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(1) What is photonic crystal? 

 

(2) Ultrastrong light confinement 

 

(3) Slow light in a chip 

 

(4) Adiabatic tuning of light 

 

(5) Optomechanics 

 

(6) Ultralow power device operation  



(1) What is Photonic Crystal? 



What is Photonic Crystal? 

(typically 0.2 ~ 0.5 mm for semiconductors) 

A structure whose refractive index is  

periodically modulated in 2D or 3D 

e.g., Si 

photonic crystal 

period ~ l/n 
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フォトニックバンド（w-k）構造の一例 
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Dispersion of light in photonic crystals 

photonic insulator 

Photonic Band Structure and Bandgap 



Natural Photonic Crystals 

opal butterfly 



Refractive Indices of Materials 

Air  1.0 

SiO2  1.46 

NaCl  1.54 

Al2O3  1.70 

MgO  1.74 

Polymer  1.4-1.6 

GeO2  2.00 

TiO2  2.72 

InP  3.1 

GaAs  3.6 

Si  3.5 

Ge  4.1 

Te  4.9 / 6.37 



2D SOI PhC 
3D woodpile  

PhC 

Artificial Photonic Crystals 

Si inverse-opal 



2D Photonic Crystal Slabs 

Silicon-On-Insulator (SOI) sub. 

Si 

SiO2 

Si sub. 

e-beam lithography 

ECR dry etching 

SiO2 

Si 

possible platform for PhC-based 

photonic LSIs 

● high-quality and homogeneous sub. 

● future large-scale integration 



2D Photonic Crystals on SOI wafer 
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2D PBG in PhC slab 
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(2) Strong light confinement 

  

in l-sized volume 



Micro-disk Micro-post Photonic Crystal 

V = 6(l/n)3 

Q = 106 
V  = 5(l/n)3 

Q = 103 
V = 1.5 (l/n)3 

Q = 106 

Toroid cavity 

V = >100(l/n)3 

Q = 108 

Optical Microresonators 

wavelength-sized ultrahigh-Q cavity 



How small can an optical resonator be? 

L 

Mirror Mirror 

Fabry-Perot Resonator Ring Resonator 



L 

Q = wt = w(NL/c)  

N: allowed number of reflection 

Cavity Quality factor (Q) 

Mirror 

Q becomes small in proportional to L 

R~0.95 (Ag）  N~7,  photon lifetime =47 fs 

R~0.99 N~35, photon lifetime = 233 fs 

A cavity with Q=106 

L= 1mm, N=150000, →  R~0.99999 

Example:  A metallic mirror cavity with L=1 mm 

round trip time of light ＝6.7 fs 

Q~60 

Q~１50 

Impossible for plasma reflection 

Can we use a conventional mirror? 



Total Internal Reflection (TIR) 

n=1 

n=1.4 

k 

k 

|k|=2pn/l0 

|k|=2p/l0 

n=1.4 

n=1.0 

tangential components are conserved 

n=1 

n=1.4 

k 

k 

|k|=2pn/l0 

|k|=2p/l0 

n=1.4 

n=1.0 

refraction/reflection 

TIR 

nsinq1=sinq2 nsinq1sinq2 

q1 

q2 

q1 

w=ck/n  

l0=2pc/w 

refraction/reflection TIR 

RTIR = 100%, theoretically 



45度 

空気（n=1) 

媒質（n=1.4) 

no TIR 

45度 

空気（n=1) 

媒質（n=3) 

TIR condition is satisfied, but 

affected by k-space broadening 

Dk~2p/L 

L 

|k|=2pn/l0 

TIR in a small cavity 

k k 

k 

k 

|k|=2pn/l0 

|k|=2p/l0 

Ring cavity 

Light confinement is deteriorated by k-space broadening  



How to confine light? 

Plasma reflection  TIR confinement 

PBG 
photonic insulator 

defect 

PBG confinement 

k-space broadening 

wavelength-size confinement 

~(l/n)3 is possible 

Rmax is limited 



3D PBG Photonic Crystals 

●Yablonovitch (1987) 



Can We Confine Light by 2D PBG？ 

O. Painter et al. (Caltech) 1999  

First PhC laser with (l/n)3 volume 

V=0.3 (l/n)3, but Q<1000  2D PBG is not perfect 

No PBG in the vertical direction 



2D PBG cavity in k space 

P d d FT

c c
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Reduction of |E(k)|2 inside the line cone  High vertical Q factor 

Vuckovic et al., QE 38, 850 (2002)., Srinivasan et al., OpEx 10, 670 (2002).  

