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Thesis Abstract

This paper is about the development of on-chip spectrometer using photonic
crystals. The development of on-chip spectrometer has the potential to be used
in many fields such as sensing and optical communications. In addition, the
use of photonic crystals as a platform makes it possible to mass-production
using CMOS-compatible processes. By taking advantage of the effect of the
structural randomness of photonic crystals, we have improved the wavelength
resolution and used an algorithm to reconstruct the spectrum. In general,
structural randomness has a negative effect on performance, but this device
has the advantage of being able to ignore the effect. A spectroscopic device
using an algorithm for reconstruction has been studied in recent years, and
it is expected to reduce the device size and cost because it can overcome the
limitation of resolution by the number of sensors. Using a chirped photonic
crystal waveguide as the structure, the spectrum is reconstructed using the
pattern of localization due to manufacturing errors. Previous work has used
machine learning. Since the localization changes very sensitively depending on
the wavelength, we succeeded in increasing the resolution of the spectrometer
with a simple structure of a chirped photonic crystal waveguide by analyzing
small changes using machine learning. However, the analysis using machine
learning had problems in analyzing multi-wavelength input and estimating
the resolution. The first objective is to reconstruct the spectrum of multi-

wavelength input, and the second is to quantitatively evaluate the resolution.

In Chapter 1, the significance of this research is explained in terms of previous
research on on-chip spectroscopy devices. It also explains the principle of
spectroscopy. In the latter, it followed introduction to photonic crystal devices.

In Chapter 2, it explains the theory of the FDTD method used in the simu-
lation and the principle of the photonic crystal waveguide The effects of struc-

tural randomness in photonic crystals are also explained.

In Chapter 3, it explains how to obtain the experimentl image to use with
spectral reconstruction. In addition, it discribes the linearity of the intensity

distribution.

In Chapter 4, it explains how to estimate the wavelength resolution using
experimental images and a flowchart of the algorithm. Then, it shows the

results of spectral reconstruction for single and multiple wavelength inputs.

In Chapter 5, it summarizes the theme, and discribe challenges and

prospects.
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1000 nm T DWW EZE ET 256%2F 2 5. BIHFHEFA~DO AHIEA 200 mm & §5 &,
WEDMAEX 0.167 nm 72 5. LU Eq (1.2.2) THESN S OFREIE, FHHETFOREE
DA% B L I BAHN R R D fRAETH 0, MOXNFHR T OPGEREAN#, 2V vy ho
RE IR EPSERD IR IIH IR e & 0 L 5.
EBRONRIEEZ MR T 2 7-OF AR D 252 5. WS ERITH D O S H ET ¥
BIRZTHNZ GO EEZ2EKL, Eq (1.2.1) 2 A THH 5L THRIETES. A
W a%—Eel, Eq(1.2.1) Oid% X\ THHT 5L,

= mNW (1.2.2)
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D= B (1.2.3)
213%. Eq (1.2.3) O REERE f 200 8H T 5 &,
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=0z mNT (1.2.4)

CIDYIANE D 2 RDBZENTESE, T2 Tax 3B HOEREOMNEL2RT. B h
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YEHEND, L7hio THRMEHE d\ & EBOIENRAE AN 12 Bq (1.2.6) OBIFR
TREND.

AN sWcosp
_—= 1.2.
d\ I3} (1.2:6)
EHI LY RUGEDHEE b 5 720, BGEIT & 2 WEEOHAREE (k> 1) £ LT,
A= (14 k4 SVCSEY o (1.2.7)
fA
EiRb.
a b Entrance slit
—
Incident light
Grating
P
d
Detector Mirror 1

Fig.1.1. (a) The principle of diffraction grating. Each parameter is defined lattice
constant, incident and reflect angle as d, o, 8. (b) Schematic image of crossed Czerny-
Turner spectrograph.

Eq (1.2.7) & 0 EL M2 HEREIED T 2720121, HARY v ME s REFET
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A RNIRHE 2 BHHAD D 5.

A FZ2 AW NERRELS ST TED, ZONGEIRIEE ICREREN S
{, BRTHFFETRTOART FIEIOFEZHNTWS. FFETEOART MLT
F 74V, TOFEBPSEMRERD, BT IA4A Y NPBREL 720, M2
DD RITNIER SRV, IS5 ERORKIZE DEEERYT 1 ADRKELRD, TN RE
Bl 2R B EA D B, LA L, EETIE Figure. 1.2. 12/ 3 &K S57%, 3237 My
AR NBENIEG LT\ 5.
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SMA 905
fiber coupler

Fig.1.2. Spectrometer used diffraction grating and optical component in spectrometer.
(From B&W Tek. An Introduction to a Spectrometer-Diffraction Grating. AZoM.
Retrieved on December 30, 2019)
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ANELDL, ZORFTEEZMATAZILTHNTE U TV X LE2EHBLIEIXL Y X%
WL, BRETENRINTWS [Fig. 1.3

Fore optics Collimation optics Relay optics

—_—

Spatial |- f eececs

—] dimension|

Spectral dimension

@ (b)

Fig.1.3. Schematic of a typical prism spectrometer. (a) Structure of the prism spec-
trometer. (b) Raw data on the focal plane. (From Xu.L, et al., "Integrated System
for Auto-Registered Hyperspectral and 3D Structure Measurement at the Point Scale",
Remote Sens. 2017)
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£oT, AR MADFELENS. FT-IR O &S5 RSN ZIN, Yo TV zEEL 7=
TROMRD BB ANRD M)V 7 —Y) TEBWTHEEL, YV TV EETNI2MEDRER S

TEA OBV TREL 72 5. FRYREIEF ICEMTH 57228, I v ¥ a— X OEATiM& AL
R, FT-IR OfEEES RAYD, SIS NE L VMRS SWdERE LD DDH 5.

/\Fixed Mirror

1!

RE
<:> Detector
Beamsplitter

Moving Mirror
. Light Source

Fig.1.4. The schematic representation of a FTS. This image represent s a general
Michelson interferometer.
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Fik U7z & DT BTk 2 TR H D, BEICBVWTHRORT NS AR oTW»
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n9 5.

] ‘ AR
Ny = L

lep(/l,x) -s(D)dA = 1(x) i i i i i
§§ R —— [Rr|
N T

Fig.1.5. Schemes for miniaturized spectral sensing systems based on dispersive optics,
narrowband filters, Fourier transform interferometers, and computational spectral re-

construction.
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HIEPERIZE o TRA R AFIZHEL, BT LAEICERT S, ZDHET 1990
EDSE cm O/NRLGHERPBFE S N, BEEPEIES Nz 20 U UZERIINITEZ 7381
EIELLEDRD L0, NULIZIZEOLOEKNEEZEETH2HENHD S, [HFiET %2
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R B EMP A RREL 7025, L 7zdt o TETR T O K RIZHVER T 5 1F 4 BURA
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MFEHAWSLZEIZE->T, BHANFITI—PIV A —RE2RELTHMENEL LT
I8 X 50T, ARV Y REAWEITHE P 2, BEES ) VA Y EHWT, BT
Rt £ CIRE 2 SO 725t h b 5 [Fig. 1.6,

Cryogenic

a
/1- ‘ amplifier

Cryogenic

amplifier ’ V

DC current

B NON W Si N, WS SO, WS

Fig.1.6. Three-dimensional sketch of the device, which is nanowire single-photon
spectrometer with focused grating. The on-chip focusing echelle grating operates
as wavelength-discriminating microphotonic component while the superconducting
nanowire functions simultaneously as a single-photon detector and a slow microwave
delay line to continuously map the dispersed photons. (From Cheng.R, et al., "Broad-
band on-chip single-photon spectrometer", Nat.Communication 2019)
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KHROMHEDERIZE > TED D, ZTDIORRITE > THl % DHIERIFIZER I NS
[Fig. 1.7.]. DM, Tk TITFEERRE 1204 07 4 b= Z§EHE 12 2 H\Wizd D7
&, Wex REEIN D B 10,

array of waveguides
(phased array, PA)

input array aperture ou_tput array aperture
output coupler aperture, /A input coupler aperture
TS

input star coupler / 2\ output star coupler
(FPR) 4’,!

object plane

focal lme

input waveguides
output waveguides

Fig. 1.7. Waveguide-based spectrometers based on AWG.
(From http://www.tarluz.com/what-is/what-is-awg-arrayed-waveguide-gratings/)
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Fa—FTINT7 4 XIFEMEMS Bt 70 2% FHWTIEENTRETH 7280, KELEHE
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Wh, ZOML—=RATOHHEKELT, D77 v K #EREIT—2 L THWAHIZE
HEFET S U, 8EIZ RN EZ VWS HEE H B.
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Reflectors
i - FSR
I
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0.0.0 ¢ &bx
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d CWL 1
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Movable Carmier (Mesa)
Spacer Layer Reflector coating / Flexible Susp Spae_e: FIY:;NO (Membrane) Reflectors
Structure Control
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v ui ‘ 7
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% ‘ & Anti Reflection Coaling R
Anti Reflection Coating (optionally removed)

Fig.1.8. (a) Basic structure and working principle of the FPI. The red arrows should
indicate tuning of the peak position (center wavelength CWL) by adjusting the reflector
spacing d. Typical cross sections of u FPF fabricated by means of (b) bulk micro-
machining and wafer bonding, (c) surface micromachining and sacrificial layer etching.
(From Ebermann.Z, et al., "Tunable MEMS Fabry-Pérot filters for infrared microspec-
trometers: a review", SPIE, 2016)
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Fig.1.9. (a) Optical image of the sensor metasurface consisting of a 10 x 10 metapixel
array. (b) Scanning electron beam micrograph confirming the high uniformity, precise
shape and straight side wall profile of the all-dielectric resonators. (c) Reflectance spec-
tra of the pixelated metasurface (d) Reflectance spectra after protein A /G physisorption.
(e) Integrated reflectance signals illustrating the spectrometerless operation principle.
(f) Molecular barcode of a protein A/G monolayer obtained from total reflectance sig-
nals. (© [year of original publication| IEEE. Reprinted, with permission, from A.Leitis,
et al., "All-dielectric metasurfaces for infrared absorption spectroscopy applications", in
CLEO. 2019)

133 77— IEBRBEIHT AR

7 — ) TAMBOFEE W R ICHEENR L, BEREKEE LW, T L
Ty HiE—o2oTHEL~D, A MEHIETE S, FHIZ, H—RLINZART MVHIHET
ZEHHILAY Yy PHEHWARWZD, DB L0 HE5HMHE VNN I KRB VWS FIED
» % (Fellgett advantage). kD7 — ) TZ&MIHIL, AFHEE FHFHTERML T
U, MU REORMIEEEZ 7 — ) AT 228128k 5T, JEDART ML ERD
2H5DThHD. TNAANULDE—#L, 77FaT—RE2ACTYHEIIERAEZ S
ZBHENWSEARNFEHZ IR MZEHBEULZZETH o7z, NS R T I T — 2 HlE
572012, MEMS Hiffi 20 ANZFERL N B, IR T TOHET 7/ F 2T —
RBIX ) SR VAT B BT VF a2z —&R B RYBHWLNTWS, Z
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DESITHEI T —IC kMK EZEALTEE, AT MVAREEIEI 7 — O w]H)HiFH
Lo THIEEING., ZhiE, BAREEPRKEWVIZEDRENELS RS, Yy NNV YV
X —THEE AW NRORETEH 5.

WIZBG U0, A#IS—2H0WEWSATATH S, ANKEERORIKIZHHE
U, TNEFNTERINBEZLOF Y FN 2B EE I & THREAEZMEL BT T
MEUEL, FHE 2SN ART5E B0 X0, PERORIR D AN T )VHEE DB %
Wi _R7ZHF5E BT Didp o7z, UL Z D& D BETHEICBWTE, SREEILR KA
Lo THIRE N, HEHOTHEH2META2HBERDH L5720, TNAA AV ZXEKREL L5
TLES. APFLLLTE, B0 T2V, FADOEREORME22{LIEEV A
TLWD B, BLICFNREHNZE O B89 o B2 B X OEWIR % W 72517
W5 104l RIELEL T3 [Figure 1.10.]. X 512, WA A v FHil & #WEHE 7L TV
ALEBMITEDET, e EEZHEL, Fv 3VEEERERICENSEsZ L
W&o TKIEZR A XMl AR MV RERED [ FIZEIN U 72ii%E 42 £ 5 5.

