameter @,, =K, — L

A

area length

Interaction

* Interaction length can be >> the diffraction length.

* Dispersion can be engineered.



€ & Nonlinear Optics in
Silicon-Based Nanowaveguides

n~1.5

\n ~3.5
(SiN: n ~2.1)

Absorption edge: Silicon =>~ 1.1 ym SizN, => ~ 400 nm
* Nonlinearity of Silicon 100X (Si;N,: 10X) silica
® Losses: Silicon —2 dB/cm (Si;N, — 0.2 dB/cm)

® Light confined to a region < than a wavelength.



€ b Nonlinear Optics in
o A Silicon-Based Nanowaveguides

n~1.5

\n ~3.5
(SiN: n ~2.1)

Absorption edge: Silicon =>~ 1.1 ym SizN, => ~ 400 nm
* Nonlinearity of Silicon 100X (Si;N,: 10X) silica
® Losses: Silicon ~ 2 dB/cm (Si;N, — 0.2 dB/cm)

® Light confined to a region < than a wavelength.

* Dispersion can be engineered.



€ B Confinement Properties of
. Ultra-Small-Core Waveguides

. 14, | S 140
air
121 120
<1or 100 <
X X
> >
H n~1.5 S 8F 80
D o 6 60 &
c =
= — glass rod in air =
S 4 , , 40 S
— Si waveguide
21 120
Sio,
O, | | | | | 10
'S | 0 0.4 0.8 1.2 16 2.0
H (core area)/A?
D n~3.4
Doptimal <A

Foster, Moll, and Gaeta, Opt. Express 12, 2880 (2004)
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€ b NLO in Silicon-Based Waveguides

Q
hT’C-‘s GRQ"‘?

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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€ b NLO in Silicon-Based Waveguides

Q
hT’E.'s GRQ"‘?

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]

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).



o@ b Outline: Nonlinear Photonics in
Chip-Based Structures

Lecture |

®* Nonlinear processes in nanowaveguides



€ B Self- and Cross-Phase Modulation

® Self-phase modulation (SPM)

L
N SPM

A o) w4 =4 | ¢, =yIL

n=n0+n2]

® Cross-phase modulation (XPM)

A =4 ™ XPM

— out n
/ /

B /
in ¢nl=y(]A+2]B)L
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®* Neglect dispersion:

otpul = o (1)
fierl)d Asut®)= Ay, (©)e?n
n
nonlinear ¢"/(T):7”2’in (r)L
phase shift

max
frequency Sa(T)=— 99, o ¢nl

o
chirp ot T,

® Pulse duration is unchanged, but
spectrum is broadened.

11001000 900

800

700

600

T

(@) |

08

L input pulse
spectrum
04

T=140fs

0.0 L

nonlinear phase shift

frequency chirp

Self-Phase Modulation w/ Pulses

front <> back
1 I I I I I ]
[ | | | | | | |
1 I I I I I ]
blue
red
[ | | | | | | |
-3 -2 -1 0 1 2 3

local time,t/1

Nisoli, et al. Appl. Phys. B (1997)
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Experimental Setup for
Supercontinuum Generation

<V
o
P q
Qp.

|
Tics GR

* 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 [ OPOf=l===tl==ef )= |
centered at 1335 nm B |

® Quasi-TE polarization
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Experimental Setup for
Supercontinuum Generation

SigN,4 Spiral

Waveguide -'
Lensed
Fiber
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b Supercontinuum Generation in
? Si;N, Waveguide

|
Q
thC:s GrOY

Intensity (20dB/div)

500 1000 1500 2000 2500

Wavelength (nm) |
N -

®* Peak appears at 1800 nm

—> onset of soliton fission
Halir, Okawachi, Levy, Foster, Lipson, and Gaeta , Opt. Lett. (2012).
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b Supercontinuum Generation in
? Si;N, Waveguide

|
Q
thC:s GrOY

Intensity (20dB/div)