Q = 300 

    Dipole mode Quadrupole mode 
(square lattice) 

Q = 52000 

Monopole mode 

Q = 16000 

Light cone of air 



1568.815 1568.820 1568.825
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Wavelength (nm)

1.9 pm 

Q~8x105 

Modulated Line-Defect Cavity (Modulated Mode-gap Cavity) 

Q=6x105 

Kyoto Univ., Nat. Mat. 2005 

Double Hetero-structure Cavity 

NTT, Opt. Express 2004 

Q= 

1.3x103 

Width-modulated Cavity 

NTT, APL 2006 
local modulation of the mode gap produces light confinement. 



Demonstration of Ultrahigh Q 

Qunloaded~2 x 106 

 

Tanabe et al. Nature Photonics, 1, 49 (2007), Tanabe et al. Opt. Express (2007) 

Q = 1.8x106 
Spectral measurement Time-domain measurement 

(accuracy <0.06 pm) 

1587.705 1587.710
0

1
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Q = 1.8x106 

t=1.53 ns 

Qcal~ 1.5 x 108 

V: 1.5 (l/n)3 

shift= 9, 6, 3 nm 

Q~ 3.9 x 106 was recently achieved in double-hetero cavities by Noda’s group   

Taguchi et al. Opt. Express (2011) 



Line Defect Waveguide 

Modulated 

Gap Gap 

Modulated Modegap Cavity 

cavity mode 

depth controllable 

small structural perturbation 

→ smaller broadening in k space 



Modulated Line Defect Cavity in k-space 

Holes shifted 

by 9, 6, 3 nm 
Veff=1.5 (l/n)3 

Q=1.5 x 108 

Modulated Cavity e.q. Terminated Cavity 

(calculation) 
optical mode is squeezed in k space 

ultrahigh Q 



Features of Modulated Modegap Cavities 

(1) Ultrahigh Q with V of ~(l/n)3 

(2) Small modification makes ultrastrong light confinement 

best performance as wavelength-sized cavity 

advantageous for enhancing light-matter interaction 

       (low-power optical devices, cavity QED, etc.) 

unique among any types of cavity 

novel forms of cavity realization, cavity manipulation 

It is worth noting that this cavity formation is closely related to John’s original 
proposal of photon localization employing photonic band edge. 
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Ultrahigh-Q Air-Core Cavities 

Ultrahigh-Q Air-core cavity in 2D PBG? 

Width-modulated air-slot cavity 

cavity QED, gas sensor, radiation force etc... 

Yamamoto et al. Opt. Express 16, 13809 (2008) / Taniyama et al. Phys. Rev. B78, 165129 (2008) 

Q=106-107 

intensity peak in air 

based on Air-slot waveguide  

Variation 1 

V: 0.03 (l)3 Qcal= 6 x 106 



Structural Modulation 

Modulated Mode-Gap Cavities in 1D PhCs 

Odd 

Even 

Even 

Wx(i ) = 0.45a (1+(i /30)2) 

Wx(i) is modulated 

Notomi, Kuramochi, Taniyama, Opt. Express 16, 11095 (2008) 

Q = 2.0 x 108, V = 1.4 (l/n)3 

Q = 6.3 x 107, V = 2.1 (l/n)3 

Variation 2 



Evolution of 1D Photonic Crystal Nanocavities 

Qcal=2.8 x108 
Qexp=3.6 x105 
V=0.78 (l/n)3 

1575.24 1575.28 1575.32
0

1
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gh=50nm  

gw

gh

Qcal >106 

Qexp=2.3x105  
V~0.75 (l/n)3 

Air-bridge cavity SiO2-clad cavity Side-slab cavity 

Qcal=3.9x109 
Qexp= 7.2x105  
V=0.74(l/n)3 

1D PhC cavity is now better than 2D 

(1) with SiO2 clad / (2) as small V / (3) for beam configuration  

Kuramochi et al. Opt. Express (2010) Kuramochi et al. To be submitted 



Index-Modulated Mode-gap Cavities 

n is modulated by optical pump 

Index Modulated Mode-Gap Cavity 

Dn/n = 0.3%,  Q = 4.8 x 109 

Notomi, Taniyama,  

Opt. Express 16, 18657(2008)   

Very small Dn is enough 
for ultrahigh Q! 