ELCWER 7 — V) TA WS (SWIFT)> 4 QA2 A W2 T N1 AR I T
5. BV— T OkEE 2 R DB E AV, HEEEORMNIZI 7 —REINT WS, AN
NI T—TRH L, AJDREKEADRTH LD D720, THERPEEND. Ldo T —
D TG, VI AR T R R R A DT U, 2 OFIETIXZERM
AT B2 ATREERRET 5. EEREEMMIY Y 7Y VI UEHIIT 572012, &8
DF ) TAYHPERRICEIN, TNAAALICRESNEZHBIZE>TINNE YRV B
WARBHT 3 |Fig. 1.11.]. EEMCY > TV v 73284, ¥ 7)) v 7EICEO W
TR ESBIZHE XN T LU E 58, TS A1 X2 EFIT/NE < Hsk 2 T 6EM: 2 fikd T
W5,
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1.3 TN AD /N4

a b Output light
to photodetector

The MZI modulator InCO;-i;g

light

Fig.1.10. (a) Schematic of the Mach-Zehnder interferometer(MZI) modulator on
lithium niobate waveguide. (From Sun.D, et al., "Microstructure and domain
engineering of lithium niobate crystal films for integrated photonic applications",
Light:Science&Application. 2020) (b) Schematic of a MZI with integrated metal mi-
croheaters on silicon-on-insulator (SOI) platform. (From Zheng.S.N et al., "Fourier
transform spectrometer on silicon with thermo-optic non-linearity and dispersion cor-

rection", Nat.Communications. 2018)

1 pum

Fig.1.11. An image of a SWIFTS with gold electrode. (From D.Pohl et al., "An inte-
grated broadband spectrometer on thin-film lithium niobate", Nat.Photonics. 2020)

L2 UEETIE, BEMIZBEEEZMAS Z Itk TEMY Y 7Y v 272 X 2HIR
RS BN E; L7z U9 SIN/LiNbO3 DA 7 ) v MNEFEKICEEZMA S Z &
IZ&oT, BREFHREGSEIL, EEKZERELMIZH>TY 7 hIE5 [Fig.
1.12.). UZd>s CTRIMICEE S N v 79— 2 HWZ5ETH, 2 TOMEBTOM
ERHOFBAEEL 2D, WEEBPRKESHETS., ZHIZE /NI RT NS A
g, IRWVEREIR, B 0@ L WO B REM AT .

17
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y Evanescent field samplers

A Waveguide --------------------- 4
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Fig.1.12. Schematic (top) of a standing-wave integrated Fourier transform spectrome-
ter system in an electro-optically tunable medium; diagrams (below) illustrate the use
of the electro-optic effect in LiNbOg to shift the interferogram along the waveguide
over time through application of a bias voltage V. (From D.Pohl et al., "An integrated
broadband spectrometer on thin-film lithium niobate", Nat.Photonics. 2020)

1.3.4 BREEUFHTNAR

ZDTNA ZIMED LI AR D, HENZ AT MLO AT IE OEH % BT
U, RHEIDANHKD AR MIVOFERBEIZH NS, ZOMKRTNA AEZZ 10 ETEH
U7z, Y170 NMRO5TIEDOFETHSE. 5FTDEI S, AR MVEMBEDOF
BEUTEICZHHEHIZRTE 5.

—DHIk, AJ (AT MVIER) &7 (ZBEADY Y YD) OFBREKREL, KE
XA 57 Fu—FTh [Fig. 1.13.(a)]. TLT_D2HDOT7 Fu—Fi%, #HBDOLV
BEANT, TNENTERZEDARY MUSEZHET 25D TH S [Fig. 1.13.(b)]. 4
KD T 4V RREIE T2 W= HEDEE, AFRRIEY — 27 OPERIEIC L > TESE
5. ZTDDH, 74 IVROEEARY NV OKRIEXR EHAE T2 5 268t £ TOM#EZR I
Lo THIRERZITS. —H, AP oZN&GORICHEUAZ BO S, BRI HEL
KONFRHED AIMATT B 728, HRDDEEEDM L% FiAD 5.
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1.3 YT N1 ZD/NE4L

a b
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- 10 SRk D () A =11
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Spectral properties of elements

Fig.1.13. (a) Operational principles behind spectrometers based on spectral-to-spatial
mapping. (b) Principles behind reconstructive spectrometers based on engineered spec-
tral response filtering or detection.

Fig. 1.13.(a) LBWVT, s(\) & I(2) BFRTh, AL 2RSS 2%~ v 7
THB. Ephx) RHEMICKELTH S, B—HEANDT Y FTHE. ZOH, %
NTNOEIRERIE,

A2
fuy:A P\ 2) - s(\)dA (1.3.1)

1

b, Ttk d 52 T, IRRND LS RITHEIRE & UCTHEST 2 Z L AHIkS.
I=P-S (1.3.2)

ZZTLP,SiEEnTh, BllEIhz"\z2—y, RIEINX—=2, ZUTAIHD
AR MVTHD. ZOEIBTFNAADT Ty N7+ —LIFEBEEL, SILVFE—F
T 7 AN T ¢ h =y J G B0 2R OV PO polychromat & FEIXIL S
BELIEAR Z W25 D B ¥R h 5. KT, AN FIVERIKIZBIT 2T N2 vV b
DT % % AW T, HE 1520 nm (L TIEFITE WA HEEE (0.01 nm) %
FLEkL T\ 5.

£7z, Fig. 1.13.(b) OFERIIBWT, i HEHOR VY FDARZ V&% D;(\) &35
&, O YTHEI NS HME I, 13,

L= [ D - s()dr (1.3.3)
A1

EERDIND., TOLDEV TR n BREINTWDST L1 THIE SIS HEEIZ,

I=D-S (1.3.4)
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1.3 YT N1 ZD/NE4L

CEERINZ AR R THED B Z ek S. BEF Ry h P28 D7 ¢ vy B AT T
(541 Jpi i 155 R 1561 F ) A — )LD T x h XA A —F B DR XY —T A 158 N
T2RATMEDR DD, ZD L DT NA ANE DNFERMIL, AJARZ ML S & H AR
2—>1%HAWTEq (1.3.2), Eq (1.3.4) D& > 245X TRBEINE. TDkd, A
DHE—EEDORIRART MV E ANL, BBITHP £ LULIED 2HIMIRELTELZ
T, RKAIOHINRZ =V T ZHAWTANARY MVEFEERT 2 Z L0k, b H
MR L, BT OTEEHWS Z 2720, EBUITITER ) 1 X X OED 5 EFL
WHARWIZ EARE V. ZDD, BELOFENREBSHVONT VWS, ZDOXD BT NA
ADRHHE LT, HEAREENT NS ZADHEEEZ DD DITEF LR\, FHBEDIEE 5
fRElX, TNTNOHEINNEZ—VOBLEIZ L > TIREIND. Lo THMREITARS b
IVHHBIRE 2 FIW TR, DRRED ED7DIZIF R — 2 D&Mt 2 Z BT 52 BEND
5. I —DODRHE LT, ZOXI BT NA AFEGERAE TR b, HAREk—v
FRIZELE IS DM EE S XN D70, AT NVEHMEOBIZZDFE L2 EHAHT 5 Z
EMHRSE., UL, IREZZBUERTH D Z &, NI RA—=XPLNTEEMEDOFHE
RPN KRELS BRI EH L. 61T, O 74 VZP2 VY RRBRELRD, TNLA
DY A XXMEE D EHEVE AN DFRE L 72 B ATREMED D 5.

ZTOREADOREL UTCEE, 74NVE22 Y 2EALLEZTNANAZAEZELLTY
5. BR#lE LT, &/ 74V EHWESEIENIRH S P01, ;) T4 YIE, ZTOHKE
FEEZLILIZE TNV FHEENEIL, AT MVREVEIETEZ 2 Z BN
TW3 62 2078, —fliizih-> THUT DML EZ 2 IIE S/ 71 v 2UFNAR,
HEREBRT 5. 20K, TOEBOMEHRE FATICRIEINZEEKZRET I L
T, ANIDEOWERZBEHET 22 e BHRkS. 7/ U1 Y 2o 72005, 720 fkE
W EORMD D 205, WEBIREEMHEDOW A %E2T ) 714 YDA THEIEI TS Z LA
k27, INEFTOIA 270D NHDOY A ALSEIZ2H/NI VA=K —FT/HELT
LZeNABEL D, IRIERIU VAT AN, RO TAHA N EERE WSS FE
T B 0304 BRI RB T AN A MRERE AW ABERIE, SWD L —%RE
WiffcE a2 LT, ERWITEEVPELE STV,

BARIZ AR DOWTHA T 5. Bq (1.3.2) ® Eq (1.3.4) 5 bbb &5z, i
AL X NTZART PIVEF L& 42 v OUEMEOBBRIFITHINTRIEI NS, Lizdio
THELH B TERRAEIETHEZHNEZETH BN, ZOEE ) A AVERIh, T
DAY MVERETLT S Z EIFBFENTIERL, ZOFERITHAVS Z ik v, Kb
DIZEEALT VT X LD KD BEEET 2 W5 Z e % ». BRNZ2 70 —F v — b
BT B, £, BHEETEARI NLOT X (S L T53) Lty dof (N &3
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1.4 7% b= 7&E&

) DRKINTEBRYE, HABRTENEDHS. S< N OGE, HHEEORITEFENRE T
LEW, /A RZEBHEEDPHEIBEINTLED. TOMEREBT 572012, RKEEDH
BREEMMALUT, HIEHEED 20T, BEZ2M EXESHEIE IS TWY
5. KT S >N OHE, AT MV EFEEET DI HARIERVPESNTH RN
LD, TDIZD, RODDBART NVEAITAGHDRELELEEARL, TIUIKED
THONIREDHSZM 2525 Ak EPHVWLNTWS.

14 74 b=y oiE&R

7 4 b= Z#E& (Photonic Crystal: PhC) & &, EHrRPFELMIZEILT 2 A T4
FHENRFEETH B |Fig. 1.14.]. HFHLE 1887 4£IZ B.Rayleigh (2 & - TIRIEX 41, 1987 4
\Z E.Yablonovitch (Z & o> THERAHED SN2 Z L2 & o T, TR R A OB 7 8%
BITHIENED SNT WS, 74 b=y ZFRIZIET 4 b=y 2NNV F¥ ¥ v 7 (PBG)
ENRIEN BRI BFIEL, PhC IZ X o TEBEI N T N1 RIHEENDSEEW % T/
AT —)VCHIEICE AR FBL T W5,

1-D 2-D

7

periodic in periodic in periodic in
one direction two directions three directions

Fig.1.14. Simple structure of photonic crystal. The different color represents differ-
ent dielectric materials.  (From Joannopoulos, John D., et al., "Photonic Crystals:
Molding the Flow of Light," Princeton  university press, (2008)

PhC DnH & L TIE, ZOEGHFE L WO RPN S, HEZBALADZHRICHVLNS
ZENE\. R, EEEPLIRIERE R & AR W BIRE WS DS BER S S T W
5. ¥7-, TORAMEEOBU/NT D ZITHEREBIEEADIHB TN TWS., REiT
&, 7x b=y 7#EEO BRSO W THE DR T 5.
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1.4 7% b= 7&E&

141 74 b2y IHERERE/ 74 M2y VBRI 7AN

74 b= v ZfEREEE (PCW) &%, 74 b=y 7§50 NS 2 51 R
¥ihiEz L T\WwW5 [Fig. 1.15.(a)]. EHEEMHE I3 O —F DIRDFNTWRWHEE 2
LTED, TOMRENPVERST S . T4 b= ZKEFEDN Y NG IS e HE
BHRIRIR EDINT A =R e B T2 Z L THIHT 2 Z 2B Hiks. D7D, AN
FRMEE B OMIEZ BIEIFRT 2 EPHRDE LB AV Y bD—DTH D, £k
DEP KT, HORKHOMEEZHWTHEZMLAD B0, AMRIT PR &2 5
% &, KOBRIZEKTS. —FH, PCW IV RE¥ v v TORM E, #fiF0z e
<, T ORALEREIE & O ICER > TWDE. 72 PCW RBERITRZHIfTE
570, HKOEEEHENMIES TSI AR, ZORMEZENPLZAT -1 N E
B, W EEDOMBEAEMORALPIE Ny 7 7 e EIZIEHEI NS,

7% M= 77 74N (PCF) 1 Fig. 1.15.(b) D & 5% 3D 7 * ~ = v 7 #ik
THhd. JAME 7+ b=y V7§ THAZ 2T %2F2 PCF 1%, #&HHERIEMRBMEI
B, BLHUWHEREZAGEL T2, S SITEKRDKT 74 N EIZH LA D OJFEED
Higo TV, MITEEPEEITNS VWA Yy hEHD. BIE 19 Py 67 0
WIHZE T W5,

