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Evolution of Optical Interconnects

Time of Commercial Deployment (Copper Displacement):
1980's 1990's 2000's [EFALP: |

System  Board Module Chip

intra/inter-rack module-module chip-chip on-chip buses

10's m <1m <10 cm <20 mm
“ald edge Module  SiCorchip  On chip
on card

N

Increasing integration of Optics with

BW * Distance: Optics >> Copper decreasing cost, decreasing power,
increasing density
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Silicon photonics

Products

ANy
CISsCO

— Large bandwidth

- /7 || — Monolithic integration/
4 CMOS compatible

— Cheap, abundant

As data rates 1‘

NLO becomes
critical
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Electronic Bottleneck

o. ’.6 ..0
.Electronics°
O ® .’.‘ O
Less than 100 Up to 100
GHz THz

Only a small fraction of the potential transmission capacity

of optical fibers is used in present communication networks!
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Nonlinear optics

» Ultrafast = all optical 2 nonlinear optics

 Light controlling, manipulating light

* High speed switching, routing, amplification,
signal regeneration, etc.
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Nonlinear phase shift

E(w)et¥nL

)

Intensity dependent refractive index

Derivation of nonlinear phase shift:
Onp = ZﬂAnLeff Pp
: b= -
Aerr

] 27‘[712
Generic form| ¢y = @PpLeff
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Bulk nonlinear optics

: o wd
Intensity dependent refractive index Rayleigh length: zp = —

E(w)
)

E(w)e'#nL

)

Nonlinear phase shift in a bulk material:

2
21n, 2 21w

PnL = TPpLeff Aeff x Wy
eff

21n, 2ny¢€ 41tn,
PNL AT )’/02 D 1 ‘ PNL /12 p

Nonlinear interaction length = small

To increase nonlinear phase shift, increase peak power!
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Guided wave nonlinear optics

SOI 300 x 600 nm

E(C()) E(w)ei(pNL
) X(B) )

Derivation of nonlinear phase shift:

2ANLegy Leff/Wg
PnL = 1
21N, Effective nonlinearity: y = ;an
Oy, =——P,L eff
NL 1A p~eff
eff

Nonlinear interaction length = Long!!
OnL = YBpLesy To increase nonlinear phase shift, increase:
peak power, length, effective nonlinearity!
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Nonlinear Optics — bulk vs. guided

Problem: Nonlinear Optics 2 high optical powers
bulk, free-space devices
specialized materials

Nonlinear Integrated Photonics
 sub-micron scale light confinement SOl 300 x 600 nm
-> high-intensity with low powers
* micron-scale minimum bend radius
-> compact integrated devices
 wide variety of materials
-> develop processes not constrained
by materials
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High Index Contrast

* High index contrast of silicon waveguide

— High light confinement — large nonlinear phase shift
— Control of waveguide dispersion

silicon-on-insulator: A = 1550 nm, 1 to 1.5 aspect ratio

2 : 2 2 : 2
X X X X
2um 2um 2 um 2 um
0 y 0 y 0 y 0 y

core area  0.06 um? 0.12 um? 0.26 um? 1 um?

M. A. Foster, Amy C. Turner et al., Opt. Express 12 (2004).; M. A. Foster, Amy C. Turner et al., Opt. Express 16 (2008) [review paper].
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Nonlinear Optics in Silicon Waveguides

High index core ~ 3.5

e
~

Low index cladding ~ 1.5
Light in
High linear refractive index

Careful control of light confinement

High nonlinear refractive index
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Silicon Nanowaveguides

Single-mode Optical Fiber

(10-um core mode) Single-mode

Silicon Nanowaveguide
(250 nm X 450 nm)

\

Large effective nonlinearity
(100,000 x single-mode fiber)
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Physical Device Size
100-m highly nonlinear fiber 4-cm
Si-Nanowaveguide

=N
!pr' ]OHNS HOPKINS Greater nonlinear phase shift in c-Si waveguide vs. HNLF!
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High Index Contrast

* High index contrast of silicon waveguide
— High light confinement — large nonlinear phase shift
— Control of waveguide dispersion

silicon-on-insulator: A = 1550 nm, 1 to 1.5 aspect ratio

core area  0.06 um?