Variation 3 
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AFMリソにより選択酸化 

Siフォトニック結晶 
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 K5_Prc4_002.0nm_1227cf-01-05_w02231342a
 K5_Prc4_002.0nm_1227cf-01-05_a02231342a_fitK5

FWHM 
1.2 pm 

wavelength (nm) 

Q=100万 

Ultrahigh-Q nanocavity written by a nano-probe 

nano-probeによる選択酸化 

電流印加による陽極酸化反応によりSi表面を酸化 

ポストプロセスによって任意の場所に 
超高Qモードギャップ変調共振器を形成 

微小な屈折率変化で超高Q共振器が形成 
できる特徴を利用 

Yokoo et al. Nano Lett.  (2011) 

測定結果： 超高Q共振器の形成を確認 



t = 5.25 ps 

t = 10.5 ps 

t = 15.75 ps 

t = 18.38 ps 

t = 23.63 ps 

t = 42.00 ps 

t = 68.25 ps 

Without Pumping 

With Pumping 

pump 

Pinned Pulse 

Running Pulse 

Notomi, Taniyama, Opt. Express 16, 18657(2008)   

Variation 4 Dynamic Modulation of Light Confinement 

Photon Pinning 



3D Photonic Amorphous Diamond 

Structures without periodicity can have 3D PBG! 
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e 13/1 

air-fraction 78% 

18% 26% 

Edagawa et al. Phys. Rev. Lett. (2008) 

e 13/1 

air-fraction 78% 

Photonic Amorphous Diamond (PAD) Photonic Crystal Diamond (PCD)  

CRN model 
for a-Si 



RF-PAD fabricated by Selective Laser Sintering 
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Experiment 

Calculation 

e1/e2=10/1 

7 cm 

d= 3mm, r=0.26d 

PAD PCD 

Imagawa et al. PRB (2010) 



(3) Slow Light in a Chip 



Slow light in Photonic Crystals 

パルス伝播速度=5,800 m/s 

光速が 50,000分の１に 

8.4mm 

入力パルス 出力パルス 

-3 -2 -1 0 1 2 3 4 5 6 7

 

 

 

比較用試料 
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1.45 ns 

高Ｑナノ共振器による光遅延 

光が遅く進むと  (1) 相互作用が増強 
(2) 光信号のバッファリング 
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強分散導波路による光遅延
(2001) 

光速が1/100に 

Tanabe et al. Nature Photonics (2007) 

Notomi et al. PRL (2001) 



Coupled Nanocavities based on Modulated Modegap Cavities 

Lcc Lcc Lcw1 Lcw0Lcw2

IN OUT

N Si PhC 

We fabricated large-scale coupled nanocavities (N up to 400) 

Notomi et al. Nature Photonics (2009) 



Dispersion of Large-scale Coupled Nanocavity 

Tight-binding behavior is confirmed 

Vg is controlled by coupling strength 

lowest Vg ~ c/600 

 )cos1(0 cckLww 

at center  

Notomi et al. Nature Photonics (2009) 



Slow Light Propagation in Large-scale Coupled Nanocavity 

80 ps (=1bit@12.5Gbps) 

Largest Delay/Pulse Width Ratio  

Slowest Vg (~c/170)  

1 bit delay in 12.5Gbps signal  

Slowest Vg in CROWs 

Notomi et al. Nature Photonics (2009) 

Note: Here, we used overcoupled samples 

having spectra flatter than previous ones. 



Features of Photonic-Crystal Nanocavity CROW 

small volume   V~1.6 (l/n)3 

small period       Lcc~2.9 mm 

large-scale   Nmax ~ 400 

ultrahigh-Q   Q~ 106   

long lifetime   tph~ 1 nsec 

low loss   < a few dB 

low Vg    c/170 (for pulse)  

  ~ c/600 (in spectrum)  

In comparison with previous CROWs, 

x10 shorter length, x100 smaller area, x10 higher Q, x5 slower Vg  

only slow light waveguides that can transmit pulses with Vg < c/100 

First large-scale  

l-sized CROWs 



(4) Adiabatic Tuning of Light 



If we tune it within the photon lifetime, what will happen? 
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Dn=0 Dn=+0.5% 

DT=5 fs 

Dl~+6 nm (+0.36%) 
Wavelength Conversion 

Dl does not depend on tuning rate 

Adiabatic Wavelength Conversion via Dynamic Tuning 

Ultrahigh-Q & ultrasmall cavity:  long photon lifetime  

Notomi et al., PRA & PRL (2006) 



Conversion Mechanism :  Adiabatic Tuning of Classical Oscillation  

・twisting the peg after picking a string 

of a guitar 

wp

U
dpdqJ  

2

1
action integral (adiabatic invariant) 

DU~ 1/ Dn ~ 1/ Dl ~ Dw  

U/w is conserved 
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Electromagnetic energy in the cavity 
Similar to ... 