Refractive inde»

000 00 0000000000000
CIRCORCORCORCORCIRCORCIRCORCOIRCORCORCORCORCSCORC)
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000 00 0000000000000
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a

Fig.1.15. (a) Photonic crystal waveguide for terahertz waves. Top-view diagram.
(From W. Withayachumnankul, et al., "Integrated Silicon Photonic Crystals Toward
Terahertz Communications", Adv.OpticalMater 2018) (b) Schematic view of PCF.
(https://www.nktphotonics.com /lasers-fibers/technology/photonic-crystal-fibers/)

142 7# bzvoiEREIRSS

JEHREE 2 3R BUNVERTICE LA B TH b, HRRD Y ¥ 2R, BRIRA ERE A TR
DEDNRBHSB. HEE ) BRI 1% (SIN), 7977 F v L (MgFs) 7 Ehid
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14 7% b= 7k

5. 74 b=y ZFERIRERIE T 4 b= v ZEER OB UADRI R % FIH U 72 R O KRR
TdH3. PhC B DEHBENIERIZE N2, HRIZEDLE T4 2RO PhC ik
PEIET B 7, Fig. 1.16.(a) X L3 LR L IIETNTEH Y, BEELZ=D>D% %
MO 2T, ZOEHAT 77 )~ — R8O & 5 2% 29 5. Fig. 1.16.(b,c)
FzhEhn, Vo rHiRE LIEA/AR PhC R TH 5. Fig. 1.16.(c) TlE, FATHIZ
EWEKIEE 2SI LICE>TE—RFFr vy 7OEEEVHL, XEHAURDTL
5. INOSDOEMEFIOLSIZ, T4 b=w ZFERKIEANY Ry v TOWE E, HiREE O
FMEAS RN, X S JEIIHEE A 22 72 D & — RIRREAVINE <, ZDFER Q A E < 72
DTV, NS OIIRMERLE X, YV aVER EICERBTE 20 DIELL, K
A A w F 10 DeMuXHIZEFHAINTNWS.

L3 cavity

Fig.1.16. (a) Schematic of an L3 cavity. (From K.Kuruma et al., "Strong coupling be-
tween a single quantum dot and an L4/3 photonic crystal nanocavity", Applied Physics
Express. 2020) (b) A scanning electron microscope image of a 10-um-diameter PhCRR
evanescently coupled to a 0.450 pm wide strip waveguide. (From K. McGarvey-Lechable,
et al., "Slow light in mass-produced, dispersion-engineered photonic crystal ring res-
onators", Opt. Express, 2017) (c) Schematic illustration of a two-dimensional width-
modulated line defect PhC nanocavity. Air holes only at the centre of the structure are
slightly shifted toward the outside of the waveguide from their original position. (From
Y.Ooka et al., "CMOS compatible high-Q photonic crystal nanocavity fabricated with
photolithography on silicon photonic platform", Scientific Reports 2015)

143 7#xbhZvoiERDYEE

AETIET A M=y Z§ERERAWEZDHET N Z2ENAT 5. 74 b=y ZiERIEHEE
TOICRR 2B EIEDLILITENTED, SEEIR T 4 VW RXBDSHRT N AN%
<R5N3. Fig. 1.17.(a) 1 PhC DA —/8— 7 1) X LARIRE IV 72 647158 T % 19,
A—=N=TFYVZXLHMELIE, 74 b=y ZHERICARHEORER AFAIZL T, HHTM
DD THURIZZAL T 2BRTH S, ZOMBEZFAHL THEFSINZADDH IR — M
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14 7% b= 7k

L OEHHIT 5. WEFRE SR T ZE 4, 1510 nm — 1590 nm, 10 nm TH 5.
7z, Fig. 1.17.(b) &7 # b= v 7GR HERaSNGE 2 @A W RITHETH 5 P9, T
ZNOMIRAHILIRFEEZ T S UCRKEIINTED, ZToORE U THIRAIEHRDKD
ADPHIFS N, EWMICEREI N2 TEHIIENS.
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Fig.1.17. (a) Schematic diagram of a flat-band superprism spectrometer (top), and
spectral transmission of the 8 channels (bottom). (From B.Gao et al., "Design of
flat-band superprism structures for on-chip spectroscopy", Opt. Express. 2015)
(b) Schematic of the compact spectrometer based on a PhC cavity array coupled with
a 2D waveguide (top), and SEM images of a fabricated PhC cavity array (bottom).
(From X.Gan et al., "A high-resolution spectrometer based on a compact planar two
dimensional photonic crystal cavity array", Appl. Phys. Lett. 2012)

ZDEIBTNA R, VORI & > THMRENHIRI NS 728, MiEZ2E EXH
B1-DITETNA AT A X KRELTEHLERDD, Mg EEaI AN, TN AP A X
EDORL—=RATIDH 5. FITHE T VX LME AW BHEEER YT N1 ZDRFZED
HHOENTWS, ERUZED, AR MVERBEZ W TN 21X, SEENR L v
DEIZH S bNT, TV R LEAROE BRI OMEFT S, Fig. 1.18. IZF7 VY XL 7 #
Ny ZHERE WD T NA ATH B W, ASPRIFEAD T VX LB I N T
v &L PhC TEELL, PhC EREDOE RO VY TRHI NG, FEIZL > THELD
DAADNERIRD 720, 2P TZMINDHEE DS RMKIAEDRH 0, SsRE O EHR
ZAWCHEMEZITS . RN&2ACEMIXRETICH L7z, Fig. 1.18.(c) & A~ hILFHE
4%%5(2:[1? IN, TOTITTINONMREEMET S Z LA HEKS. 26 5 OFMITEIRT

L RER Y LT, WESE 1500 nm - 1525 nm 2B W, IHESMEEE 0.6 nm 2 EH X
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1.4 7% b= 7&E&

TWa. Fig. 1.18.(de) IZARZ PLOBEERRTH L. T ACHRBESI N2 UY
DEIZ 25 TH L7z, £ HFEIT L2 DHEDRAZ R TETNDE Z EHHERTE 5.

b

Detection
SOl wafer channels

-

Random
medium

77777 Probe
Measured

Photonic
crystal

: S 00 - T T
00 05 1.0 15 20 25 30 35 40 1,500 1,505 1510 1515 1520
A (nm) Wavelength (nm)

Fig.1.18. (a) SEM image of the fabricated spectrometer. The dispersive element is a
semicircular array of randomly positioned air holes, surrounded by a photonic-crystal
lattice. (b) Experimental near-infrared optical image of the random spectrometer with
a probe signal at A = 1500 nm. (c) The spectral correlation function of light intensities
averaged over all detection channels. (d,e) Reconstructed spectra for a series of narrow
spectral lines across the 25 nm bandwidth, and a continuous, broadband probe spectrum.
(From B.Redding et al., "Compact spectrometer based on a disordered photonic chip",
Nat. Photonics. 2013)

LD~ DHEBEREBEMD, 74 b=y IR ERHCEZSHT NI Z2HNT 5.
Fig. 1.19. IZRINDHT NA R, ZHRBRFEBART PLVEED T+ b= v iR A
T 7 RARMEEEZ LTS B, FIAENRRELREZ 74 b=y ZFER AT 71d4 36 8
RA—VHEBEINTHY, YIalb—vary bETHENRZ—VOEBART MVEEIEL,
BH AW R WHAGDENEIENTWS. Fig. 1.19.(c) EH 5 3 X — v DiEE
AR MV THD. ATZTDRIZREINTWS VY THREZAIEL, AT MLO
FHERZTS. EREEREER%Z Fig. 1.19.(de) (2R 7. HEEFEIX 550 nm-750 nm, 43f#
BElX 1 nm THD. ZOTNA RFIEMRTHSH, WHTaAv o N TEMERETHD,
CMOS 7t A TERINT WS 720, FFIEIANTEENTETH 5.
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Fig.1.19. (a) Schematic of the spectrometer, which consists of an array of PC slabs
with different parameters. (b) Optical image of the fabricated 6 x 6 PC structures.
Three scanning electron microscopy (SEM) images of selected PC-slab structures marked
by red, orange, and green frames, respectively, are shown on the side. (c) Measured
transmission spectra T(A) of the three structures in (b). (d) Measurements of the
emission spectra of two HeNe lasers at 594 nm. The average measured linewidth is
around 1 nm. (e) Recovery of broadband spectra. (From Z.Wang et al., "Single-shot
on-chip spectral sensors based on photonic crystal slabs", Nat. Communications. 2019)

144 SVELTH Ny OiESR

TA My IRERENETEHERBEREII L > TT VX =Y VRENEL 5. G
WZE DAY REGDE— RWADD, BFE— NPEREMIZS 7 M52 PRI N
TWa B R EER A RN T 2L E AT -1 NERTHEZICHN, £ 0H
A ZE R HART A BTN T E 72 17, Fig. 1.20. 12 PCW 1281 2 E DM E %2 R
T, MEFRAE DR W PCW TREFRIFEHIZERE-FPH5ZeAMonTWS, L
URBERRED D 256, BHHOBRFICRANZIRS ENEL, F v v THHED KK
K@&ﬁ%@&*#%méMéEQIﬂNMLQ@%m,§W%¢@E%@ﬁ%®§H
E— N&IFER D, EHRIKNOOMRT R LIRSS EHICE A LB oA TY L.
Fig. 1.20.(c) (CEEHH» S FBEICRNE L2t 2E= X - U2fRE2RT. ZOM»SE
BB FIZREL PO T 2T 2R TE 5. 72, HERY—IARSNZIYD
DWEDO BRSO E B % Fig. 1.20.(d) 127 . BREE ORI K D kD A~T b
b QEEBEHL, 10*FRED Q HEE- .

26
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Fig.1.20. (a) Schematic of a disordered PCW with ideal air holes (solid black circles),
and disordered holes (red circles). (From N. Mann, et al., "Theory and experiments of
disorder-induced resonance shifts and mode-edge broadening in deliberately disordered
photonic crystal waveguides", Phys. Rev. A (2015)) (b) Schematic illustration of the
effect of disorder on the band structure of I'-K line-defect waveguides. (c) Contour
plot of spatially resolved spectra of the vertically dissipated light from a 110 ym long
disordered waveguide (top), and total spatially integrated spectra of the same sample
(down). (d) Near infrared images of the scattered fields (top) and detailed spectra
(bottom) for four wavelengths marked in (c). (From T. Topolancik, et al., "Random
high-Q cavities in disordered photonic crystal waveguides", Applied Physics Letters.
(2007))
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Fig.1.21. (a) Ilustration of a random laser in a disordered PCW formed from Ander-
son localized modes, where the different colours indicate that multifrequency lasing can
occur. (b,c) Illustration of multiplescattering process, where arrows represent optical
feedback below (b) and above (c) threshold, respectively. (d) Photoluminescence spectra
versus excitation power in multimode operation. (e) Output intensity versus excitation
power corresponding to the different lasing modes in (d). (f) Photoluminescence in-
tensity for an excitation power of 500 mW. (g) Central wavelength obtained from a
Lorentzian fit of all the measured modes versus excitation power. (From J. Liu, et al.,
"Random nanolasing in the Anderson localized regime", Nat. Nanotechnology. (2014))
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Fig.1.22. (a) Schematic diagram of a series of spectral reconstructions. We used Con-

volutional neural network to classify wavelength by learning localization pattern in a
disordered photonic crystal waveguide. Result of reconstruction of single wavelength
input using simulation images (b) and experimental images (c).
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Fig.1.23. Schematic image of the objective of the theme.
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21 7# M=y VHEREDIRE

74 b=v ok, BRSETEEFOBEEN IRV IRINIHEEEE D, —
BEAIZIES ) 3y (Si) ¥ U F (Si0s), &5 Wk IV eklkh A s N5, ATk
7 x by I RESOREEBREHOCRHT 5.

2.1.1 HicROEARMRIE

KDEMIZONWTIE~Y 7 A 2 )V HERTRILTE 5.