\
/)
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Dispersion — Phase Matching

* Determines efficiency of many nonlinear processes

e Dispersion is determined by geometry in photonic nanowires
e Precise control of relative velocities of interacting waves =2
dispersion
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Nonlinear Optics in Silicon Waveguides

High index core ~ 3.5

e
~

Low index cladding ~ 1.5
Light in
High linear refractive index

Careful control of light confinement and group velocity dispersion

High nonlinear refractive index
Short devices = large bandwidth (less dispersion) bandwidth oc i
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Table 1. Nonlinear Materials®

Material a @ @ frea  FOM
Medium  (igh)  (High)  High Low
Si3Ny Low Medium  Medium  Low  High
Hydex Low Low Low Low  High
Chalcogenides  Medium  Medium High Low  High
Medium Low High

“A qualitative comparison of the optical properties of leading nonlinear
photonics platforms, including propagation loss (a), linear index of
refraction (n), nonlinear index of refraction (n.), two-photon absorption
(frpa), and the nonlinear figure of merit (FOM), defined as the ratio of
the nonlinear index to the nonlinear loss coefficient (usually TPA is the
dominate contribution, in which case the FOM is given by 1o /Af1pa ).

S. M. Hendrickson, A. C. Foster, R. M.

JOHNS HOPKINS Camacho, and B. D. Clader, J. Opt. Soc. Am. B
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of ENGINEERING 31, 3193-3203 (2014)




Nonlinear Optical Processes in Silicon
/Thermo-optical effect (~10 MHz) v Carrier effect (~1 GHz) \
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0 500 1000 1500 2000 2500 3000
Time (ps)

A. Gaeta, Opt. Lett. 36, (2011)

>W. Fegadolli, Opt. Express 22, (2014)

Raman effect (~100 GHz)

I ———————————————————— "E-a
s E
% (b) | al g-se \ . 4 a
E 5-39 t
o St \ 342
b sl AN c 2 7 R
T | 128Tbs A\ Channel # |
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Four-wave mixing

Energy Conservation _
Momentum Conservation

-Phase matching

|dler
Pump -
oOut-of-pha
Signal VDVDV' Pump
AP TV Signal
Pump Idler
Pump Signal %AVA’ %ﬂ» SUDUA‘
Signal in-phase
o) Idler
3
O
o
Wavelength Foster et al Opt. Express 15, 12949 (2007).
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nature

LETTERS

Vol 44122 June 2006|doi:10.1038/ nature04932

Broad-band optical parametric gain on a silicon
photonic chip

Mark A. Foster', Amy C. Turner?, Jay E. Sharping’,
> 2.0F __ 300 x 550 nm Pump 7
‘B +==215x 445 nm
C Idler
g 15 | signal ” g
£
2 1.0Fk .
N
[C 4
E 05+ b , R
- |
: "-
0 AW J J.\
1500 1520 1540 1560 1580 1600

Wavelength [nm]
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Bradley S. Schmidt®, Michal Lipson® & Alexander L. Gaeta'

Peak on/off gain of 4.2 dB

Conversion efficiency of 5.2
dB

300 x increase over previous
observations




Phase-Matched Four-Wave Mixing

« Broad regions of FWM gain predicted

Experiment
1500F" T T T n ! T T T I. ]
T
1000 . A ahedil
— 5[][] | - ..._‘ .‘.. !, .ll‘..'. ;_‘-:I, I.:
§. ob - - - ____ tanomalous | = AL Pump Wavelength - h‘,—,;;:" vt
£ |} normal o 'l i e e
S -500F o Y d Sl s} M S S VA R P N S
B T 0 o8 L] .
21000~ - c LN
""'-.,___'_ N — 5 " o “‘. ]
0 -1500F 1x1.5 um-""--h‘__ % '\'. _‘ ..
-2000F — 300 x 600 nm - . w o Do '
25004 7 200 X 400 nm LT g 5 S |
iy o
1500 1520 1540 1560 1580 1600 -% f B
Wavelength [nm] O . 300x500nm |
, | . . . . * 300x550 nm |
301 - 1 x 1.5 um - *300x600nm | |
ogl. — 300 x 600 nm i 1 | 1 1 I L L L 1l
o 200 x 400 nm 1510 1520 1530 1540 1550 1560 1570 1580 1590
% 20k i Wavelength [nm]
8 15} -
2 1of ] * Pulsed Pump (80 MHz) - net on/off
T | amplification of signal (5 dB)
- S . (Foster et al 2006)