500 1000 1500 2000 2500

Wavelength |
" avelength (nm) Y

* 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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b Supercontinuum Generation in
? Si;N, Waveguide

|
Q
thC:s GrOY

- 1360 nm at —30dB -
=
9
a1)
O
o
&N
2>
k%)
j
)
=
500 1000 1500 2000 2500
Wavelength (nm) |
N A

® Supercontinuum generation spans from 665 nm to 2025 nm

- 1.6 octave span
Halir, Okawachi, Levy, Foster, Lipson, and Gaeta, Opt. Lett. (2012).
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€ b Im{ x®) } — Nonlinear Absorption

Qr.

®* 1- and 2-photon resonances lead to absorption

Saturated Absorption Two-Photon Absorption

CB CB

T fico

E hw

g

! -

VB VB
intensity ﬂ:_ao 1_i I ﬂz_ﬁﬁ
dz ]S dz \
saturation TPA coefficient

intensity
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€ b Issue for High-Power Operation:

Qr.

Nonlinear Absorption

conduction band

* Two-photon absorption generates free LIPS
carriers. Tfree-carrier
absorption
* Free carriers absorb incoming photons. p.l?gt\on
« 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

Qh"'lcs srov®

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]



Effects of Two-Photon Absorption

Transmission (ratio)

®* 1- and 2-photon resonances lead to absorption

0.6
L - T L
0.5 =]
: A =2.936um,
0.4 - Er-YAG Laser
CB
O
0.3
2.09 pm 12.936 pm
N VB
0.2
A=209um,
0.1 " om _ Ho-YAG Laser
O
o ' ! J L
10’ 10° 107 10° 10°

Optical Intensity (W/cm?)

Raghunathan, et al. (2010).
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€ b Im{ %) } — Raman Amplification

Qp

® 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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€ | Raman Gain in
Silicon-Based Nanowaveguides

Q,
Prics grov’

0.030 Py 0.3
oo F (@) ¢¢ %%
c 0.020 . % o L
3 SRS gain : + e
2 o015 % 5
G
& 2
» 0.010 » 01 p ®7
&
0.005 ® /'0'
o -7
o-m 0.0 o <>. ’l a2 a2 I
1537 0.0 0.4 0.8 1.2 1.6
Wavelength (nm) Pump Power (W)
14
100
[ 12 o ©
z ol (B
£ X ~ 10 °
S ef S
s . pspont. Raman T i
2 o F .
€ 4« rspectrum g
© i 1
§ 20 f 6 ¢
[ 2
0
1537 1539 1541 1543 1545 1547 0 . . :
Wavelength (nm) 50 100 150 200 250

Pump Intensity (MWfcm?)

Claps, Dimitropoulos, Raghunathan, Han and Jalali, Opt. Express 11, 1731 (2003).



e@ b Outline: Nonlinear Photonics in
Chip-Based Structures

Lecture |

* 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

On-Chip Communications
optical
pump )
CPU1 CPU2 CPU3
|
=y
FWM == g
Routing =
Electro-optic
Modulator / OPO
é
data input —
n-channels —] ]
el | |\
mux [ 2]
multiplexed FWM -l L\
data input 3R regeneration
L
FWM [l |clock
Clock Recovery
Off-Chip Communications

— demultiplexed

— data output

| multiplexed
data output

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 D
CPU1 CPU2 CPU3
=
FWM == g
Routing S
Electro-optic
Modulator / OPO
é
data input —
n-channels —] 1 L
M
mux [ 2]
multiplexed FWM -l L\
data input 3R regeneration
L
FWM clock
Clock Recovery
Off-Chip Communications

— demultiplexed

— data output

| multiplexed
data output

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.