0B
VxH—aa—D+J (2.1.2)
V-D=p (2.1.3)
V.-B=0 (2.1.4)

- ZC, WHRE [V/m|, B H [A/m], EHREE D [C/m?], WHEEB[T] LU, &
FiosTE p, BREE J BV DL T 5, £, oo REEHEER, 1o XHEEBRRY L
R 2OV 10 CENEY

D= SOE
B = uoH (2.1.6)
TmEIND. TITHFEEER:, BlE p 2 O>WEZMNEL, Eq (2.1.5), Eq (2.1.6)
% Eq. (2.1.1), Eq (2.1.2) IZfRA L,
OH
OE
VxH= €0s (2.1.8)

2185, HIZ, Eq (2.1.3)~(2.1.8) 2V CHB AERE2EH T 5. Eq (2.1.7) ORI,
G025 Vx 2IZ, RERZITS &,
O’E

V2E = -
HE0s 52
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ZRkd o b, Eq (2.1.9) IZEE AR EMREN, TEOZE M % R d 2 Bk % slid
TH5IehRS. 22T, BEGREKXZHIME LT o SENCES LR SikEd
% fif

E, = Aexpi(kx — wt) (2.1.10)

k%% %. Eq(2.1.10) % Eq (2.1.9) I2fk AT 5 Z 2 T,

A(—k* + pegew?) expi(kr — wt) =0 (2.1.11)
o T,
k = fw\/eoep (2.1.12)

ERDL. ZNIZE o TR E, = Aexpik (x — £t) DS D, T3S AL EE
w/k =1/\/eoepn THLKBZZEL TWE. ZTLTRDSNMRIE, WiFEX e, Bk
Ry OEERZE RS 5EENEE OFMAE—RTH5.

212 7OvHRDOERE

FIHTI, MEAZAL L — B B % (T 5 DA T — R AR L 72, IRIT,
FELA TN LT 2 E 2 BT 2 HOEET— FEEX 5. JITHEELRHOD
MT Y ADEHTHS. £ THEROHEN e(x) = (o + a) QM S 7= T RhIL%
WET 5.

a

Fig.2.1. A dielectric configuration with discrete translational symmetry. The repeated
unit of this periodic system is framed with a box. (From Joannopoulos, John D., et al.,
"Photonic Crystals: Molding the Flow of Light," Princeton university press, 2008)

TR EE2ERTAEEE— RIX, DKL Z2HANWT

E.(z+a) = ™ E,(z) (2.1.13)
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Zii7zd. ZOEHEZ 7Oy ROEHE WS, ZOEMEHWSZ LT, EEE—NE
up(x + a) = up(x) 273 A EEE HW T,

E.(z) = ey (x) (2.1.14)

ERBTES. SHICFEROHPHEEDHE R a THE720, FHETRUX 2r/a DEIFFE
THEAET S, TORH, FE—T VLT ) — 2 OHFHIZ

<k< (2.1.15)

@I>]
=

YRy, WMTIEE WA MRICER B B34 <, B (2.1.15) THEANEHFEDOART
HRTNEEV. EEEq (21.13) 55 RTIMNB X512, k & &+ 2r/a D¥BIEFE
Leis. E.(x) 3k CHLTEEABNTHY, TORPES I 2n/a TH 5.

Brillouin zone of
reciprocal lattice

Real lattice

M

Fig.2.2. A photonic crystal made usng a square lattice. An arbitrary vector r is shown
(left). The Brillouin zone of the lattice, centered at the origin(I'). An arbitrary wave
vector k is shown (right). (From Joannopoulos, John D., et al., "Photonic Crystals:
Molding the Flow of Light," Princeton university press, 2008)
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% H %,
E(r,t) = E(r)e ™! (2.1.16)
H(r,t) = H(r)e " (2.1.17)

B ZITrid, HEAERONERTERMANT MUVTH L, — I BHGRITAEHE R
BB TH2D, 7—) THBEMORME <27 A0 2 )VEBRIADEE»S, YOk S57%
B5CH Eq (2.1.16), Eq (2.1.17) OBHEEIC L D RBTE S, Zhor~v AV 2l
HEXIZRAT S L,
V x E(r) — iwpoH(r) =0 (2.1.18)
V x H(r) + iwegeE(r) = 0 (2.1.19)

ZfFonsd. UL7zA->TEq(2.1.19) % e THID, V 2012 F, Eq (2.1.18) Z{VA
ERCR

V x (Lv x H(r)) - (‘i)z H(r) (2.1.20)

e(r) c
2195, ZORE~Y AR —ARACIEIEN, M 222k D ERADOEE O T 2T
52Nk, GAONMIE e(r) IZBWVWT Eq (2.1.20) 2%, E(r) 2 Xnd s w
ZRdOhiEIWw, 22T, HETO %

OH(r) = V x (%v « H(r)) (2.1.21)
LiEHT e, Eq(2.1.20) 1,
OH(r) = (%’)QH(r) (2.1.22)

CHEEMEEE UTHRICRITHI ks, 22T, 74 b=y 7ifh2Es
DRE7a Y ROEHEZ T 72D,
Hy = ™" uy(r) (2.1.23)
uk(r) = uk(r+R)
7%, ZIZTKIFBEEANZ L, RIEBFRZ MV THS. Eq (2.1.23) & Eq (2.1.22)
WRAT D L,

V x %V x ey (r) = (%)2 e®Tuy(r)
(ik + V) x 6(1_r)(zk + V) x ug(r) = (%’)2 we(r)
Oru(r) = (%’)2uk(r) (2.1.24)

35



21 7F b=y IfEERORM

LRy, HETDH

@k=@k+V)x§%@k+V)x (2.1.25)

ICEEHD S, Tibb, HATHPEGRMNIZZT BRI PV Kk ITRFELTWS Z Lk
DD (PRI MVIEE—-T VLT V= VIZHIBTE D). o THnd 2REAMEE
2L, MAEE wE kITKFET 5. k—w OBR%E 7T 7/ L7ZKH Fig. 2.3. TH 5.
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Fig.2.3. (a) The multilayer film, a one-dimentional photonic crystal. (b) The photonic
band structure for on-axis propagation. Layers alternate between € of 13 and 1. (c) The
modes associated with the lowest band gap, at £k = 7/a in (b). (From Joannopoulos,
John D.; et al., "Photonic Crystals: Molding the Flow of Light," Princeton university
press, 2008)
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Kb, NEMEEEZT2HI21E Fig. 2.3.(c) 85 L5 2MEONHELAEZ SN
B, TD7D e = 13 ICERDPERTZE— FIZEEEANEAD (n = 1 ITHE),
e=1IZEBRPEFTIEE- FIXEEBDKRELRD (n=2120Ik). > TEDOMIZEE
HHAEEN, FEEROEPKEVIFERFIFORIIKE 5.
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Fig.2.4. (a) A two-dimensional photonic crystal of air columns in a dielectric substrate.
(b) The band structure in case of ¢ = 13. (From Joannopoulos, John D., et al., "Photonic
Crystals: Molding the Flow of Light," Princeton university press, 2008)
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Fig.2.5. (a) Electric field (E;) pattern associated with a linear defect formed by re-
moving a column of rods from an otherwise-perfect square lattice of rods in air. (b) The
projected band structure of the line defect. (From Joannopoulos, John D., et al., "Pho-
tonic Crystals: Molding the Flow of Light," Princeton university press, 2008)
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BIEE & LT, ZIRIL7 4+ b= 75O RIS R %3S 5. Fig. 2.5.(a) I
74 b R OMRMGEREE AR, U2 T S A —SIEL D Rz
MiETHd b, PBG HFIZH DI AMITEMT 5 2 &3k, BREHEICHLAD
5h5. fERL LT Fig. 2.5.(b) D& 512, PBG Oz EHKE— Rk Ehd. 4P
TEE—RFZEELTWVWS. TDXST, MRMEEEDDH S 7+ h=v i, PBG
WO A D% LAY, EfEE5REH %2>,

RIZAT THEED 7 b= ZFERONY NG E2 & 2 5. Fig. 2.6.(a) I& 2 AIANZE
ADBH 5, REPNHEFRIZEII SN+ b=w IR AT T THE. 2 ZTHhb
Fig. 2.4. L 745853013, EAPEROEZRKEL TWEEIATHD. v &y AR
Wed 2 EHEE DAY BV k)| = (kg ky) FIREI DD —F, AT 712 L CRE S
DN 7 MV k| FREFES RV, BEAFIZIEAT TN EADEFTRD I L > TH
Lird 50 TW5. Fig. 2.6.(b) 3B~ ML k) OV FHTHS. T4 ha—vk
&, okl < w OFMEMTHEREZEKL, 25 7oA LER T R2EHT 5. &
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Fig.2.6. (a) Examples of photonic crystal slabs. The hole slab, a triangular lattice of
air holes in a dielectric slab. The holes have a radius r = 0.3a, and the slab has a
thickness 0.6a. (b) Band diagrams of (a). The blue shaded area is the light cone, all of
the extended modes propagating in air. (From Joannopoulos, John D., et al., "Photonic
Crystals: Molding the Flow of Light," Princeton university press, 2008)
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Fig.2.7. (a) Projected band diagram of TE-like statefor the hole defected slab. (b) H,
field cross section for the missing-hole waveguide, with “a~f” corresponding to the la-
belled points. (From Joannopoulos, John D., et al., "Photonic Crystals: Molding the
Flow of Light," Princeton university press, 2008)

RIZ, 7F M= IR A T 7 ORRIEREED S DR NMEEZ — O/ T 5. —
DHIZ TAu—=5 4 b], ZUTDOHIZ NEKBIEOZEIZ X S0E ) 23T 5.

> AT—F1 k
7% b=y IR SRS CIESEOREEEDVIER ITEL 25 T BT WS B,
PR ZUREROEDHEZEILL, k=w/(c/n) DBERZ AW THESE ng 1

c dk

;;:ca; (2.1.26)
EERDIN, c vy FENTN, SEREHELETH S, ZIT, dk/dw iF/3Y R
HOE—RDEZZTHY, T— FOMEEWNSIWVIZEHEENEL LI 2R
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Fig.2.8. (a) Scanning electron microscope image and, (b) schematic band and group-
index spectrum of a silicon PCW with respect to the absolute frequency. (From T.Baba,
et al., "Slow light in photonic crystals", Nat. Photonics (2008).)

> B KIRDOZANIC & B

7 b= kRN OIEDOE I L B EE, BRI EZE T RN SHAT 5.
HBIATHFETIE, EXT — MG EINZEREEEZHEEE LTHOYTWS
B3l M EBICEZMATE ST, BREKIEDOAZED 5. BRI w(z) DE
fbZRLUTED, 2 A LTY =7 RBEHTH L. BRREIL2BIC L7
Do TEMRE—RFRPEIZI T FNUTWBRZ RSN E. Tihbb, NNy UM
SHIREMNIZHR L TWA Z e 2B KT 5. 20 L5112, BHEDONIIEWIEIZEN
TUITEREL, KT 5. ZOFEMMS, BEKIEZ2{IEEZLI2&->T, PBG
FEZTICEER A ERT W ERFREHET 2 Z ks, 20 &S RIEAL
7 4 b=y &L DeMux 2 12 I NTW S,

215 7 b=y RO EREICSLIHE

HARMIZFEF S N7z PhC TS AT, YIalb—rvavilh o255k
KD, LA UEBICIZEE oA SN T, BHEREILT N ADMRRIC (H
ARIPZIE) BV EE JIET. PCW IZH 1 2 -G X BB D W TRE % 22T 5248
frohTng B4l PhC HIREIZBWTH, QHEDETREDIN T 1 T %2 52
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21 7F b=y IfEERORM

TULED B9, f7, BHEFRAIIRMNLZADOH UIADRR2EZ TV H D, TOH
RIFT VR =V VREELHENTWS. Fig. 2.9. ZREDA A-VYKTH D, WigEiHL
MHDHILIZE > TAIELPHE S 1, BRI EZ5X720, LRI VX LR
T2 UiAD S, BLERAIZ X S RMEZIGH U MR B AT 2 ™,

ng light in
2(\ 1\

Section 1 Section 2 Section 3
Space

Fig.2.9. Schematic image of localization in chirped PCW.

Tx hov KEROBNEREE, VI I T7 o DIRTEENG. VYT T T 1 I,
TA =y ZREREDNAR =2 %) 3 VHER EICHER T 2B E Y — L2 HWTE
KU, BETEZFREDILTHS. BBEORMIVIANZ2EY, XX—VIZHVRS N
7274 NRAIHE, T2 —H—%2YT5., TLUTEHRLIZBODOADR L VAN K
JGUTHIGN, NEX—=VPBERING. VYT T 7 1 OFMEEL,

A
R =k (2.1.27)

ThHZ6N5., 22T, RIFMEE, NOLoWE, NAZBEOK, ZLUTkixk 7y
IR—BRT. VITIT74EHEYTTY 2RGS0, ASIHOWEIE T LW
MAMEEZERT 2 Z BNk, 2612, BOBIIIH- 72 ARy MZENZ TR
ZUToNDEIZ2ERT S, O, NA=nsinf TRINS. nlZL X7 N
MOEFE, 0IF7 2 NZHTE2ARATHE. TLTEIZI VI I74DTaLADRE
LELZEL, LIYADMETHIRYZ > TWBENL & Y72 > TWRWIAIAY &N 1) R
PN TVWEPEDNRERTHEETHS. LYAMDIAY N T A MNBRARKTHEED
1/4 LR IR T 5 2 L DN RS, flhoL V2 N BURDBRD 70+ A%k % Folfb L T
., TORFIX 030 FEILRE. TDd, VI T 71 DEEREDZODIZIE, AW
2LV —YE2LVERRIZTSH, BHOKE L2 AMENZYTHS.
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Laser

Mask

’\9 NA=n-sind
Resist
Silicon

Fig.2.10. Resolution in photolithography.