1500 1520 1540 1560 1580 1600
Wavelength [nm]

m } JOHNS HOPKINS

WHITING SCHOOL
of ENGINEERING




Resonant Enhancement

o @ T N o
}
"
|

-10 —

-12

Transmission [dB]

14

-16 —

18 _

-0.08 -0.06 -004 -002 O 0.02 004 00868 0.08

Detuning [nm]

e 50 um radius ring
e Q~ 20,000
e Extinction ratio > 15 dB

e c-Si Ring resonator
e 10-50 um radius
e Cavity enhances resonant pump

and siinal (Ashkin et al 1966)
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Resonant Enhancement

-25 -0
e TranNsMIssion of

or 71° the device
) ; PTP I o
S el Ji0
% T | ﬂ | | | = * Conversion efficiency vs.
5 40 | s jg wavelength generated by
$ 2  scanning wavelength of
g 451 -20 = signal
o

"
-50 —-25
;“WHH“”WWW uWuJWWWJ\{ e ~15dB enhancement
551 | | | | -0 due toring

1535 1540 1545 1550 1555 1560 1565
Wavelength [nm]

‘ Ultra-low pump power of 1 mW!! \
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Integrating photonics with electronics

-
I
"

Microelectronics

« Multiple layers

« Back-end (BEOL) integration
« 3-D integration

Photonics

« Single layer

* Front-end (FEOL) integration
« 2-D integration

bl

D I\ /] \ /]

JOHNS HOPKINS

WHITING SCHOOL
of ENGINEERING



3-D Photonic integration

Multilayer:
* Increased real estate — enable third dimension
« Ability to customize layers for different applications
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Hydrogenated amorphous silicon

1. High-refractive index
3-Si‘H contrast with silica

2. Low-temperature
deposition.

3. BEOL CMOS compatible
-> 3D integration

4. Strong nonlinearity and
high FOM
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http://www.eere.energy.gov/basics/renewable_energy/types_silicon.html

Fabrication process for a-Si:H

Si wafer Low-T PECVD E-beam
w/ buried oxide (at 300°C) ith N
a-Si:H 200nm | Ograp y
Oxide (3 um) +Si0, 100nm

Silicon

Hard mask .

etching a-Si:H etching
+ resist removal
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Table 1. Nonlinear Materials®

Material a @ @ frea  FOM
Medium  (igh)  (High)  High Low
Si3Ny Low Medium  Medium  Low  High
Hydex Low Low Low Low  High
Chalcogenides  Medium  Medium High Low  High
Medium Low High

“A qualitative comparison of the optical properties of leading nonlinear
photonics platforms, including propagation loss (a), linear index of
refraction (n), nonlinear index of refraction (n.), two-photon absorption
(frpa), and the nonlinear figure of merit (FOM), defined as the ratio of
the nonlinear index to the nonlinear loss coefficient (usually TPA is the
dominate contribution, in which case the FOM is given by 1o /Af1pa ).

S. M. Hendrickson, A. C. Foster, R. M.

JOHNS HOPKINS Camacho, and B. D. Clader, J. Opt. Soc. Am. B
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Measuring nonlinearity (n,)

c-Si| . , Measurement (c-Si) | Measurement (c-Si)
g [ ]
= v
o [0
£ | | 4
2 S
2 5°
5 | - g2
£ S
3 8
N 1460 1480 1500 1520 1540 1560 1580 1600 1620 1640
g s Wavelength (nm)
S : 13 2
Z pun . . . . c-Si n, =0.6x10""cm* /W
1480 1520 1560 1600 1640
Wavelength (nm)
a-Si'H Measurement (a-Si:H)

1.35W

15

LA I NS

PaVELARNE

N

0
1460 1480 1500 1520 1540 1560 1580 1600 1620 1640

0.76

1.2

0.8
0.6
0.4
0.2

Coupled peak power (W)

1400 1450 1500 1550 1600 1650 1700
wawvelength (nm)

a-Si:H n, =5x10"cm?*/W




Optical nonlinearity

n, Re(y) | [rpa Nonlinear| NIR
(cm?W) | (1Wm) | (em/GW)| FOM | Stable

c-Si waveguide 6x1074 | 300 1.18 0.33 Y
a-Si:H (WG & Fiber)

