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Evolution of Optical Interconnects 



Demos 

Silicon photonics 

– Large bandwidth 

– Monolithic integration/ 

  CMOS compatible 

– Cheap, abundant  

(1Tb/s) (100 Gb/s) 

(100 Gb/s) (100 Gb/s) 

CPAKTM 

Products 

As data rates  

NLO becomes 

critical 
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Electronic Bottleneck 

Electronics 

Less than 100 
GHz 

Photonics 

Up to 100 
THz 

Only a small fraction of the potential transmission capacity 

of optical fibers is used in present communication networks! 



Nonlinear optics 

• Ultrafast  all optical  nonlinear optics 

• Light controlling, manipulating light 

• High speed switching, routing, amplification, 

signal regeneration, etc. 



Nonlinear phase shift 

𝜒(3) 

𝐸(𝜔) 𝐸(𝜔)𝑒𝑖𝜑𝑁𝐿  

Intensity dependent refractive index 

𝜑𝑁𝐿 =
2𝜋Δ𝑛𝐿𝑒𝑓𝑓

𝜆
 

Δ𝑛 = 𝑛2𝐼 = 𝑛2
𝑃𝑝
𝐴𝑒𝑓𝑓

 

𝜑𝑁𝐿 =
2𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓

𝑃𝑝𝐿𝑒𝑓𝑓 

Derivation of nonlinear phase shift: 

Generic form 



Bulk nonlinear optics 

Rayleigh length: 𝑧𝑅 =
𝜋𝑤0

2

𝜆
 

𝜒(3) 

𝐸(𝜔) 𝐸(𝜔)𝑒𝑖𝜑𝑁𝐿  

Intensity dependent refractive index 

𝜑𝑁𝐿 =
2𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓

𝑃𝑝𝐿𝑒𝑓𝑓 

Nonlinear phase shift in a bulk material:  

𝐴𝑒𝑓𝑓 ∝ 𝜋𝑤0
2 

𝜑𝑁𝐿 =
2𝜋𝑛2

𝜆𝜋𝑤0
2 𝑃𝑝

2𝜋𝑤0
2

𝜆
 

Nonlinear interaction length = small  
To increase nonlinear phase shift, increase peak power! 

𝐿𝑒𝑓𝑓 ∝
2𝜋𝑤0

2

𝜆
 

𝜑𝑁𝐿 =
4𝜋𝑛2
𝜆2

𝑃𝑝 



Guided wave nonlinear optics 

𝜒(3) 

𝐸(𝜔) 𝐸(𝜔)𝑒𝑖𝜑𝑁𝐿  

𝜑𝑁𝐿 =
2𝜋Δ𝑛𝐿𝑒𝑓𝑓

𝜆
 

𝜑𝑁𝐿 =
2𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓

𝑃𝑝𝐿𝑒𝑓𝑓 
Effective nonlinearity: 𝛾 =

2𝜋𝑛2

𝜆𝐴𝑒𝑓𝑓
 

Derivation of nonlinear phase shift: 

𝜑𝑁𝐿 = 𝛾𝑃𝑝𝐿𝑒𝑓𝑓 

SOI  300 x 600 nm   

l = 1.55 mm 

𝐿𝑒𝑓𝑓 ∝ 𝑤0
2 

Nonlinear interaction length = Long!! 
To increase nonlinear phase shift, increase:  
peak power, length, effective nonlinearity! 



Nonlinear Optics – bulk vs. guided 

Problem: Nonlinear Optics    high optical powers 

      bulk, free-space devices 

      specialized materials 

SOI  300 x 600 nm   

l = 1.55 mm 

Nonlinear Integrated Photonics 

• sub-micron scale light confinement  

   high-intensity with low powers 

• micron-scale minimum bend radius 

   compact integrated devices 

• wide variety of materials 

   develop processes not constrained  

  by materials 



High Index Contrast 

• High index contrast of silicon waveguide 

– High light confinement – large nonlinear phase shift 

– Control of waveguide dispersion 

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]. 