—fi 7 AtF O F < L —% (X: 193 nm) 2 W7 4 M)V T T 7 1 TIEAREE
2 nm THDH. T I CTHRLIWMMBHEEDERD-D, BEFiEHW-ZEB )Y 7S
7 1 % EUV(Extra Ultra Violet) VYV 275 7 4 &R INTWVWS BT, X512, LY X
Loz NWERBATHZL, BirEE2 B2 THOKZ EIF2KR) V57155
FINTWD,

WIZRIED A= XL DFHMEHET S, REICE DDA N XLPEHEL,
NENVPELBZLZB[ENX—VERES. BEOKTZ2YIalb—Ya vy L zHEB{ %
Fig. 2.11.(a,b) 129, IR EREE DO RIBNITHEL TH O, T EBL a = 260 nm
ThHb. HmEIT 1 THEMAEINTWS., TEEESICRNYTT, o = 0.04a DELEE
ZEALDHFIMNIHR> TWA. Fig. 2.11.(a) IFEK K2 BT 2 E, Fig. 2.11.(b) I3z
LZYDTERVAYRF Yy TORETHOYIal—va Vvl THS., £7/2, 2IT
REDEEZRTHEHBL LT, REREEE2EHTD. REEE (In(])) = —z/¢ TER
SN, I3EESAORRYY, «» 3R FERTHRILI N TH 5. Fig. 2.11.(c)
ZBWT, RVWEBOMHEOWBPRERELEZX 5. BIEEDERNS, NAEHED S
FDELSEFTERLUTVRIEEEWVELZIS Z 2B 5. ITHFICHRE I N EE
L, BEEOBEFRZ Fig. 2.11.(d) ITRT. ThTh, NV RFv v 7 (K) =T 2 EH
B (R) &, EifcEhvnIANry ey M (§) 18095, FR8RIE ANV
Xy v ATHIET B EBEERLTEY, Ny MIBHATHS. X512 Fig. 2.11.(e)
TR &7 (DOS: Density of state) D25 7 Tdh 5. DOS & IZNHFBENLT
—IZERZ LU TWERERTIEETH S, Hy b7 BT TG 2 AT
% Z BRI NTD, SRAMHETH TV E D, RTEENHET 2 Z LR T
5.
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21 7F b=y IfEERORM

0 1

Normalized intensity

<In(Intensity)>

T T T T
0 20 40 60 80 100

Distance (units of a)

c 100

@2
1) 10
O 1 i - - : : . ) -
(@) 0.276 0.274 0.272 0.270 0.268 0.266 0.264 0.262 0.260

o (a/r)

Fig.2.11. (a) Electromagnetic field intensity at propagating wavelength. (b) Steady-
state electromagnetic-field intensity in a disordered PCW. (c) Ensemble-averaged
electromagnetic-field intensity profile along the waveguide direction. The localization
length can be extracted from slope of the exponential decay. (d) Localization length
calculated in a disordered PCW. (e) The corresponding density of optical states (DOS)
of a perfect photonic-crystal waveguide. (From P.Lodahl, et al., "Two mechanisms of
disorder-induced localization in phtonic crystal waveguide," Phy. Rev. B, 96 (14) 2017)

Fig. 2.11.(d) £ 9, RER ¢ BEMFIZ ST DOS™2, T84y £ MEsTR
m (@2 —w?)] P ie T v T v ENT VWA, 22T m REMRTER L IEEN,
m = 0%w/Ok? TEHIND. THEFAY RIEC Lo TRESNBERTH Y, m 13
HEROMEOWHMTH S, TNTN W & w i, BEENRVEAL H2HADN Y
MA TP TH .

BRI L T8 %y Y NMEBTIE 7 « v T« Y TBEBA R B 70, F72 % FH
WREEEANLTVS L ERING. Fig. 2.12.(ab) BT ZNEMESE TN % v
vy MEBICBI S, BEIEORE S LREROMFRERLELY I 7 THS. $T1F
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2.2 FDTD ik

Fig. 2.12.(a) K&EHT 2. 0 BAEL R BIZ L AN > TRIEEFRFBOBBE TS %4
D, 1/pS il 74y T4V ITINTWVWS. p& L IEENTNHRILEE L RILE/ERL T
B, plEFig. 2.12.(a) DIFAMDORWFHIBOHMEZ RS, ZITEAOHBDAED S
DFTNIZED, BE)L 2O OREECTH S, £72, L ITHELT 2HELRE2RLTED, K
FEENRKEVZERILT 2HRITE L 2%, EE, DOS & X 13 Y « DOS™? 0T
RING. DEVRAERE R pE D ITHEBIN, ZOXbobHELICE#ELTWS. Z
D7z, EIRFIRIZB T B/REIE, BICHEREORBIZLSHELE WS T L HEET E
%. —Ji Fig. 2.12.(b) 225, TRy LY MEBROENEETIX, SEMREIC L > TRIE
ENRKELEDLSE Z 3RV, ZHIFBREN, BUEERAICE 2 MUy RIVIRIZERL TW
570, BLEHRENKREL LD I L TRIERDVBIMNIZZT S Z L3800 TH 5.

o (units of a*)

0.0 0.1 0.2
50 . M M 50
2 o = 0.266a/) b o =0.261al)
40 40 4 Ey (arb. units)
30 a 304 .
Y | P
W 20 204"
10 — 1/pz 10 |
w”"o
0l Y r v > 0Ll ¥ . v v
000 0.05 0.10 0.15 0.20 0.00 005 0.10 0.15 0.20
o (units of a) c (units of a)

Fig.2.12. Plot the localization length vs disorder at w = 0.266a/ [(c) inside band] and
at w = 0.261a/\ [(d) inside band gap]|, respectively. The inset in (a) shows the effective
scattering (shaded) area when a hole is displaced from its ideal position. The inset in
(b) shows the electric-field component perpendicular to the waveguide at w = 0.261a/A
and for ¢ = 0.05a. (From P.Lodahl, et al., "Two mechanisms of disorder-induced
localization in phtonic crystal waveguide," Phy. Rev. B, 96 (14) 2017)

22 FDTD &

REEAEIE 7 437 (Finite Different Time Domain method: FDTD %) & 1%, &SR
BORUEfEE LTHWSNE T VT ALTHS. WM ARATHEY I AT 2V
FBAZEHNIZERE L, RREIZE XS UTERMIZEIR TS, Y Iab—Ya Vi
250 ERMIHRECERNTH D, BEIKOEROM T 2R T 5 Z L AHIEKS
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2.2 FDTD ik

RN — IV TH 5., T TIEZRie FDTD HEoEAbZGHL T\,
9, Mooz Ay 2 VAEBRRIZEHBT 5.

0B
E=— 2.
V x = (2.2.1)
oD
V-D=p (2.2.3)
V- B=0 (2.2.4)

J=0tUl, BEZEFOEKAEA% Eq (2.2.1), Eq (2.2.2) IZfAAT 5.

oH
E = —po— 2.
V x o, (2.2.5)
OE
H=c— 2.
V x f0 g, (2.2.6)

Eq (2.2.5), Eq (2.2.6), &AL icET L, Eq (2.2.7)~(2.2.12) 272 5.

0B, 0B, OH,

9y 0z ~Ho—g; (2.2.7)
OE, OE, oH,

9.  oxr My (2:28)
OE, OE, OH.,

8_11} - ay = — M0 ot (229)
OH. oH, __ 0L, (2.2.10)
Oy 0z 0"t o
oH, OH.,  OE,

92 — o =& ot (2.2.11)
0H, OH. _ €0 OF. (2.2.12)

ox y ot

ZZT, ZIRGLICRIL R FIF 572012, z A% —HREEHRTD. TDLE, 9/0z=0¢L
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2.2 FDTD ik

B8, Bq (2.2.7)~(2.2.12) ICEAT 3.

OE, OH,

TR (2.2.13)
OE., OH,
— = oy (2.2.14)
0F, O, _ 08 2.2.15
9r oy Mo (2:2.15)
O, 9B, 2.2.16
83} = &0 ot ( . )
OH.,  0E,
— S =t (2.2.17)
0H, OH,  OE, 0918
or oy "ot (22.18)
TE R % €T 2556, BT 2 55y, BRIE 2, y B THESNS -,
o, OF. _ _ oK 2.2.19
ar oy Mo (2:2.19)
Oz _ 9L 2.2.20
ay ot (2:2:20)
OH,  OE,
— o —6()? (2221)

DEZREMAVS. Bq (2.2.19)~(2.2.21) & ZREICHELT 572010, KE3H Az,
Ay DL E#X 3 [Fig. 2.13). = 2T, BEMS 9/0t % - (Fv b) THELL,
Eq (2.2.19)~(2.2.21) 2 BEALL, H0ED TELT 2 Z & T BEq (2.2.22)~(2.2.24)
2135,

: 1 H(i+3i+3)-H(G+Lii-1)
E,li+=,5)= 207 2 z 200 2 2.2.22
ol (i+ 5.0 N (2.2.22)
1 H,(i+%i+8H-H,(i—%7i+1%)
E . - - _ 29 2 z 29 2 9
€0 y(Z,]+2) AL (2.2.23)
1 1 E.(i+3,54+1) —E.(i+ 3,9
_HZ . - . - — 27 27
E,(i+1,j+%) - E,(i,j+ %
_EG+1Lj Z)x o]+ 3) (2.2.24)

46



2.2 FDTD ik

Ax

(i, j+1) Ex (i+1, j+1)

) Ex (i+1,))

Fig.2.13. Space relationship between E and H in FDTD method. The coordinate (4, )
corresponds to the place (1Ax, jAy)

EEE DA S FIZHREEIRIZ B W TEMEZITS . 22T, KREHEBIZBEWTE R A
T 7T At TREILESMEEITS.
E} = E.(t = tg + nAt) (2.2.25)

niEd¥Ialb—a v EOFBEORVELRETHS. Lizh-T, KEMESRTHILZED
TUEMAET 3 2 LT Eq (2.2.22)~(2.2.24) I,

1 1
En (4 Lo :Enil . Lo
I(HQ,J) - <Z+2,J> (
At 1 n—21 1 1 n—21 1 1
CURS B 7l SR D Bt ) I
+Ay€0{ (" 2”2> (”2‘7 2)}
nf. . 1 ne1 (. . 1
Ey Z,j+§ =F z,]+§ (2.2.27)

At [ (. 1. 1 i .11
DAL ey (L Y e (1L
mea T gy - (i)

2.2.26)
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2.2 FDTD ik

. 1 1 1 1
H 2 (i j+=) =" it = j+= 2.2.2

At 1 1 1
Afvﬂo{ y(z+ ’J+2> y(z’j+2)}
At 1 1 1

Eq (2.2.26), Eq (2.2.27) &9, $0&UME n icB 7 2% E* 13, H 2 & B!
MoRDENEZEDBHME. T51Z, BEq (2.2.28) X0, H 2 &, H" 3 ¥ E" 15
koonsd, ZTOXS IR CHBULI NZESG LG E, KAEIZFERBENTWL
[Fig. 2.14.].

En—l EN En+1

Hn—1/2 HTL+1/2

Fig.2.14. Time configuration of electric and magnetic fields.
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31 YIal—yaviER
3.1.1 Meep DHRE

Tx b ZREEEREOY I 2L —Y 3 ik, Meep 2IEIENS FDTD DY I a
L= a Vi A=V —A7 ) r—yaviaAVTED . 53R — "=
hpc02 Z W7z, ¥ —N— Fiza— R E/ERT 27-012"WinSCP", a5 % 1357
®"Poderosa Terminal"% W7z, ZNZEN 7V —DT7 TV 75— arDized, HHIZA
YA N=IDARETH BH. X T, Meep iZ1& Scheme & WS ZFE TR L7z — R Tmgy
TEHM, 7+ P2y IKRIEE < DEAZRETIHELDH L7720, FEAIIHLT—
NEHENCHEHRADBEN DD, TNEANTEAAETH D720, C++ O for HX% H
W7z, ¢cpp 7 7 ANIE C++ SiECRiAINZa— R THY, Scheme TELN/ZI— K
)19 5. Scheme TEPNZT7 7 A IWVDHLEE 1% ctl THB. ctl 7 7 1)V % Meep

WZHa T8I0k oT, BHMMEYIaL—Yarvrzd 52 edtks. Fig 3.1. 1,
WinSCP THiR T& 57 7 A VDR &, Poderosa TOIAY Y K% RUL7ZF ¥ — T
H5.