(RIT 2010) 4.2x1013 | 2000 4.1 0.66
(Southampton/PSU 2010) | 1.8 x 1013 0.8 1.5
(UGhent/ULB/DTU 2011) | 1.3x10"' | 770 | 0.392 2.2 N
(AIST/PECST 2010, 2012) | 0.3 x 1013 0.2 0.97
(JHU/UMD 2013) 5x1013 | 3000 | <<1.4 | >>2.3 Y
(CUDOSI/INL/LETI 2012) 21x1073 | 1200 | 0.25 5 Y
(Valencial/LETI 2013) 1.7x1013 | 332 0.22 4.9 Y
(HP Labs 2013) 1x10-13 Y
(ANU 2014) 2.2x1013 0 >>5

JOHNS HOPKINS
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Higher n, > Lower power requirement to achieve @,




Four-wave mixing

Energy Conservation _
Momentum Conservation

-Phase matching

Idler
P
o Out_of-phase
Signal VDVDV' Pump
AP TV Signal
Purnp Idler
Pump Signal %AVA’ %ﬂ» SUDUA‘
Signal in-phase
Idler

Power

Foster et al Opt. Express 15, 12949 (2007).

Wavelength Foster et al, Nature 441, 960 i2006i.
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Waveguide design — dispersion

engineering
300 —r——— —
72:] S Ex (TE mode) i
- 0.4 500nm

200 % o2 5 ]

150} > (£ 3 1oz ]
= 0
E B GVD = 10 [ps/(nm-km)] |
c 50} e x{?.:m} 051 slope = -0.43 [ps/nm” km] |
@ o[ Anomalous { '
A= | Normal
O 50}k

-100 |

-150 |

-200

1.40 1.45 1.50 1.55 1.60 1.65
Wavelength (um)

e
m ]OHNS HOPKINS Carefully engineered for phase matching over
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Broadband CW wavelength conversion

EDFA PC a-Si:H
nanowaveguide

CW laser 1 __E H_ OSA

* First CW demonstration of
nonlinear effect in a-Si:H

« Bandwidth >150nm (20THz)
by 2.2mW pump power

-40 -

A
()

50 +

Spectrum (dBm)
R R R R

-55 |

Conversion efficiency (dB)

-60 7480 1520 1560 1600 e
Wavelength (nm)

-65
1540 1560 1580 1600 1620 1640 1660 1680 1700

Converted wavelength (nm)
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10 GHz wavelength conversion

PUMP
EDFA a-Si:H
: AT 00)@) : nanowaveguide
DL P : WDM
Mode-locked N ' — E H_ OSA
laser ' ((( ))) :
10 GH ' :
’ ' HNLF R :
EDFA_ ... OBPF .. '
SIGNAL
-12 | I I ] 1 I 1 L 1 i
14  ® Experiment ] _ _ _
@ qg[ — Simulation i« First telecommunication data rate
g ot 1 demonstration
S of ] |« Conversion efficiency : -13dB
c > {1 (comparable to c-Si)
= 26k 4
5 28] | by 15mW peak pump power
S ot 141 (10 times lower than c-Si)
32 - 1830 15l4ﬂ' 1550 ‘15}50 1870 15:80 i
34T L 1 i 1 L L M 1 L w:m!engih {l‘llm} 1 i 1 i

0 2 4 6 8 10 12 14 16
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All-optical time demultiplexing

I U SN /) -

5| —= A AL AL/ AN A

y Spectrum

/

» Ultra-high data rate (>Tb/s) is well beyond the limitation of electronics.

Nonlinear optical effects
* Speed

— Kerr nonlinear response is
faster than any electronic

Electronic

e Ciin [ERRusE.
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All-optical demux devices

160Gb/s demux with 0.5W pump
Using 1.1-cm Si waveguide

103
O BER 160 Gbis DEMUX
+ BER10Gbis B2B (S i )
10
©
w
m
107
10
101

21 -19 A7 15 -3
Received Power (dBm)

F. Li et al, Opt. Express 18, 3905 (2010).

160Gb/s demux with 4.4W pump
using 5-cm As,S; waveguide

105} R, 16¢ch. 160 ] ( 2 3)
p B, Gb/s DEMUX
w AN .
o

107

109}

1012 P X 3

21 20 19 -18 -17 -16
Received Power (dBm)