Notomi et al., PRA (2006) 



Comparison with conventional wavelength conversion 

Conventional Conversion Adiabatic Conversion 

・need to use c2) or c3) materials ・free of material choice 

・Nonlinear→depend on intensity ・Linear→not depend on intensity 

・low efficiency ・high efficiency (~100%) 

・single photon can be converted 

・always single frequency 

(adiabatic process)  
・two waves coexist  

w 

t 

wi 

wf 
w 

t 

wi 

wf 

unambiguous confirmation has not be done 



f = 1.3 mm 

14 ps  
@ 775 nm 
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Demonstration of Adiabatic Wavelength Conversion 
Tanabe et al. Phys. Rev. Lett. (2009)  

Time-resolved “Emission” Spectrum 
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Time-resolved Transmission Spectrum 

Ringdown 
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wavelength of light in the cavity 

cavity resonance wavelength 
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Closed mode: 

Open mode: 

Cavity 

Raising cavity potential by changing n 
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WG WG 

Dynamic Release of Trapped Light by Adiabatic Conversion 

Adiabatic Frequency Shift of Light Short pulse generation 

unconventional device operation scheme in photonics 

(similar to CCD operation) 

Tanabe et al.  Phys. Rev. Lett. (2009)  
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Dl/l > 20%!! 

d 

Bi-Layer Photonic Crystals for Optomechanics (proposal) 
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Very large radiation force F 

~ 1 mN per 1 pJ 

Optomechanical Wavelength Conversion 

Optomechanical Energy Conversion 

理論提案 



(5) Optomechanic application 



Nature Photon. (2009) 

Eichenfield, Nature (2009) 

Kippenberg PRL (2006) Cameron, PRL (2007) 

Lin, PRL (2009) Li, Nature Photon. (2009) 

Li, PRL (2009) 

Eichenfield, Nature (2009) 

Cavity Optomechanics with Various Microcavities 

Mono-layer system 

Bi-layer system 



Radiation Force in Double-Layer PhC Cavities  

z

U

z

U
F











w

w
adiabatic invariant 

Radiation Force 
This term is very large in DL-PC Cavities 

If the process is adiabatic, DL-cavities shows 

extraordinarily large radiation force. 
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always repulsive 

(1) The force direction can be designable. 

(2) The force itself is very large.    



Radiation Force and Mechanical-momentum Exchange  

Very large radiation force F 

~ 1 mN per 1 pJ 

Very large impulse (Ft)  

      (momentum exchange) 

due to smallness (1/V) 

due to long photon lifetime (Q) 
Normally, momentum of light is 

ppw= U/c  

reflection: Dp/ ppw = 2 absorption: Dp/ ppw = 1 

Dp/ppw= 103 - 105 
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Energy Conversion from Optical to Mechanical 

We solved the nonrelativistic equation of motion for  

DL-PC cavities to deduce DU/U and the induced slab shift. 
m

zF
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DU/U can be up to ~10-1 

Extremely large energy conversion efficiency! 

Notomi et al. PRL 97, 023903 (2006) 

Mechanical to Optical 

Wavelength converter 

Optical to Mechanical 

MEMS 

Reverse process 
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Dl 



Energy Conversion from Optical to Mechanical 

Why is this energy conversion inefficient? 

light having energy U 

How large energy portion can be  

transferred to the mirror? 

mirror 

2/
~2

2/ 2

0

2 mc

U

c

v

mc

U

U

U


D

DU/U can be close to unity only when U is comparable to mc2 of the mirror. 

This is the case for photon rockets! 

][108.1 62 Jmc 

e.g.) f20-mm polystyrene sphere  

1 mW laser over 30 years <<1 

photon rocket 
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Gap Width (nm)

Bi-Layer Photonic Crystals for Optomechanics (experiment) 

Bi-layer Photonic Crystal 

Band edge modes (even / odd) 
(t=200 nm) 

gap=200nm 

InP PhC 

Even  
mode 

Odd  
mode 

Roh et al. Phys. Rev. B (R) (2010) 
Editor’s suggestion 



Observation of Large Radiation Force 

Reflectance vs. Power 
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Roh et al. Phys. Rev. B (R) (2010) 
Editor’s suggestion 
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(6) Ultralow Power Device 



Q/V scaling in various device operations / phenomena 

light intensity per unit input power 
interaction time per unit volume 
photonic DOS per unit volume 
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Switching energy Consumption power of optical memory 

Threshold current of laser Driving current of modulator 

See  Notomi et al. IET Circuits, Devices & Systems (2011)  
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Demonstration of Atto-Joule Switching  

