RS R S SR SR Y
FALim =
Department of Mechanical Engineering

College of Engineering

National Taiwan University

Master’s Thesis

I I G TR BHEETFEI VP ] 7 a
Bound states In the Continuum based optical grating structures for

Physically Unclonable Function applications

3 /;D%x

Yuan-Tai Ho

s flER gL
Advisor:Chien-Hao Liu, Ph.D.

P EAR 3£ T

July, 2024

doi:10.6342/NTU202403027



£
ATy

AK - BREMOLFE R B ERL e i RHAPLERE 5 F
AT F A P BETE B R R R R o R AH ST AE
F{LF- é]mﬁ*'ﬁ”’OL_Ixt ML ﬁPF’”"\’]UfE“””*‘ﬁﬁuﬂii“éﬁ?i&i#ﬁéﬁ"

£ Mm@%ﬁﬁﬁﬂ@&mﬁ%iﬂ’gﬁﬁﬁ4{§gjﬁ%,1ﬁ@ﬂw

A2 S L AR R 0 E PORER S IR SR B R
RIS FRAAATE R R R R P A R R R R R
FRERHEI P e R KFRADT] o

ko Ay BRI B RS AR EAH 26 TR

LHEP I T F RIS R (AR DLEEA LR Y D
¥ RERE G ke R ¢ e e R R

fppF s A4 &R BRIO 5 £ S RI2 75 % 122 RIL 0l BER A P 0 Bl
NEERACFERDEX R HBRLT K FANEGM CST &2 5 ok 7 - g
HRABTE GHGER A B RPp ol  RHIRE L BRERMS
EIT E W BEFVEAL S S F D - -

EMLFTELEIE < T B s BTN R EMA Sy
B RHR P TR R OF SRR EHRE A - Aze R RS

IR EOB L TR T~ H Y B BNNE o § 5 §8_meeting

PRI PR B LT g RS RN A HR T o

e
o
&

B RERHA DA LRA P - B0 R - R
%@jﬁi%’ﬁiﬁﬁﬁﬁm&ﬁé’#iﬁﬁﬁﬁﬁoﬁﬂﬁ§%§%?ﬁ%

TR EATRAFEAT L Lend S R e

doi:10.6342/NTU202403027



B

FEXRCEFAIFE 2SS T ARG Ld 2 & BT R BT >
Mg &2 Ap Rt B BipnF R ap Liom® RAg2 WK > f 0 B
EAFAFER S PRAT FUA G PUR)FL - BANHMOE 27 G {1
PRARY T RL BRI f CBRCERR TS PR A2 e
AR gt E BAmEAF W D "0 B AR 'R o PUF cb gt {r7 ¥ 4
BAERS 5 2 4o g en T x|
AP TR EW A S EBIC) i PUF Hpie? s o p 34 2 Z B~ F
iR E A {72 F 'L F 0 2 BIC ey 715 (O factor) 2323 ¢ BT &
L chdF s 5 iE i %k chE & T3 (Fill factor) -2 B BB B £ 25 2 B
BBL(EP) B 2 R o R RS { F AR RF
W AT T R S 0 5B R 2 T B R B B ATT e S A
VARG ¢ B A P ehp BB $H(CRP) B AZ o B fs MR T B e BB 1L L
%3’4%{ﬁ?%ﬁ’ifﬁﬁﬂ%%ﬁ‘@*ﬁ‘?iﬁiéﬁ’iéﬁiﬂ
B 735 T B HTAT 7 P SNE 48 14 0R) 3R (NIST randomness test) (7= =t 3% » P 2 &
VIR G - BE DT g A 4 B o
SEE R Byt 2 17 (10k BB ) A8 3 97k 11 2 BIC-PUF B4 7 AR 5 -
BRI PN EE L R Hagd cvi- 42 F R4 S8 Ex~ Ey ~ HDiner » HDintra ?
Tya@ A i 0.9595 ~ 0.9976 ~ 0.4969 ~ 0.0393 5 % £ A w5 0.0986 ~ 0.0032
0.0351 ~0.0352 > i ¥ id i% 7 NIST randomness test = & # ¥ #73% 112 BIC $icik PUF