Nonlinear Optics in Silicon Waveguides 

Light in 

High index core ~ 3.5 

Low index cladding ~ 1.5 

High linear refractive index 

 Careful control of light confinement 

High nonlinear refractive index 



Silicon Nanowaveguides 

Single-mode Optical Fiber  

(10-mm core mode) 

 

    

Single-mode  

Silicon Nanowaveguide  

(250 nm X 450 nm) 

 

    

Large effective nonlinearity 

(100,000 x single-mode fiber) 

𝛾 =
2𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓

 



Physical Device Size 
100-m highly nonlinear fiber 

10 cm 

4-cm  

Si-Nanowaveguide 

1 mm 

𝜑𝑁𝐿 = 𝛾𝑃𝑝𝐿𝑒𝑓𝑓 

Greater nonlinear phase shift in c-Si waveguide vs. HNLF! 



High Index Contrast 

• High index contrast of silicon waveguide 

– High light confinement – large nonlinear phase shift 

– Control of waveguide dispersion 

 

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]. 



Dispersion – Phase Matching 

• Determines efficiency of many nonlinear processes 

 

• Dispersion is determined by geometry in photonic nanowires 

• Precise control of relative velocities of interacting waves  
dispersion 

 

 



Nonlinear Optics in Silicon Waveguides 

Light in 

High index core ~ 3.5 

Low index cladding ~ 1.5 

High linear refractive index 

 Careful control of light confinement and group velocity dispersion 

High nonlinear refractive index 
Short devices = large bandwidth (less dispersion) 

L
bandwidth

1




S. M. Hendrickson, A. C. Foster, R. M. 
Camacho, and B. D. Clader, J. Opt. Soc. Am. B 
31, 3193-3203 (2014) 
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Nonlinear Optical Processes in Silicon 

19 

Thermo-optical effect (~10 MHz) Carrier effect (~1 GHz) 

Raman effect (~100 GHz) Kerr nonlinear effect (> 1 THz) 

W. Fegadolli , Opt. Express 22, (2014)  A. Gaeta , Opt. Lett. 36, (2011)  

F. Luo , Chin. Phys. Lett. 25 (2008)  P. Jeppesen, Opt. Express 18, (2010)  



Four-wave mixing 

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

Foster et al, Nature 441, 960 (2006). 



• 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 

• Pulsed Pump (80 MHz)  net on/off 
amplification of signal (5 dB) 

(Foster et al 2006) 



Resonant Enhancement 

• c-Si Ring resonator 

• 10-50 μm radius 

• Cavity enhances resonant pump 
and signal (Ashkin et al 1966) 

 

• 50 μm radius ring 

• Q ~ 20,000 

• Extinction ratio > 15 dB 
 



Resonant Enhancement 

Ultra-low pump power of 1 mW!! 

• Conversion efficiency vs. 
wavelength generated by 
scanning wavelength of 
signal 

 

• ~15 dB enhancement 
due to ring 

 
(Turner et al. 2008) 
 

Transmission of 

the device 
 



Microelectronics 
• Multiple layers 

• Back-end (BEOL) integration 

• 3-D integration 

 

Integrating photonics with electronics 

Photonics 
• Single layer 

• Front-end (FEOL) integration 

• 2-D integration 

 

IBM SEMICON (2010) 



Multilayer: 

• Increased real estate – enable third dimension 

• Ability to customize layers for different applications 

3-D Photonic integration 



Hydrogenated amorphous silicon 

1. High-refractive index 
contrast with silica 

2. Low-temperature 
deposition. 

3. BEOL CMOS compatible 
-> 3D integration 

4. Strong nonlinearity and 
high FOM 

        

a-Si:H 

http://www.eere.energy.gov/basics/renewable_energy/types_silicon.html 
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http://www.eere.energy.gov/basics/renewable_energy/types_silicon.html


a-Si:H etching 
Hard mask 

etching  
+ resist removal 

Fabrication process for a-Si:H 
Si wafer 

w/ buried oxide 

Oxide (3 μm) 