M. D. Pelusi et al, PTL. 19, 1496 (2007).

1.28Tb/s demux with 2W pump power
Using 5-mm Si waveguide

2 A 1.28 Thit/s to 10 Gbit/s demux l
s 10 - to - 10 Gbit/s demux .

o} (Si)
E 4
m 5
g 6
O §

g

A

10

11 \

12

-40 -38 -36 -34 -32 -30 -28 -26
Receiver Power [dBm]

JOHNS HOPKINS
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(a)

1.28Tb/s demux with 4W pump power
Using 7-cm As,S; waveguide

(As,S;)

7 I'm Ch-
+ Chd
# B2B_|_hand
£ B2B_C_band

l0g(BER)
-

-39 =37 -35 -33 =31 =29
Received Power (dBm)
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All-optical demux devices

F. Li et al (2010)

H. Ji et al (2011)

M. D. Pelusi et al (2007)
T. D. Vo et al (2010)

This work

Material

c-Si
c-Si
As,S;
As,S;
a-Si:H

Data rate

160 Gb/s
1.28 Tb/s
160 Gb/s
1.28 Tb/s

Pump
power

0.5W
2W
4.4W
4W

Waveguide
length

1.1 cm
0.5cm
5cm

7 cm



Time demultiplexing experiment

160 Gb/s OTDM test source a-Si:H y
nanowaveguide OSA
EDFA Compressor
I ol DenEl0oa) 12
- AT ey
<=> MUK PC ) ‘HT
(" EDEA oppp Compressor ) Receiver
| EDFA
Mode-locked 0oL > A O DG DBPF/
laser 7 HNLF ) BERT A
(10GHz) 10 GHz Pump switching source APD

1.0F
% 0.8
- 0.6
ﬁ !
'(—é 0.4_
s 0.2¢
Z L

0.0

0 10 20 30 40 50 60
Time (ps)

K.-Y. Wangqg, K. G. Petrillo, M. A. Foster, and A. C. Foster,
“Ultralow-power all-optical processing of high-speed data
signals in deposited silicon waveguides,” Opt. Express 20,

JOHNS HOPKINS

R 24600-24606 (2012).




Spe

20 | —— Input i 2}
10 - Output  Pump Data Y
| (10 GHz) (160 Gbls)
0k i
g 10} .
FWM product 1 —
1;' 20 (10 Gbs) 1 4
5 -30 =
g -40 S
D 59
-60
-70 1 1 L 1 1
1540 1550 1560 1570
Wavelength (nm)

e -13 dB on/off conversion .

efficiency .
e 65mW peak pump
power .

w
T

000 ~N O O B

ctrum and bit error rate

1 1 1 1 I 1 L. 1

.\ 2\
=~ N o 4
3 \ L il
3 400 ps 2
s ° .
- 16 channels -
: e % We  160-t0-10 Gbls
10Gbls e M , DEMUX
-
B2B \.
W
.
™

1 L 1

-42 40 -38 -36 -34 -32 -30

Received power (dBm)
Open eye diagram
Error-free operation (BER< 10-)
for all 16 channels

3.2 dB to 4.7dB power penalty

JOHNS HOPKINS
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Low operating power

3L @ ;
-\
a8 :
RN {  Error-free operation is
e OF N i achieved using 50mW (17dBm)
3 o \.\ 1~ peak pump power !!
-~ TE E
80 ¢ _
9 5-\.“%. ,,,,,,,,,,,,,, _
10F :
1

156 16.0 16.4 16.8.17.2 17.6
Input peak pump power (dBm)

Material Data rate Pump Waveguide
power length
F. Li et al (2010) c-Si 160 Gb/s 0.5W 1.1cm
H.Jietal (2011) c-Si 1.28 Tb/s 2W 0.5cm
M. D. Pelusi et al (2007) As,S, 160 Gb/s 4.4\ 5cm
T. D. Vo et al (2010) As,S, 1.28 Tb/s 4W 7 cm

This work a-Si:H 160 Gb/s 50mW 0.6 cm



Nonlinear Figure of Me

]OHNS HOPKINS Higher FOM -> Higher parametric gain (Ghent U. a-Si:H, 26.5dB)

WHITING SCHOOL
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n, Re(y) B rea Nonlinear| NIR