AKT UBE T iTiochkerw B o

«‘ﬂr

BEs i FEAT RSN  RFHALE R BN BT RS  ERF R
12 PR 7 ATRE S MR

doi:10.6342/NTU202403027



e

In recent years, with the rapid growth of Al algorithms and edge computing hardware
devices, the importance of data storage and architecture security has also increased, and
the requirements for data confidentiality and anti-tampering have also increased. In
addition to achieving information confidentiality through software, Physically
Unclonable Function (PUF), as a hardware-based security technology, utilizes random
variables that are unavoidable during the manufacturing process, such as air, humidity,
temperature, etc., to produce minute differences in the structure of the chip. PUF, as a
hardware-based security technology, utilizes unavoidable random variables in the
manufacturing process, such as air, humidity, temperature, etc., to produce minute
differences in the structure of the chip. These differences are extremely difficult to be
replicated, thus reducing the risk of reverse deconstruction, and the unique randomness
and non-replicability of PUFs give the chip a unique “fingerprint” as if it were a chip.

This study investigates the application of Bound states In the Continuum (BIC) in
PUF technology. The content is divided into three parts, firstly, through numerical
analysis and finite element simulation, the quality factor (Q factor) of the BIC
theoretically tends to the infinite characteristic, and by changing the fill factor of the
grating (Fill factor), the light mode and the dark mode overlap to form the Exceptional
Point (EP), and when the structural dimensions change slightly, the characteristics of the
modes are frequently changed. When there is a small change in the structure size, the
characteristic frequency of the mode will change significantly. The simulated reflection
spectrum is then converted to a time-domain signal by inverse Fourier transformation and
convolved with the input Gaussian laser to simulate the Challenge-Response Pair (CRP)

process of real-world body recognition. Finally, the received signals are digitized into bit
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strings, i.e., chip fingerprints, and examined for parameters such as randomness (Ex * Ey),
uniqueness (HDiner), and reliability (HDinwa), and are verified as a true random number
generator through the NIST randomness test.

After a huge amount of statistical analysis (10k), the BIC-PUF structure proposed in
this study has Ex~ Ey~ HDinter * HDintra, Wwith mean values 0f 0.9595, 0.9976, 0.4969, 0.0393,
and standard deviations of 0.0986, 0.0032, 0.0351, 0.0352, and has passed the NIST
randomness test. The standard deviation is 0.0986, 0.0032, 0.0351, 0.0352, respectively,
and has passed the NIST randomness test. The BIC mode PUF proposed in this paper can

be extended to near-infrared and visible light applications in the future.

Keywords : PUF ~ BIC ~ Exceptional point ~ Infinite Q factor ~ NIST randomness test
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TR e R % > % > i 52 3 BIC PUF en- B 37er ~ 8L o

M. Yang % 4 & 2023 #8417 - EHA[B] #7757 F s 75 B8

(Exceptional Point, EP) 2 #_%F 7+ 2 #k(Divergent Exceptional Point, DEP)F# » 4]

1-7 = RI9T7 o ST ACE Rl 2] 42 5 € 4o B ¥ 0 S8 S 2 2 A R iR dR
W1 Mg R e BEATS ET LR S B AL AT 2D BB ¢

Ap 3t Traditional Wireless & B35 35 ¥ 0 Tx # » Standard EP ¢ Tx #3 & 22§

B 5 RLC T B > H ¥ g (eigenspectra) .+ £ BE(exceptional point, EP)* 41T § # =~
*FEE N o @ DEP R Bak 3¢ 0 Tx 3 & Standard EP el # F 373 1 - LC ©
o @ 2L L"RLC"HRF F-"-RLC"IRT BA - Aid 3 FaE HE5 T

LA G pgRY o e A DEP R KM s
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b Standard EP

C:AC -M; C+AC i60
v | V) [
~ :' §; i 0SS N I\ /

~
T~ 0 \.\‘
-2 _‘Ho £
0 B -2
Reli] o

Bl 1-7 (a)DEP (b)Standard EP (c)Traditional Wireless Setup 1% B2 3K 3+ 22 i 3

(pseudospectrum) [3]

Bl 1-7 + 0% ¥ (pseudospectra) £_+ $r4F 5 e F $Rm 304 15 Bl > ¥ 1 LR T
Bt 6 DEPcha AR T 6 A F F F L 5 Rileha ® o » ,T&{%TL L a7
L Rt v 1 ER 1-8 5 40 B 1-8 A% tdp b WAL (£0.001~0.05% )<
BACEM A F T 0 EIRAE K i £ 5 (errorbar) » 3R E AR (N & 1L s 7] 0 T
g 4 A 41T DEP & £ EP PFeamg A thbc+ > @ DEP 4p4>t EP Rl § { =~ a3f 4