Room temperature 

First all-optical switching 

in Atto-joule regime 
U= 420 aJ @3dB 

U= 660 aJ @10dB 

T= 20 ~35 ps 

We have also achieved 

Pulse extraction from 40 Gbps data stream 

InGaAsP H0 cavity Nozaki et al. Nature Photonics (2010) 

QL=6500 

QUL=22000 



Veff ~ 0.02 mm3 

Uswitching   (Q/V )1 

ref. L4 cavity : Veff ~ 0.1 mm3 

      Ring cavity : Veff > 1 mm3 

H0 cavity (Zero-cell): Smallest dielectric-core nanocavity 

Our Choice of Cavities 

(1) “Small” is “Green” (low switching energy) 

(2) “Small” is “Fast” (fast carrier diffusion) 

Zhang,Qiu   

OpEx (2004) 

Nozaki et al. Nature Photonics (2010) 



Switching Energy per bit 
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(Energy x Time) 

This work 

Speed vs. Energy 



Ultrasmall BH Cavity Lasers 

BH-induced Cavity 

InGaAsP BH 

InP PhC 

Pumping Waveguide 

Q > 106 

Veff ~ 0.2 mm3 

VBH ~ 0.18mm3 

LBH ~ Labs 

Cavity  

(Photon Confinement) 

BH 
(Carrier Confinement) 

1) Low heat resistance 

2) High pumping efficiency 

3) Strong carrier confinement 

Previous PhC Laser 

pump 

InGaAsP 

(poor heat-conduction) 

thermal=4 W/m/K 

thermal=68 W/m/K 
heat-conductive 

Ideal for laser  

Matsuo et al.  

Nature Photonics (2010)  
(BH: Buried-Hetero) 



SQW active region 

(InGaAsP/InGaAs/InGaAsP) 

InP Air 

Air 

Fabrication and Lasing of Ultrasmall BH Lasers 
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No saturation  

up to P > 100 Pth 

Record-low 

threshold  1.5 mW 

Matsuo et al. Nature Photonics (2010)  



(a) Input signal (b) Output signal 20 ps/div. 20 ps/div. 

1.3-mm  

pump laser 

LN  

modulator 

PPG 20 Gbit/s NRZ signal  

PRBS=31 

Optical  

filter 
Osc. 

Fiber  

amp. 

30        208 mW 

Dynamic characteristics at 20Gbps modulation 

Input power 

Estimated absorbed power 175.2 mW 

8.8 fJ/bit (a=6000 cm-1, G=0.616) 

Energy cost for 1 bit transmission 

Matsuo et al. ECOC 2010 PD 

RT-CW 
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Impact of photonic crystals 



Electronics Integration vs. Photonics Integration 

vacuum 
tube 

IC LSI 

LD 

EDFA 

PLC 

? 

Large-scale photonic integration 

? 

? 

electronics 

photonics 

present future 

transistor 

http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Integrated-circuit-open.jpg
http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Transistor-photo.JPG
http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:TF_12AX7.jpg
http://www.ntt-electronics.com/product/photonics/opt_f_a.html


Evolution of Chips 

出展： D.A.B. Miller, Proc. IEEE  (2009).  

Energy cost <10 fJ/bit @2020 

Most of energy will be consumed by 

electric signal transport (mainly due to 

charging energy) 

Multi-CPU/ Many-core Optical interconnect 



CMOS chip 

CMOS chip 

l1 

l2 

l3 

l4 

l1 

l2 

l3 

l4 

One-chip photonic routing processor 

Photonic Layer (III-V) 

Many-core CMOS Layer (Si) 

Photonic Layer (III-V) 

(Integrated photonic network) 

Large-scale CMOS Layer 

Photonic routing network on CMOS 

router/switch 

Large-scale MPU unified with photonic network  

Photonic Network 
into Chip 



Evolution of Chip in Future 

Multi-CPU/ Many-core Off-chip optical interconnect 

1： From small to large 

2： Divide and connect 

3:   Networking by photonics  

Multi-CPU 

Intra-chip  

optical  

interconnect 

Smart Photonic NW Chip Photonic Layer (III/V PhC) 

Electronic Layer (Si CMOS) 

Photonic Routing 



Photonic crystals have enabled 

-- Strong light confinement / slow light 
-- Control of strong light confinement  

-- Ultralow power devices and integration 
-- Adiabatic control of light 
-- Enhancement of light-matter interaction 

“Photonic crystal” is a technology for ultimate photonic integration.  

Summary 

Photonic LSI ? 
On-chip quantum information circuit? 
On-chip optomechanics? 

Ref)   M. Notomi , “Manipulating light with strongly-modulated  
photonic crystals”, Rep. Prog. Phys. (2010) 