(cm?/W) | (1/Wm) | (em/GW)| FOM | Stable
c-Si waveguide 6x1074 | 300 1.18 0.33 Y
a-Si:H (WG & Fiber)
(RIT 2010) 4.2x1013| 2000 | 4.1
(Southampton/PSU 2010) | 1.8 x 1013 0.8
(UGhent/ULB/DTU 2011) | 1.3x10'3| 770 | 0.392 N
(AIST/PECST 2010, 2012) | 0.3 x 1013 0.2
(JHU/UMD 2013) 5x1013 | 3000 | <<1.4 Y
(CUDOSI/INL/LETI 2012) 2.1x1013 | 1200 | 0.25 Y
(Valencia/LETI 2013) 1.7x1013 | 332 0.22 Y
(HP Labs 2013) 1x10-13 Y
(ANU 2014)




Parametric Silicon optical amplifiers

,,,,,,,,,,,,,, 30 m
FOM - 0-334:300><550nm S i / (d] q?@@ a5 Z \
gl ®s 15 &
of e 5 |0 &
- T e o |= &
2 //,//_’_ 1,510 nm (6.4 mm) = E}} E
Lo T e 1540 1560 1580 1560 <
e o Ao BT Wavelength (nm)
c-Si OPA (Cornell) a-Si:H (Kuyken, Ghent)
~28 nm gain bandwidth ~64 nm gain bandwidth

\_

Max 5.2 dB gain Max 26.5 dB gain

(a) i ) T T T T
a - Pulsed pump P~135W
g ) converted idler cw signal
‘2 -40
FOM >4 ¢
g -60
=
=80 - T . T T
® & 5 —o— Signal
= S
.9‘5 40 ] Idler
S 3 30
£ 2
© 3 9 3 &
E FRS Coupling loss
g 10 : T . :

1900 2000 2100 2200 2300 2400 2500
Wavelength (nm)

c-Si Mid-IR (Ghent, Columbia, IBM)
580 nm (36.6THz) gain bandwidth
Max 50 dB gain

JOHNS HOPKINS
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Parametric gain

Wavelength (nm)

Pump o] | 1845 1442 1554 1685 1840
20+ —P ff|
_ e 540 nm (66 THz)
aEJ 8 20l - >
T 40t . =] ° .-
E Sign| dler = 10 o s’ o .o’. ® d
3 O @ ® ‘ @
& 5 o WA
& Plecmpram o e o I ®---
c @
O Pump
i | -30 -15 0 19 30
1450 1500 1550 1600 1650 1700 Relative frequency (THZ)

Wavelength (nm)

Peak pump power =3.6 W
(Average power = 2 mW)

* Broad-bandwidth Near-IR Parametric Amplification
540nm (66THz) (1325nm - 1865nm)
e Max gain =18 dB

—N K.-Y. Wang and A. C. Foster, “Broad-bandwidth Near-IR Parametric
!Hp,’ ]OHNS HOPKINS Amplification in Amorphous Silicon Waveguides,” in Conference on Lasers

WHITING SCHOOL and Electro-Optics (CLEO), paper QTh4E.4 (2013).
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Silicon optical amplifier

,,,,,,,,,,,,,, 30 @
FOM = 0-33 4_300x550nm . ] / I:d] Q'ﬁ'@ 925 E \
[ ] Fom=22 | *° % > %
il /// B d:{b 15 =
-‘{g\.\_gf:--:——~~'"--""-:’:;:““‘- -------- % 15 &
2 ‘f\\ //,” —=1,510 nm (6.4 mm) ] = D E
Lo T e 1540 1560 1580 1560 <
Ee o0 Ao BT Wavelength (nm)

c-Si OPA (Cornell) a-Si:H (Kuyken, Ghent)
~28 nm gain bandwidth ~64 nm gain bandwidth
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Silicon optical amplifier
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Low rep rate OPA — Free carrier loss

A Py Free carrier
Phonon .
VV\-> halalal absorption
1550 nm ATwo photon
Pump <
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Carriers

W
Pulse period

PIN reverse bias in CW operation

/ Raman Gain (Intel 2005)
; : 5 S s

.
'''''''

Nitride Mask

Silicon

b, %

generation (Griffith et al 2014)



Experimental setup — high repetition

(1. 6pS) (1000000...)