( Scheme)

. : w3 Ctl
S /v """ VT Ve

Calculati
Poderosa I (g++ *% .Cpp -0 **.exej [./**,exe (qsub GridEngine. sh] , Calculation

Fig.3.1. File extensions and their commands correspond to the extension.

7z, Meep DFIHEIZE WTHHHEP R I XM TH O, FEMEIMERITHRENAIEET
HbH. SROYIalL—rarTlE, 74 b=y 7fERHOKFER 420 nm OEIZ2 1 &
UCEHHE L., 20701 %2, BFCBOEI2EETEGDOICET ML EHT
5. ANz, 74 b=y 7 iEZ&RET A2 ETEHRTAINTA—XRE, ZOa— N2 7.
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3.1 YIalb—YarER

> (set-param! resolution number)
RHADODMEEEZREL TWA. SEIOHEHTIX 15 IZREL TE D, BANIZIE
420/15nm T 28nm TH 5.

> (set-param! rl r);sigma = Ar
T4 b= JHEEROEADOYEEZFELTWVS. "sigma" T PRI
MzThh, EEOEZEEr—Ar<r<r+Arzts.

A VN k=

(@

> (set-geometry (append))
VIialb—var EOMEERE, BETS. b UZEFICEEL TN 7o,
FPIEEBREEEERT 5. FHEESOE R IE geometry-lattice 7 7 A D (make
lattice ---) ZHW5.

> (list -+ )
append WIZELIR T 5 Z & T, EADHKEE —FITITDH T 2Bk 5.

> (make cylinder (center x y z)(radious r)(height h)

(material (make dielectric (epsilon €))))

AR c OMAIZAET 5. MBE, PR, ST 2RET LI LHHKD.

> (set! source (list
(make source (src (make gaussian-src (frequency f)(fwidth df)(cutoff cf)))
(component Ey)(center x y z)(size X Y 7))))
HIRIZBE T AR E TR T B, HIY T VOV ADNREEZ HWSI5E1%, O EK
BRE) PRIEEZEDDMEDRD D, HGEIZI o TIREX Y A T72ED S
ZeHTES. oYz (CW: continuous wave) 2% iE3 2 Z L £ TE 5.

312 BJBAXRY MLEE

FPFHEMAR T 4 b=y ZEEREREOBIEARY MVEEET S, BRARY ML E
ST 254, LFoa~vy K&2EBINT 5.

> (define object
(add-flux fecen df nfreq)
(make flux-region (center x y z)(size X Y Z)))
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3.1 YIalb—YarER

H BIEEOBFNALTEDY A RDOPH A2 MV E T 248 fFT 5. 20
YIal—varvTRERA VT4 VIR MABHETH S, X512, (add-fux
)& T, 2O 7Y I EHEREMS, 2F0 7 ) IHEEERE TSI L
RHED 72D, TNREARIZHIGLTWDS. X7, JEREBGEEe PO EEE, &
g 5 AR EZRET 5.

> (run source+ time ---)
vIialb—YarokkERET 5. Eoavy Folh, @TONRENYIN
TH S time 88T 2 LTkl 5.

> (display-fluxes object)
object \(ZE A 72T — X% Excel T—XE L THNIT 5.

Fig. 3.2. DFERIFPREDO TV X M2 IR L -8R TH 5.

— Ar=0nm .

=
(@]
o

=
Q
N

Transmitted power (a.u.)
o o

=
Q
a1

1580 1585 1590 1595 1600
Wavelength (nm)

Fig.3.2. The trumsmittance spectrum of PhC waveguide. It shows these four cases,
radius randomness Ar = 0 nm, 2 nm, 5 nm, 8 nm.

72 P RE & R RIEENEN, 744 nm R TER 60 AMICEELTWa. Z
DFERIP S, BREDT VX LEPREVIRE, NV FFX vy TOREFIHTART MLy
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3.1 YIalb—YarER

FBIZRSTWBZ DS, ZHIRBEDA AL S EMTEIHKLTH D, X
IZ Fig. 3.3. ICHEKIEZ 2SI E/Z L EDFEBRART MVOKKHREZRT. ZOHE
D5, EFHEIEIZ L > TNV FZy UDBHIBITE S Z L PHERTE 5. ik, EiREKiE
WL 2B IZONTEBKE — NORRIEEMIZHBE T2 Z & 2Z @3 IEmE» v RER
Thd.

=
o
o)

[HEN
Q
[N

[EN
Q
w

[EEN
Q
I

Transmitted power (a.u.)
'—\
o

10°°k - - - - -
1580 1585 1590 1595 1600 1605 1610
Wavelength (nm)

Fig.3.3. Comparison of the trumsmittance spectrum of PhC waveguide, which width
are 744 nm, 748 nm, 752 nm. A radius randomness is fixed at 2 nm.

313 Fy—TERBRGTSLUBE IO 7 1 IILEUS

WIZF ¥ — TEWB O EL 217> 72, Fig. 1.14. 1% 752 nm 75 744 nm £ T, 4 nm
TOMENEL B F v — TEHREDA XA —ITH5. BBLETCDOLIZYaZBVWT, &
TRER, B, BEBEIFAZETHE. IOBEIBVWTRE SO 7 7 AV ERET 5.
WMETO 7 7y A NVERGT ST RE RIZET.

> (at-beginning output-epsilon)
YIab—va ok EERY Yy T T 5.
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3.1 YIalb—YarER

> (after-time time (at-every dt synchronized-magnetic output-tot-pwr))
b DO time A I 2LV —va VKT ET, dtBIRCTHME~Y Y 7%
T 5. RSB E TV FDTD EIZBWT, Kl ¢ 1281 28 E 510
P(t) IZikNTKIN 5.

P_(t) = Sel B + SullH(t — At/2)|?

ZORNSONRBRRT, B VT 1 VTR MVEGET BRI B At/2
FELZWD, YIalb—Ya YORENR—IKIEE O(At) &7 5. FDTD %
TIRKEE O(AY?) D728, KEMERT 2 Z L IX#T s hizw, 20z, ik
A ERHT S I IZX > THE%2REEIE 2 (synchronized-magnetic 2%

v F).
1 2 1 2
Pi(t) = SelE@[” + SullH(E + At/2)]
Poyn(t) = (P4 (t) + P_(1))/2
1st Section 3rd Section

. .
00006000 CRCORCRCRCORCRCONC ) 000006000

1752 nm 748 nm 744 nm
0000000 90000000 00000000

Fig.3.4. The chirp PhC waveguide, which width decreases from 752 to 744 nm in 4 nm steps.

UEDZDDa—RzfioTHESN/ZhE 77 ()%, ENRT png WHFIZEHTZZ LN
Hok2., 202X hstopng I~ Y RE2 X —IFUn 6 AHThIE L.

RIZ, Fig. 34 TR U 72kiE 2 W TEBRICHRES M2 H 1 U7z, Fig. 3.5. 32 DX
Thb. HEFHIE, 1588.8 nm - 1598.6 nm & L7-. BT v X oML, EA0¥
AIZFLUT2om, FMIFLT 2um k> TWb., L7zd>s TREVPERKRZ N, TON
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31 Y3Ial—YaviER

R—VIIBRIZE > THERLZ DR TE S, £/, Ml Fig. 3.4. D& L RS L
THEH, REPIZFAFEOMNEZFHIHT S HRTWS,

Fig.3.5. The intensity profiles of chirp PhC waveguide. It represents wavelength-
dependent localization.

VIR R 2 A S LU CHREATZ AT S, A & A O WEANREFEL, ThE
NOWENEE [1(2), L(z) £T5. “WHEAS OBEN Pou(z,t) 1

Pmulti<x7t) = 112(37) + 122(.’13) + 21115 cos ¢

B, QIR ODWEEDMNMEEEZEXLTWDS., DF DLZIHEANTITIREENIE ENT
W5, BETELTAHE/AT7TIVITY XLTE, BEMMMIGEHNTHELELRD L. %
D=, LWEATIOBRENMA%Z, B—REATIOEH G & ART2DITIE, KHFEE
EEBLRITNERS W, 22 T—HlE LT, 1592.2 nm & 1595.0 nm O E AT
ZHEWT, NMIZ K2R EEZMR L. — MBI, A\ & X DI720 DRFPEE A S 1FIRK

TRIND.
cAM

cen

Af

AN, Aeen FZENTN, ZRPEREHFLEEZRLTWVS. cl3HTHSB. {{£>T, Meep
THIMAEINAZRHIZB VT, 520 DML N, /aAN &7 5. FItZ T 7= AR E 0%
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31 Y3Ial—YaviER

A, FAIEH 2159.5 meep-time TH 5. SEIOY I a b —>a v Tk, ZOFENKH%Z
20 THY TV VI, VT DI L& o CGEEIICRERE S %2 B U 72,

Q
o
~

—
w

Intensity (a.u.)
o
N

0.0 - = - '
500 1000 1500 2000
b # Pixel
0.20 ; .
— — Result
- i "
< 0.15p —— Superposition
20.10}
(%)
c
2 005}
<
0.00 - - - -
500 1000 1500 2000
# Pixel

Fig.3.6. (a) Discretely sampled intensity distributions (black) and time averages of
approximate calculated intensity distributions (red). (b) Comparison of the intensity
distribution between the result of two wavelength input (red) and superposition of single
wavelength (blue).

Fig. 3.6.(a) 12, ZTO#RZRT. b, BPIKITH U CHRE S WIZHEE O %2 -
TWa., BRIV 7)) vranzEcomEN 2R L, RMRHIZTh o2 TEZFEEL
TR U7z, WMESFAORMFEEERTHS. LT, Fig. 3.6.(b) 12, WEEYL /-iE
ENA L B EATOBESHDRELELEDHESEREZRL, TN ThEREH
THRY. ZIh ol FEEZI - 7256, MHIZE S50 ORFELKIKRT 2 2 LAk
TWAZeDbhb., X517, BEERTHWA A ZOBNRMIX, S0k £ IE
HIZRL, NHOEBIIEMETE22EIONS. TORD, EREEAIC X B58ES
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3.2 FEERER

fize, B—ERADDOBEDMOMIER G L ABEL I EDPMRTE .

3.2 EERER

AT, EEBRIZHWEZBEY, BERIZE>THEAEZT—RIZOWTHHTS. £7,
Fig. 3.7.12, FEERIZH W2 PhC Fv 7&, B2 PhC Bk %R 9.

b diameter

200 nm
210 nm
220 nm
230 nm
240 nm
250 nm

260 nm

W :764 nm ~ 722 nm AW : 2 nm 21 sections

Fig.3.7. (a) CAD design of the whole PhC chip. (b) The structure of chirped PhC
waveguide for the spectrometer. The lattice constant a = 420 nm, and the width
decrease from 764 nm to 722 nm by 2 nm.

AWFZE T, Fig. 3.7.(b) O & 5 ZiE2{bi PhC ik 2 A\ /-, 7@ 420 nm
e LU, Az EAREREINTWS, EiE 764 nm 725 722 nm ¥F TZILL, &t 72
YarvOREXIZ AMOTHS. TDRD, k7 aviii2l THY, HiFEeEOE
X, M0.7l mm THD. BREEFREHEESIZEVWTERP RSN TED, 200 nm 75
260 nm £ CT&KEIL7z. ZDOF v FIIFEEEMBEMZEAT (AIST) IT/ERZMKEL 72, 1k
2, 79422 D270 BICEREEEDLEM» SN2 AL, EICRESNTWSA
AZEHAVWCREERBIE L. Fig. 3.8. IZDOEREZ2RLTWS., 707 71 LVDOEM
WIFEADERZRLL, GAICIZREOHRETEZEEREZEH L TW5. KX TIHE
HEDORAWEERBERL R >TWVWDED, REDORADFEEFSIFEE LS. k77
VD —ya VERRADLEEREE2 R =Ty T 5720, #%ETIHERE 240 nm O
BErEHWTHEDTWS Z 2 L.
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diameter
1608.00 nm 1630.00 nm
210 nm

1577.22 nm 1613.50 nm
220 nm

1553.09 nm 1585.25 nm
230 nm

1530.02 nm 1569.43nm
240 nm

1518.61nm 1551.27nm
250 nm

Fig. 3.8. Experimental profiles obtained by each chirped PhC wave
length band where localization can be seen is shown on the right of t

IRAXS [

wavelength

range

1608 nm ~

1577 nm ~ 1614 nm

1553 nm ~ 1586 nm

1530 nm ~ 1570 nm

1518 nm ~ 1552 nm

guide. The wave-
he profiles.