Q | Four-Wave Mixing

o —> idler lldler
i P
X( amplified e

signal —> —> signal Signal
nonlijnear energy
medaium conservation

—iw t _3

input field E =FE +E =Ae " +4e" +c.c.
input p s p §

nonlinear (3) (3) =3 (3) 42 4* ~iQw,-o)t other

polarization PV =x"FE = \X ApAS eJ ’ + terms
Y

idlerdriving ) =200 -
term ’ P



€' Four-Wave Mixing

—_— idler lldler
pump
)6(3) Pump
amplified
signal —> — > signal Signal
nonlinear energy
medium conservation
input field E =E +E =Ae"+4e™ +coc.
input p s p S
nonlinear 3) _ O3 L[ 42 4 ) ~iQw, ~o)t
polarization P™=x"E = ApAS +2|Ap| Ale
A\ J J
Y Y
idler driving ~ cross-phase
term modulation

* Efficient generation requires momentum conservation (i.e., phase matching)
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Phase Matching in Four-Wave Mixing

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

A
Idler
e Momentum conservation: Ak =2k — (k.+ k) + Ak Y
P s i nl Pump
A
+ Balance of GVD and effects of self-phase modulation & Signal
cross-phase modulation 4
¢ WantAk, L<1
No dispersion, no SPM/XPM normal GVDSignaI anomalous GVD
k . k
k Signal ,"A Signal
Pump ___c- Idler Pu'?/p” Punj—p ------
Idler .47~ Idler -~
f il
SPM/XPM normal GVD + SPM/XPM anomalous GVD + SPM/XPM
Signal Signal
Kk Pump ¢~ Pump K Signal
Idler . Idler Pump g~

Idler _ ,T’




[ B Requirements for Efficient Four-Wave Mixing

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 =>(




€ b Challenge: Large Normal GVD of Si

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 N | T T I | _
Bulk Silicon

1000+ -

500 -

3 t anomalous

I e e -

x }normal

GVD E s00- -
£ —

2 -1000f -
-1500f- :
-2000- / _
-2500 L ! ! | -

1.2 1.3 1.4 1.5 16 1.7

Wavelength [um]
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Tailoring of GVD in Si Waveguides

Q
hT’E.'s GRQ"‘?

e Utilize waveguide dispersion to tune

GVD.

Sio,
| Si_

GVD can be tuned by varying
waveguide shape and size.

Turner et al. (2006)
Lin et al. (2006)

D [ps/(nm*km)]

1200
1000
800
600
400
200

-200
-400

T T
Bulk Silicon

1 anomalous

Ynormal

L
14

15 f 7
Wavelength [um]
T T T T T

=== 300 x 500 nm

— —— 300 x 550 nm

—--= 300 x 600 nm

— —— 300 x 650 nm

-
-
-

-
-
-
-

-"--
e
-

LT

L

l ' 1 L L l 1 1 1 1 1

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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Q | Measurement of Anomalous-GVD in Si Waveguides

Q
thcs GRQ“‘?

7,
0‘-5 Al\‘,

300 x 500 nm |

1200 | --- v

—— m 300 x 550 nm v ?
1000+ —..— 4 300 x 600 nm S vy vy - n
800 F — * 300x650nm' v Y -7 _

600
400
200

D [ps/(nm*km)]

-200
-400

1.35 1.40 1.45 1.50 1.55
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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Dispersion Control in AlGaAs Wavequides

]

Waveguide Width [pym]

normal

\4

anomalous

Meier, Mohammed, Jugessur, Qian, Mojahedi, and Aitchison, Opt. Express 15, 12755 (2007).
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€' My Phase-Matched Four-Wave Mixing in Si

Q
*rigs grov®

- Broad regions of FWM gain predicted.