Low-T PECVD 
(at 300oC) 

a-Si:H 200nm 
+SiO2 100nm 

E-beam  
lithography 

Silicon 

SiO2 

Scanning Electron Microscope 



S. M. Hendrickson, A. C. Foster, R. M. 
Camacho, and B. D. Clader, J. Opt. Soc. Am. B 
31, 3193-3203 (2014) 
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Measurement (a-Si:H) 
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2
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2

c-Si 

a-Si:H 

c-Si 

a-Si:H 

Measuring nonlinearity (n2) 



Optical nonlinearity 
n2 

(cm2/W) 

Re(γ) 
(1/Wm) 

βTPA 
(cm/GW) 

Nonlinear 
FOM 

NIR 
Stable 

c-Si waveguide 6 x 10-14 300 1.18 0.33 Y 

a-Si:H (WG & Fiber) 

(RIT 2010) 4.2 x 10-13 2000 4.1 0.66 

(Southampton/PSU 2010) 1.8 x 10-13 0.8 1.5 

(UGhent/ULB/DTU 2011) 1.3 x 10-13 770 0.392 2.2 N 

(AIST/PECST 2010, 2012) 0.3 x 10-13 0.2 0.97 

(JHU/UMD 2013) 5 x 10-13 3000 <<1.4 >>2.3 Y 

(CUDOS/INL/LETI 2012) 2.1 x 10-13 1200 0.25 5 Y 

(Valencia/LETI 2013) 1.7 x 10-13 332 0.22 4.9 Y 

(HP Labs 2013) 1 x 10-13 Y 

(ANU 2014) 2.2 x 10-13 0 >>5 

Higher n2  Lower power requirement to achieve ΦNL 
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Four-wave mixing 

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

Foster et al, Nature 441, 960 (2006). 



Waveguide design – dispersion 
engineering 

Carefully engineered for phase matching over 
broad bandwidths! 



Broadband CW wavelength conversion 

• First CW demonstration of 

nonlinear effect in a-Si:H 

• Bandwidth >150nm (20THz) 

by 2.2mW pump power 

Ke-Yao Wang and Amy C. Foster, 
Opt. Lett. 37, 1331-1333 (2012)  



10 GHz wavelength conversion 

• First telecommunication data rate 

demonstration 

• Conversion efficiency : -13dB 

(comparable to c-Si) 

by 15mW peak pump power  

(10 times lower than c-Si) 

Ke-Yao Wang and Amy C. Foster, 
Opt. Lett. 37, 1331-1333 (2012)  



All-optical time demultiplexing 

Electronic  

bottleneck: 

~40 Gb/s 

Optical reponse: 

> 100’s THz 

Nonlinear optical effects 

• Speed 
– Kerr nonlinear response is 

faster than any electronic 
devices 

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



All-optical demux devices 

 (Si) 

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

H. Ji et al, JLT. 29, 426 (2011). 

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

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

1.28Tb/s demux with 4W pump power 
Using 7-cm As2S3 waveguide 

T. D. Vo et al, Opt. Express 18, 17252 (2010). 

160Gb/s demux with 4.4W pump  
using 5-cm As2S3 waveguide 

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

 (Si)  (As2S3) 

 (As2S3) 



All-optical demux devices 
• Silicon (Si) • Chalcogenide (As2S3) 