+ I
-5 [ cvos 1x5
-. ]

A
BRI l/

Fig.3.9. Experimental setup.
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Fig. 3.9. (ZEBRRAZRT. ALV —¥IE SANTEC #DHERZ L —¥ [TSL-
5101 TH5. E—L ATV v X1, 21k ZHh THORLABS #®» [CM1-BP108],
[CM1-BP145B1] TH 5. Y=L ATV v X 1 DEILITIET A RHA RDRER-TED,
Fv T EBHETL2AERANINT WS, E—L AT v & 2 Ta[FLMHEEZE £I124
BEL, CMOS >3 T%¥3 5. IR H A F1d Goodrich #: [SU320-KTSJ, CMOS + >~
H 1k The Imaging Source 1: [DFK 72AUC02] Th 5. WL > X Mitutoyo £1 TM
PLAN APO 20x | Z{#HifH 3 5.

I, FEEREBRIZB W THRESMVILOBBRLE R0 2R T2 H6ENH L. BIED
7, WREEEUZIREBTEOANEEZ B, BREPED X SIZET 20 % R
LU7z. Fig. 3.10.(a) IZZ DFERZRLTWS. ANEEIX 1560.95 nm (ZEEL, H5 =
DD VIVDEZMENRED IS IZE L TWAEDE2HERALZ. 2O e ANRER
B3 L EFEEIIAREIC EALTWE, HABMETHENCZRE Z L2005, T
Bory MEZ A 16bit D728, HFEEDRKMED 65536 THHZ EVHEATHS. Lk
D3> TAIPEDIRE D TR NG EIXEREEF L TUE W, SEFHNTUE S Z & A
RTEZ, TNITMAT, BHBIZIEIATIRKET DA AP A>TWB7ZD, TOE
LEETIMBENRDHD. ZDONERS AU TWIRWVRETEHGZEGL, /1 XIF
We UTHM Uz, Fig. 3.10.(b) 1%, /1 ADOFER2BRELZZHEALE, BEA
TOBRESFDORLUEOEREREIK L2777 TH5. b, HEMNPEMLARNES
ZAAZEEE ASREZHIRL, HZFEMEZ2ERKOFEELGMAICEL, — kL. Z
DFERDP S, WBEDMHEIRIZITIR DS Z L DHRE Z b5,
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Fig.3.10. (a) Relationship between light input intensity and a pixel value. We found
to be linear up to a threshold.  (b) Comparison of the result of two wavelength input,
A1 and A2. This graphs shows that the intensity distribution is linear.
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%45
T — % T & BREEER

FIETIEYIalbya—VEeEROMAT, 74 b=y 7&EEEREICE T 5 R1E %
AUz, ZOETIE, BoNZBEDMAEGREZ T, QIZLTHNaT T A2 LT
BEXELRIUATS. £/, TR THEONERERT.

41 BEER7ILIYVXLAL

BEAT VTV XL E, mEbfEZ ARSIV TV T X LAOMRITH
b, BOEROREOELREEZ RO HTFIEE LT, BEDHEINTWS B8, ik
I, NI A—-RZHCHNEL, MRz eRL, 22U D> DOEHNOMEE
KRB U IER/MET 25025 MEORMTH S, xEAHRBR—HlE LT, KFH
Y= VAV VRN D L. L= VAT UDP ORI R I S EROBEE L2 K S 1 2R
2 ZoOMEIE, T 2IHEZZEZRNS, RHEVIEH, /23R TKETE 225
ZBIRNZFRTW L. HEZZEZ 7000 MR % ik U2 N oD 5720, RefiEH
n 50, MAGOEREOELEZ KD D Z EWHRDBIRY -V THD.

411 BEERELE

BEE 72 F Uik (Simulated Annealing: SA) &1, m#b7 VT X LDO—FETH D, JA
MTORERE RO RHIZEGZTIVI) ALTHS. @EO XS RYEEZAMEST 5 %
TEEINZ, RACHEHITET7T=—V VIR oE /ME2ETVS. SATLVITY XLDER
7% Fig. 4.1. 12533, —f&AICH#EE 7L ) X A0%, 32 SEBAYNE K B N
M TNTRA—RE2ZAIRSE. — ) SA DIGE, /X5 A — G %D KT 7=
PMERT S, YATLRENERINTVWS., ZLUT, REFNGWVIREBOEE, ZDHEE
WIRFET DER%E2H 5T, TAMPELREINTA=—ROEAEHET S, REIMEL
H1IZONT, WEINIZbE2Z I TR, JRTORMMOBRIIRITTS. Z
DR &, FHEICKRIIX D505, FrfIcifR I iz <, B2z LUETZ &I
EJTWwWaEEZ5.

RIZ, AR H T EBE 0 VIEOMAAEZFIHT 5. #iETIE, REDHEESMA
B THE L BHRTE 2. D0, HEEBHEANC X B RIEOBEN Ly
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4.1 HEERT7LIV XA

F, WADEXSIZRT I eV,

Lnals = Zaz’fxi (4.1.1)
i=1

ZIT, BEEEANEZBETIEEEZ Ay (k=1~n) &35, HENTE-KREAID
MESMHDT — X ZRIELTHNE, &5 RMOEEIPR AT DD AM AW S 7B
IZREARE A DR a; DEE D, ULedio TREMAT VT Y XLz HWTHRER d 2K
5 Z PR NIE, FNDARY MIVIEROFREFAER L 5.

A

Cost

T

Fig.4.1. Schematic image of simulated annealing algorithm.

MRIZ R T DITTHIRLETD. HAEEOWE N 2ANTEZ L TRV @E
DT —=2% I, 235, 2—7v b3 BEERREE N nm & U, EEDMEED AN

DBE, BBELTARERES T AMIE N/AN 255, ZOREI I AR En LT3, =
DESIZ, TNENOREEZH— AN U TESNIRENHET—XE I, (k=1~n) &
FOTZENHKD, WIEBTH T 2525, BRGHIRT = (L, L, ,1,) & &
#HINDB., THLZOEBIFH T IE, AT MVERTRZ MV S = (ar,as, -+ ,an)T
YERENET — X T 25501 217518 75 Z LAZHEE L2\,

[ =TS (4.1.2)
Eq4.1.1 & BEq4.12 1%, £HE3E2 < ALEKE/HORTHS. WIT, H5KRA
DARY MV ERKOWENBRANEINEZGEERZEZD. RAIDARD MIVERESREE AN IZ

SBOEILE S ITHEEL L AT ARZ FVDORZ MVE S inown, 155 N7 A 16
F— R % Lninown LB, TOBBTH T 2RELTHE, BT LTY XA%HN
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T Sontnown ® R T 254, 85 A —XZEHB L OHNBEE, HREEEIUTO LS
CEEDHONG.

INT A=
Bl EENRTA—RIE ar,a9,  ,a, THY, Thbb SOLTOEHETHS.
EES[ESE:
TIUTYRLZ Ko THEONEZBESMHOM TS &, AT NVHRREOEREE S
#i T — & Iinknown PES 2R THNEEMREI NS, BWEKIIZHELETH
D, ZORRIZE > THRIMEEI RS, UL UABEKIZIE, F ORGP ERK
EEOMTHIR R PV ORERZ LKL, PHETRMEL TV 9 &2 RTHEET
HHZELEFELTHD. AW THWZHEBUIE, FI=RHEE (MSE: Mean
Squaared Error) W IEAMBIHZ fiV /2. Gl 32489 5.
HR =
NS A —REIAIE BB, FEEASLE (ar > 05k 1En AR D ERE) 23U 7.

DEnZ e %aEEx, b7 VI XL2HWEZARY MVEBEED 7o 22§D
5. WDz, B—HEEZANL, TOBRENHT— X2 EML, EBTIIT 2Rk 5. K
12, BURLZRAIDF =R Tntown K UT TS & Lntnown DEDPNE L5512 §
DEHZAZLIES. ZOLEFEHEIEIIASBVESGKEMITS. TOENNIL RS
1290, S5 Sunknown (FDE, ARZ MLAFMBECTES. Fig 42. 1070 —F v —
N&RT. Fig 4.2 IGRTED, TATY RLZER VAT LRE T RNEHEINS. C &
KT A—RZOEHIHD I A NEROZELER, U, C >0 054, 3 A MEIRORKA
TEHADNTA—RETHZ I %2EHERTS. LT, RIA—REL(LIELLE
12, A2 PEROMEAREL R >TLESZBATSH, exp(—C/T) L WS HERE S 5T,
LAEHBETSH, TNDPBES R LIEOBMTH Y, WEIZET 235 A —& T, Thn,
n ZFHITH LT, BRABRT—ADARY MVEREIINIGT A Z L ATREE 55, 7
B, WEIZHDE:35 A —REEHET HMHRIT, BENESVED 2 MNEEHEIZE
RELBSRVEFIFLEL 4B,
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( Start )

Set temperature : Tipi , Tfin

Setdecay:n (0<n<1) Set target Iynknown
Set initial parameters §

Change the
parameter of §

Measure the
output signal TS

Decrease system temperature Calculate the cost function C
T=Txn G = Lunknown = T5;C = (= G4
ifC<0
ifC>0

Accept the change
if rand[0:1]<exp(—C/T)

Reject the change Accept the change

T< T |
[r<m ]

False

Fig.4.2. Flowchart of Simulated annealing algorithm.

412 T—YDOEBE

WIT, EREGORESEIZ O WTHIT 5. AWskEE i, AIST ® YNU-STIRI ®
Fv S E N, WA T 4 b=y 2 5 R 15| Thb. X—7y
MRS BERERRICADE S 2D, FEN 240 nm OREEEEIRL 2. KT
% 420 nm TaH 0, EPRFEEIFIX 764 nm 225 722 nm £ T 2 nm 9 2, 80 FHHET
P oTWL. BIETRREED, BIEIC L ZBENHEIILTH 572012 13 EE %
BRI S5 2 & B, Db, AJBERER S A T BELZET DBHEND 5.
AT DR Labview OBREN S 7 BEEOHENARETHS (OPRI ~ 7 £TH D,
BFAKEVELREDTE ). FREOMMEWAT 5720, #BPERANICE T
BONFRENAT — X BT B RABEMEBA LK. B, Ky TV Y IREER L
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4.1 BEEERA7LVIY) XA

DR NEIRIE MY I V7L, /A4 RAEREREL TWS. Fig. 4.3. IZZDFERE2RT.
nE, WA TEEIX OPR4, AU —F —15dBm T—ETH 5. ub, HEMFEIT
1535 nm - 1555 nm TH 5.

a 10— —
| | b 1535.82 nm
9 3x10*
3
>
E) 2X104 1550.81 nm
z )
3
s 1x10* 1
:L_,Mﬁa 1552.37 nm
o ! - ;
1535 1540 1545 1550 1555

Wavelength (nm)

Fig.4.3. (a) The experimental result of the max pixel calue of the intensity distribution
when inputting each wavelength light. Near the coupling is cropped, as shown in the
white frame. The blue dotted lines represent strongly localized wavelengths, which

profiles are indicated in (b).