I I I ] 1 I

—_
92
o
o

I

]
W
o

- 1x1.5um

1000F - 55|, — 300600 nm _
'c @ 7| - 200 x 400 nm
e 500F J Q
e ] P fanomalous | = 20t |
S ynormal ‘T
% '500'_ _________ e —————————————— -3 ) 15 |
L-1000F § § 1ok |
Q-1500F 4% 1.5 im e 1 & _

-2000F — 300 x 600 nm . -

2500k 200 X 400 nm i 0

1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600
Wavelength [nm] Wavelength [nm]



() Phase-Matched Four-Wave Mixing

- Peak gain occurs where Ak=0

| | | | |
Po=140 W
30 |- ’ .
25 - Po=105 W N
§ o20f _
@
T 15k Po=70 W _
(1M
0
10 -
5_ —
0 ] | | ] _|
4 2 0 2 4

Frequency Shift (THz)
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Gain or Efficiency [dB]

o =~ N W

Y

| | | | |

B T T -~ S —

e 300 x 500 nm
e 300 x550 nm

* 300 x 600 nm
l l |

1510 1520 1530 1540

1550

1560 1570 1580

Wavelength [nm]

 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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* Pump: 50 mW

- Conversion bandwidth > 2/3

of an octave!

840 nm (100 THz)
[

900-nm Bandwidth

CW Wavelength Conversion over

1 1 | |

[T T I T

T T I ! I T I T I

pump
signal

converted

conversion efficiency [dB]

Pump wavelength: 1554 nm
el I | L

T | | I
Pump wavelength: 1560 nm

LRI
[ ]

1 ]
1600 1800

wavelength [nm]

I - 1
1200 1400

Turner, Lipson, Foster, and Gaeta, Opt. Express (2010).

p & | b,
2000

_d
2200

I ﬁ§ .J o
?

1 1
1500 1600 1700 1800

1900

1
2000

converted wavelength [nm]

2100




Dispersion Engineering into Mid-IR

oxide

¥

- T28O nm
®* Broadband anomalous GVD in MIR.

Si substrate

| | | !

300~ ——280x900 nm ||
—— 350 x 1200 nm

200+ — 380 x 1400 nm |4
—— Bulk Silicon

100

0

-100

Dispersion (ps/nmskm)

-200

| |
2.0 2.5 3.0 3.5

Wavelength (um)
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[ b 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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e b Four-Wave Mixing Ampilification in Mid-IR
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50 dB parametric on-chip gain in silicon photonic wires
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€ B Frequency Conversion of
X Incoherent Source

Power (dBm)
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e 50-mW pump at 1969 nm, ASE from thulium fiber amplifier



e T Application: Chip-Based
Source for Correlated Photons

A
e Raman scattering can be avoided. Y'd'er
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€ B Generation of Correlated Photons in Si

Q
Prics grov’

lldler e Results show good quantum
characteristics.
Pum . .
P e Raman scattering can be avoided.
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Sharping, Lee, Foster, Turner, Lipson, Gaeta, and Kumar, Opt. Express 14, 12388 (2007), 1 09 W/cm2
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{ b Contribution of Free-Carriers Spoils Correlations

Q
hT’E.'s GRQ"‘?

e Plasma dispersion effect leads to

generation of blue photons.

e »® due to free-carriers comparable to
electronic for peak intensities ~ 7.5 X

108 W/cm?2

Matsuda, et al., Appl. Phys. Lett. 95, 171110 (2009).
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é & Application: Signal Regeneration & Reshaping

S-shaped power transfer function

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.



e i TIR \ Application: FWM-Based Signal Regeneration
for Optical Communications
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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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Signal Regeneration Using FWM in Si
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e Data extinction

improved due to the quadratic
input/output power transfer

function.
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Salem, Foster, Turner, Geraghty, Lipson, and Gaeta, Nature Phot. 2, 35 (2007).



C b 10 Gb/s RZ Data Regeneration

(input) poor extinction ratio output
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) 10 Gb/s RZ Data Regeneration

Timing jitter
suppression using a
clock (control) signal

spectral denisity (10 dB/div)
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Q ) Ultralow Power Frequency Conversion
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- Use ring resonator to enhance
efficiency of FWM.

* Frequency conversion: < mW
CW powers.
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Turner, Foster, Gaeta, and Lipson, Opt. Express (2008).
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