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

H. Ji et al, JLT. 29, 426 (2011). 

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

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

1.28Tb/s demux with 4W pump power 
Using 7-cm As2S3 waveguide 

T. D. Vo et al, Opt. Express 18, 17252 (2010). 

160Gb/s demux with 4.4W pump  
using 5-cm As2S3 waveguide 

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

Material Data rate Pump 
power 

Waveguide 
length 

F. Li et al (2010) c-Si 160 Gb/s 0.5W 1.1 cm 

H. Ji et al (2011) c-Si 1.28 Tb/s 2W 0.5 cm 

M. D. Pelusi et al (2007) As2S3 160 Gb/s 4.4W 5 cm 

T. D. Vo et al (2010) As2S3 1.28 Tb/s 4W 7 cm 

This work a-Si:H 



Time demultiplexing experiment 

K.-Y. Wang, 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, 

24600-24606 (2012). 



Spectrum and bit error rate 

• -13 dB on/off conversion 
efficiency 

• 65mW peak pump 
power 

• Open eye diagram 

• Error-free operation (BER< 10-9) 
for all 16 channels 

• 3.2 dB to 4.7dB power penalty 

 



Low operating power 

Material Data rate Pump 
power 

Waveguide 
length 

F. Li et al (2010) c-Si 160 Gb/s 0.5W 1.1 cm 

H. Ji et al (2011) c-Si 1.28 Tb/s 2W 0.5 cm 

M. D. Pelusi et al (2007) As2S3 160 Gb/s 4.4W 5 cm 

T. D. Vo et al (2010) As2S3 1.28 Tb/s 4W 7 cm 

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

Error-free operation is 

achieved using 50mW (17dBm) 

peak pump power !! 



Nonlinear Figure of Merit 
n2 

(cm2/W) 

Re(γ) 
(1/Wm) 

βTPA 
(cm/GW) 

Nonlinear 
FOM 

NIR 
Stable 

c-Si waveguide 6 x 10-14 300 1.18 0.33 Y 

a-Si:H (WG & Fiber) 

(RIT 2010) 4.2 x 10-13 2000 4.1 0.66 

(Southampton/PSU 2010) 1.8 x 10-13 0.8 1.5 

(UGhent/ULB/DTU 2011) 1.3 x 10-13 770 0.392 2.2 N 

(AIST/PECST 2010, 2012) 0.3 x 10-13 0.2 0.97 

(JHU/UMD 2013) 5 x 10-13 3000 <<1.4 >>2.3 Y 

(CUDOS/INL/LETI 2012) 2.1 x 10-13 1200 0.25 5 Y 

(Valencia/LETI 2013) 1.7 x 10-13 332 0.22 4.9 Y 

(HP Labs 2013) 1 x 10-13 Y 

(ANU 2014) 2.2 x 10-13 0 >>5 
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Higher FOM -> Higher parametric gain (Ghent U. a-Si:H, 26.5dB) 



Parametric Silicon optical amplifiers 

c-Si OPA (Cornell) 
~28 nm gain bandwidth 

Max 5.2 dB gain 

FOM = 0.33 

a-Si:H (Kuyken, Ghent) 
~64 nm gain bandwidth 

Max 26.5 dB gain 

FOM = 2.2 

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

Max 50 dB gain 

FOM >4 

43 



Parametric gain 

• Broad-bandwidth Near-IR Parametric Amplification 
540nm (66THz) (1325nm - 1865nm) 

• Max gain = 18 dB 

44 

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

K.-Y. Wang and A. C. Foster, “Broad-bandwidth Near-IR Parametric 
Amplification in Amorphous Silicon Waveguides,” in Conference on Lasers 
and Electro-Optics (CLEO), paper QTh4E.4 (2013). 