ARDEYD, WOy FHEIIL 16 bit TH D, fm®t05é?ﬁmi%w6@
»%. Fig. 4.3.(a) DHFE, EOANPERICBVTHEBZMEIMAL TWARWI & HHER
T&%. 7z, Fig. 4.3.(b) I&, Fig. 4.3.(a) D55, HAHBEMDOKEVEENHT — X
Z 3 DOMY EF-EBETHE. TNODRRIZE T, HEICK > TREDR I P HEHT
MWEZDZENDND. ZNFREREIZLET7 VA=Y VREEEZHWEZZODTHS. &
B, Iy TV IR, BREEADOIS YDl TT — XENTICHWS (ERER).
Bk 3 BN DS — b TIE, Ho 72 EFEEIE 1535 nm - 1555 nm TH 0, HEHFIEIE
1$20nm &7 ->TW5a. FEBEKRIE, 1560 nm -& Y BREMTHEMHERTE 5. 20 nm IZ
MA7=DF, ZHhEHREILT 2 LRIEORBIWMLTE, HELEOKELRELTLE
5 LYW L7272 THhB. 1560nm LA EDORKED AT X2 REK, FiEEREEDO AL
MIETHELS. ZD720, RIEDEBENIEFICR REEAIPHRTE 2. LrL, WE
DEGREED - DI EBZEORIFNIME S 2 BB D > 72, REDOBRNSR—VIZEEE2 A
LY, RMBEDFT N NZ =13 4 ZIZHENTU L, HEEOKEIMETL
2. FDD, KWENHMETEZS 1535 nm - 1555 nm 2 X —7 v b & LTI 2D 5
IZEST=DTH 5.
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42 T—4 RN

WBESHT —REHVTARY MVOBEEZTIGE, ANOBRESGT —XiE—
WTEDRYZ MVERTH B BERHD. TD72d, Fig. 4.3.(b) D& 51285 N7z
T—XROEEMEE, K EEGFICRNZED, [EHRE] Lz, Z0L52H-
THBEERITANZ . Fig. 4.4. ZZ20 L5 L THESNZNHRESHDONRT ML E
KLTWS. IATEEIZOPRA THY, ANMEIX —-15dBm TH 5. WL LDIZ,
1535 nm - 1555 nm D EIFIZENWT, 0.0l nm B TT —X 2 E L T\, &)
%@ﬁ%iﬁv70/ﬁ@% Ko THRWHEE PRI ND 72OV RE, RIEDER
PFIET 2885 %, BIKEKIZih> THD L 7=.

x10% ' '
( :_)3 = 1535.16 nm
[ ———1546.20 nm
’5 — 1553.85 nm
8 7!
>
s
(V)]
c
g 1}
£
O a ol

# Pixel

Fig.4.4. Intensity map of each input wavelength, 1535.16 nm, 1546.20 nm and

1553.85 nm. Intensity is obtained by adding up the 3 pixels width nearby the cen-
tre of the waveguide.

421 PDEEEDEH

Fig. 4.4. £V, REOHMHD NI —VIFHEREIZE > TRESRRE I LR TE 7=,
ZONRR—=VDT—REEHEBEL, BEBEICHWZDY, ENFEaELVWEREE2HTE
LZODNIRMBTH S, FRERALPEVIZFERENX =V PN LB Z EIXIHATH D,
WATEDRANZORHT NA ZADPRSRIEELE VWA D, EESRELZRNT 5720
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12, AT MOVHHBEGREL (Spectral Correlation Function: SCF) & X 2 BI#E FH W
7. SCF ¥ Bq. (4.2.1) THZ 5N 5.

I )TN+ AN )
C(ANx) = TN IO+ D)) -1 (4.2.1)

I 2) ik, ABWEENCBI2 2 BHOE 2 LIVOEHEEEZRL TWD. () IXEES
$% 1535 nm — 1555 nm O RPRTFIH2ML I e 2EKLTW5S. Eq. (4.2.1) ® SCF
&, MHEMHBEBEHREIZLACHUKERATHY, ROFOERBIFLALHUTHS. 7T
kK, HEMBEBRBIZ=2DES, X7 MLVOEHLUMEZHR T 57-0ICHVONEATH 5.
SCF O oEkIE, T(\) &, ZZh5 AN RN KEE AT LTHS Iz T(A+AN)
DEBEZ KD, ThiLEEREOMALEDLEEENL, TOFHEMB I LIRS, IO
MR2S C(AN ) 23HT 5. 0%, 2TOEZRILVOFEHETD, AN =0 D
%1 & UTHIRILL, Fig 4.5. DfER%Z55.
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Fig.4.5. Spectral correlation function of the intensity distribution averaged over all pixels.

Or
o

BREE TR DBBIED E NG A IEZER A L. DO ESREEX, A~Z MVFHE
BREBD 2T 7 [Fig. 4.5 KBY 2 LML TEZRIND. LI OREEL S IRESREE,
A =0.08 nm RT3 Z ek~ Fig. 4.6.1%, 0.08 nm 72 iz —EOMRE
DEDHEEYIRT 525 7 TH B (1549.88 nm, 1549.96 nm).
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—— 1549.88 nm
= 15F ——1549.96 nm
S
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Fig.4.6. Intensity distribution of two narrow wavelengths separated by 0.08 nm.

Fig. 4.6. 25 &R TE 28D, BEDANEZ— VIR TEDIFE FFITHRR-T
W5, 7z Fig. 4.7. 1%, MESME ANFEREOBBEZKR L - <y T THB. W
FHrgiE 1535 nm — 1555 nm TH D, HESMHREIX 0.08 nm & UTHRESHZIEL,
< TaRENRL 7.

250} 104
200 03

>

2 150 gg

iy 1022

100}, 3
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(@)
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1535 1540 1545 1550 1555
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Fig.4.7. Transition matrix of a chirped PhC waveguide with randomness. It is acquired
by recording the intensity distribution at the center of the PhC waveguide wihle sweeping
the single input wavelength.
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Fig. 4.7. 1%, FXIZEBRBTH T 2R L TWVWB LS 2 5. MEHRIIOMEMEDBIZ
0.01 nm MR TEELTWA., LALITRTOMEFREZHWZ5E, FEEMIER
WWELS->TULES. Z0-OFMEZITSERIX 0.08 nm HfEOMEFEHRZHHAL 7-.
Fig. 4.7. £ 0, AJIHPRFEMIZZ 212000 TEREE GO FRTIcHELL, M7z
BEEOZMIZL > THEEAMHAVRESEILTVDE Z D005, F-MRESMHTE O
ERHDZ MR TE 20, THEBELEL YL v XD A RICERELE S, Y iEl
HELURWEDTHBEEZLNS. Fig. 4.3.(a) OB ANHEEIZ X > TRIEDEE R H
52N bhb.

422 BIERER

B—WEE2ADLUTCERBITHI T OXy ) 7L —Yavzizoizth, RAOMRE DG
I_;Jnknown c:;@‘bf, . ~
min || Lunknown — T'S||2 (4.2.2)

Dfift S & HET NV TV L% FHNTRD S [Eq. 4.1.2]. THbB Eq. 4.2.2 HiE{kI
BT 5EHWEKE 5.

U UEBRT —XIZIZBRE ) 14 AR, L=V OREMRT 714 AV MNe Xz &k 5 55H
EWBHDB-D, TNODREIZL > TRBIEDBENE LD LNEZO6NS. £ TH
Ll 3% (Singular Value Decomposition: SVD) & XN 2 #EIEAEF DY — )L % v
THEM L2772, £ SVDIZDOWTHNT 5.

> KESLE MR (SVD)
B BERED m x n 79 T I,

T

T=(uj, - ,u) Do : (4.2.3)

=yurv’ (4.2.4)

DESZ=EZDDITHNI RS 2 Z e RS, ZIFEFITH O [E A E 53 L 7=
EOBEMTHD. T IXHAITHDH, Eq. 4.2.3 1%,

T = alulvlT + O'QUQ’U; + -+ amumv; (4.2.5)

LEDENSG. 22T, TNENOEDMEEE 01 > 09 > - > 0 (> 0) 2725
K5 RET 5. D%, HEERHRBIIONT, T T BHEINE N
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ZEERT S, o WHREMHLITENTWEDR, &5 o 221, THEDEN
SIWRHERAEZ O ITEH L, F7-d AT Dy 2EKT 5. £OXNATTH % W
TT, 2HHET 2. 2070 AIRERES R 2 HWZRTHKRTH D, B
B ST-DIZHEMEE P RELMETIIREL b b T 7= 7 Th B 1811901,
Fig. 4.8. 32D 70X ADA A — VR TH 5.

T = U * r * V
(mxn) (m xm) (m xm) (m xn)
v *» Iy -~ 14 - Ty
(m xm) (mxm) (mxn) (m xn)

Fig.4.8. Schematic image of dimensionality reduction with SVD.

Zo7avAERCT, T %2 T, \ZBEEHZ, #HiziZ,
minHI_:mknown - Ttrgunknown”Z (426)

% B/MET BHR Sunknown & KD, ZOBRIZ L o> THEBONI REEH, D£H /(X
DB KR T 5 Z LAk 5.

Fig. 4.9. 1%, B—ERAD AT MVHEEHRTH 5. HEEFEHIX 1535 nm ~ 1555 nm
ThY, WESMHEEE 0.08 nm TH 5. T, Tan, 1 1EZHZEHN, 103, 1071, 0.99998 T
HH, S ORBEHROYMMEIE—HT 0.5, MOEL 1EDOLIEF0.01 & L. SHEODE
BT T OY 1 X1d 251 x 270 TH 5728, FEfEIL 251 EFFET 5. Fig. 4.9. T,
INE WA % 101 Y] 0 #T, 150 fHD A% L TRk A7 o T\ 3. Fig. 4.9.(a) IZ
BWVWT, HEIF 1538.04 nm 7°5 1552.04 nm FT2nm § 224 IETAILTWVWS,
T 517, Fig. 4.9.(b) i&, 1550.04 nm & 1550.12 nm @, 0.08 nm 7ZIF Nz DD AT
DODHEELERTHD. ZOMENS, AR ANEEDORARY MLV E EHIZHHETE
TWBIZEWERTE 7. £/, Fig. 4.10. 1%, FrREZG 0B THEEEZZ, ZOM
DNTA—=RIZFEMATHBEZAAERTH 5.
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Fig.4.9. Reconstructed spectrum with single wavelength inputs across the 20 nm spectral band.
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Fig.4.10. a. Comparison of peak amplitude using various singular value thresholds ;.

b. Singular value of at each thresholds o;.
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TNENFIIRRME 251 M2 2 THERLUZGEOME, #IFRRM 150 [, 7RidkrRmE
50l L 725G DR TH S, RBHOFMERIT Fig. 4.9. IZHIBELTWS. ZOFERHD
5, BFEME2TARTHES L0, BIMEZZKITZIEDH 1542 nm — 1544 nm [fHETY — 27 {#
NEELTWBZ ehbhsb. UL, ROTF—AD XS ICHREZYVIBETTES LK
WK ITELTE, KATEMEEEENMET T L MR TS, b RELRRRMED
fillld 315011 TH H, OISR T 2R RMEDMEIE 1056 L 72> TWE DY, J 1 KR
RERAITIT > TW\WA720, HRWIZIEF ICRMABETAI TH-o e FHIINS.

WIZZWEATDARY MVEEREE2FT o2, BBEAHI T OF vV L —avifs
SBE, RTCOR—FEREANZHEL, MESHLZIETIMHENH L. TD7D, FEL
RERFIIBWTHELZRG I8, BEAMES SITHGZIEL TV, LrLZDY;
&, BEIFOL—FOTNICL > CTHMBEOHEENMIE T T2 e ibholz. TDD,
TIHEATDOARY MVHELEEZEZLBIE, OOV —FOREEZEEL T IKEAS
DHMENEE L, A1 Y FDon-off # L THHEATIDT =X LTHWE. b, &
AT DIREDOYIER T DD ST A —R1%, B—HEATDART NVE#ER L F U
BAEZ Wz, Fig. 4.11. ZTREA D AR MVEBEOHEE2R LTV 5.
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Fig.4.11. Reconstructed spectrum of an input composed of two narrow lines separated

by 0.16 nm.

ANEEL LT, 1549.40 nm & 1549.56 nm Z AN L TWA 728, FIEEIZ0.16 nm
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DAFENT WS, Fig. 4.11. 6, TR AT OFHBEIIERE ITHEE LSR5 Z &A%
MTE. T5IT, ARZ MVHBIRE K b El U7z R #EEE 0.08 nm (2B \WT, 4
IRKEECRRANRD MV AT 5 2 &k, Fig. 4.12. 1& EEEARZ ML O R
DENRTA—=RDHEBERLT NS,

a
(x10°)
—~15

—_
(@)

Cost function (a.u

Accept

Reject

Regular

0 10 20 30 40 (x10%)
# |teration

Fig.4.12. (a) The transition of the cost function. (b) The transition of the parameters,
“Accept”, “Reject”, “Regular”.

Fig. 4.12.(a) 33 A MK Z XL, (b) IE"Accept", "Reject", "Regular"dZ N EH
DNRTA=RDHBERLTWS. "Accept"ld T A MEHEIPWEINE LB EHET
% E#, "Reject"lFBHEE X N B2 L& 9 5 EE, "Regular"id 3 A b BIEA W E X
NEEEEAT Y FLTWS. THoDFEPS, I A MEBAREIZREA T 26T
X "Reject" DEIEA D2, [RIBREOBEEBENFREL 72 5. 3 A MEBDEDE S I
%lzoh, "ReJect"O)IE]*ﬁfJ WRIZIZIEZZ U0, RFOBRZIT>T\W5Z tb‘ﬁﬁ?&’c
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