EDFA
EOM (260mW) PC a-Si‘H
[\ nanowaveguide
OSA
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Mode Iocked laser PC — H_ m
(10GHz, 1550nm)
® o
Tunable CW laser
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1-GHz pump
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Converted idlers

Spectral power (10dB/div)

1460 1480 1500 1520 1540 1560 1580 1600 1620 1640
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* Broad bandwidth on-chip amplification at > 1 GHz rep rate

B - Route towards high rep rate amplification -

K.-Y. Wang and A. C. Foster, “GHz NeailR Optical Parametric Amplifier using a Hydrogenated Amorphous
‘]'p" Si | i con WaCLE®: 0ws) O3AcTeckinical Digest (online) (Optical Society of America, 2014), SW3l.7.



http://www.opticsinfobase.org/abstract.cfm?URI=CLEO_SI-2014-SW3I.7&origin=search
http://www.opticsinfobase.org/abstract.cfm?URI=CLEO_SI-2014-SW3I.7&origin=search
http://www.opticsinfobase.org/abstract.cfm?URI=CLEO_SI-2014-SW3I.7&origin=search
http://www.opticsinfobase.org/abstract.cfm?URI=CLEO_SI-2014-SW3I.7&origin=search

Silicon-based nonlinear light source

High-Q p-ring OPO c-Si OPO at Mid-IR
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Optical parametric oscillator
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Optical parametric oscillator
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K.-Y. Wang, M. A. Foster and A. C. Foster, “Wavelength-Agile Near-IR Chip-Based Optical Parametric Oscillator using a
Deposited Silicon Waveguide," in Conference on Lasers and Electro-Optics (CLEO), postdeadlinepaper CTh5D.7 (2013).




Oscillation threshold

Wavelength = 1460 nm X-correlation
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* Threshold =1.6 pJ
e Slope efficiency =1.4 %

K.-Y. Wang, M. A. Foster and A. C. Foster, “Wavelength-Agile Near-IR Chip-Based Optical Parametric Oscillator using a

IR L e SR e e AR S e BN el oA AL AP L N
w } JOHNS HOPKINS

WHITING SCHOOL

* Deconvolved pulse width: 1.1ps
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Wavelength tunable OPO
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(355nm, 42 THz) (1370nm - 1515nm, 1600nm - 1810nm)



Femtosecond pulse OPO
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Table 1. Nonlinear Materials®

Material a n N Prpa FOM
c-Si Medium High High High Low
Medium  Medium High
Hydex Low Low Low Low  High
Chalcogenides  Medium  Medium High Low  High
a-Si:H Medium High High Low  High

“A qualitative comparison of the optical properties of leading nonlinear
photonics platforms, including propagation loss (a), linear index of
refraction (n), nonlinear index of refraction (n.), two-photon absorption
(frpa), and the nonlinear figure of merit (FOM), defined as the ratio of
the nonlinear index to the nonlinear loss coefficient (usually TPA is the
dominate contribution, in which case the FOM is given by 1o /Af1pa ).

S. M. Hendrickson, A. C. Foster, R. M.

JOHNS HOPKINS Camacho, and B. D. Clader, J. Opt. Soc. Am. B

WHITING SCHOOL ”
of ENGINEERING 31, 3193-3203 (2014)




“‘ﬁ“rﬂ : LETTERS
p Otomcs PUBLISHED ONLIME: 20 DECEMBER 2009 | DOI: 10.1038/NPHOTON.2009.259

CMOS-compatible multiple-wavelength oscillator
for on-chip optical interconnects

Jacob S. Levy', Alexander Gondarenko'’, Mark A. Foster?, Amy C. Turner-Foster!, Alexander L. Gaeta?

and Michal Lipson™
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Frequency comb
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e 100’s of channels!

O
|

Pump —> “siie 403 GHz
i1

[
N
@)

|

Eant
m
o
g
A
4]
=
o
a

A
O

\
—

|
a
o
|

st UCHUY WRONORRIASRN L)

] ] | ] ] ] |
1,450 1,500 1,550 1,600 1,650 1,700 1,750

Wavelength (nm)

%‘?‘j JOHNS HOPKINS

WHITING SCHOOL
of ENGINEERING



Summary

Nonlinear Integrated Photonics
« sub-micron scale light confinement 3
> high-intensity with low powers % .
 micron-scale minimum bend radius Bﬂ |
-> compact integrated devices ’
« wide variety of materials Hongcheng Sun  Ke-Yao Wang
- develop processes not constrained by materials (now at Infinera)

Low-power, chip-based applications
« Signal wavelength conversion
* (up to) GHz-rate signal amplification
* Optical sources
-> wavelength tunable OPO’s
-> frequency combs
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