Silicon optical amplifier 

c-Si OPA (Cornell) 
~28 nm gain bandwidth 

Max 5.2 dB gain 

FOM = 0.33 

a-Si:H (Kuyken, Ghent) 
~64 nm gain bandwidth 

Max 26.5 dB gain 

FOM = 2.2 

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

Max 50 dB gain 

FOM >4 

45 

FOM >>2.3 

a-Si:H (JHU) 

540 nm (66 THz) gain bandwidth 
Max 18 dB gain 

Broadest on-chip gain Near-IR bandwidth in silicon waveguides to-date 



Silicon optical amplifier 

c-Si OPA (Cornell) 
~28 nm gain bandwidth 

Max 5.2 dB gain 

FOM = 0.33 

a-Si:H (Kuyken, Ghent) 
~64 nm gain bandwidth 

Max 26.5 dB gain 

FOM = 2.2 

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

Max 50 dB gain 

FOM >4 
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75 MHz 
10 MHz 

90 MHz 

FOM >>2.3 

76 MHz 

a-Si:H (JHU) 

540 nm (66 THz) gain bandwidth 
Max 18 dB gain 

Broadest on-chip gain Near-IR bandwidth in silicon waveguides to-date 



Low rep rate OPA – Free carrier loss 

47 

PIN reverse bias in CW operation 

Raman Gain (Intel 2005) Wavelength conversion (Gajda et al 2012) 

Mid-IR comb generation (Griffith et al 2014) 

Pulse period 



Experimental setup – high repetition 
rate amplification 
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(1.6ps) 

K.-Y. Wang and A. C. Foster, “GHz Near-IR Optical Parametric Amplifier using a Hydrogenated Amorphous 
Silicon Waveguide,” in CLEO: 2014, OSA Technical Digest (online) (Optical Society of America, 2014), SW3I.7. 

• Broad bandwidth on-chip amplification at > 1 GHz rep rate 
• Route towards high rep rate amplification 

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 

(Rong, Intel) 

(Kuyken, Ghent) 
Silicon nitride  
(Levy, Cornell) 

High-Q µ-ring OPO 

Hydex 
(Razzari, INRS-EMT) 

c-Si OPO at Mid-IR 

c-Si Raman laser 
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(Griffith, Cornell) 

c-Si CW OPO at Mid-IR 



Optical parametric oscillator  

50 

Single pass 

(8 mm in length) 



Optical parametric oscillator  
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Cavity length (~2.3m) 
= pump rep rate (90MHz) 

Single pass With cavity 

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), postdeadline paper CTh5D.7 (2013). 

(1.5 ps) 



Oscillation threshold 

• Threshold = 1.6 pJ 
• Slope efficiency = 1.4 % 

Wavelength = 1460 nm 

52 

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), postdeadline paper CTh5D.7 (2013). 

• Deconvolved pulse width: 1.1ps 



53 

Wavelength tuning simply by 
changing the time delay. 

Wavelength tunable OPO 

Wavelength agile OPO for telecommunication and beyond 

(355nm, 42 THz) (1370nm - 1515nm, 1600nm - 1810nm) 

Tuning performance of oscillation mode 



Femtosecond pulse OPO 
Replace some SMF with DCF 
 Minimize round trip dispersion 
 Larger cavity phase-matched 

bandwidth 
 Shorter pulse! (still pumped with 

1.5 ps pulse) 

FWHM = 1.1 ps 

Before dispersion compensation 

FWHM = 300 fs 

After dispersion compensation 



S. M. Hendrickson, A. C. Foster, R. M. 
Camacho, and B. D. Clader, J. Opt. Soc. Am. B 
31, 3193-3203 (2014) 



Si3N4 OPO 



Frequency comb 

• 1 pump 

• 100’s of channels! 

 



Summary 
Nonlinear Integrated Photonics 

• sub-micron scale light confinement  

   high-intensity with low powers 

• micron-scale minimum bend radius 

   compact integrated devices 

• wide variety of materials 

   develop processes not constrained by materials 

Low-power, chip-based applications 

• Signal wavelength conversion 

• (up to) GHz-rate signal amplification 

• Optical sources 

   wavelength tunable OPO’s 

   frequency combs 

 

Hongcheng Sun 

Kangmei Li 

Ke-Yao Wang 
(now at Infinera) 