Hom § it anddp 7] > H i & PUF Mt e g dics ;"j&% AT AR > 4o B 1-9 957 o
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c Traditional Wireless Setup

a b Standard EP
3.5 3.5
x=0.65
3.0 3.0
25 2.5
g g
T 20 E 2.0
1] @ el ——
€ 15 r 154 ?/- -
1.0 o TR
0.5 0.54—L :
0 1 2 3

Bl 1-8

4RI S 2 A [3]

(a)DEP (b)Standard EP (c)Traditional Wireless Setup

Re[w]/ay

3.5

x=0.65
3.0

25

2.0

- — .-
[

15 2.0 25 3.0

AP R BT

1-9

DEP Standard EP Traditional Wireless Setup
1.0 ot oy e 1.0 sy g T 10F . R
Tot e mimale . e o . R
w o5 w 05 w o5
00 64 128 192 256 00 64 128 192 256 00 64 128 192 256
Bit number Bit number Bit number
10T e e v e e s v e, ver e 10+ s . v 1.0
W os W os Wwos
0.0 4 7 10 13 16 00 4 7 10 13 16 00 4 7 10 13 16
Key number Key number Key number
d 55 e 3 f 7
30| M Inter-HD § - 5006 #=04911 60 u=0.0219
25] M ntraHD || 5=00277 15 o=0.0603 soll o=0.0126
] 2 2
€ 20 € € 40
S 15 8 S a0
#=0.0171
104| ¢=0.0103 20
5 10
0 4 0
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

Hamming Distance

Hamming Distance

Hamming Distance

(a)DEP (b)Standard EP (c)Traditional Wireless Setup 7 PUF %-# Ex ~ E

HDimer N HDintra i ﬁ" [3]

A BRET ABHAY PUF

BIC &

£ & fid i PUF fLil Slicems 5 5

d L. Ferrier & 4 3% 2022 & 973 4% 1

10

) R

o

GREE T

mﬂ%’ﬁﬁi%4ﬁ6$%

HoRE & 75 2 EP ci A% 0 4o )

JDJH;H’ 4;

HIR A R R B P
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B 1-10 £ = 3|+ e L F] 3 & % 5 03794 ~0.4803 ~ 0.5907 > B 1-11 #3& %
F]1+ 5 04803 £4F 5 = W AR §p{s 0 (B P ek JRAR FF IR g IR T error bar

S S TR -

Energy (eV)

Real(2 /2 Imag(S) /€2
Exp . ( + ) ~ Sim | Exp . g(. + )
S 242 >
) £
S 24 3
[ cn
2.38 4 . . } . J .
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2
k (um™) k (um™)

B 1-11 3 2 %5 5 04803 pFers Jr4f 5 F s ¥ gt [19]

IR TR LAREEEHERE LT FAFRRL R L PR
i BIC & st? S~ EP enA) s » B F WA Y cth 8 304 1% 5 B8 B8 1o

Response B~1k 4 47 » L& H PUF {i0 &2 8 & #Cfh fr b i~ grn PUF st o
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LS@%%?@?

131432 v i 45 i

PUF ¥ 4 B % ¥ 043¢ 5 ) d Pappu & A >+ 2001 & 3% ! 77"Physical One-Way
Functions” s A [11]> H #40 § & Sdiccna £ Wi & & KR > wif QiLh 1
B ’T‘ Bk oz AT B R rote B R 2 R AN i
R - AN D BTN ARG FEO R L AERT IR F w3t E a0 Blde
FHEAD R ArdidcH B 3 e B8 B2 20 (R AA R EPR A HTLEH
S T - AT iR T @) R R SR R A S F TR R DR
Mo R R B 2 E G TR AL o KR 1127 stk 2 g R

£ 32 PUF s o

A 3D token 2D speckle 1D key
LE
laser interference ! Gabor hash (MR IEIITREID

>

=

@

c

b3

—

£ 0
o

= 80
3 column
o

7]

Pixel #

Bl 1-12 (567 HBHHED - 2T 5 LR EHR AL b4 b)F F > b

renkp g O[11]
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0.75

Bit probability
o
o

0.25

20 40 60 80 100
Bit number

B 1-13 Pappu % 4 7 PUF & s By [11]

F15 % P PUF (it $8cen@ &Rl 3 - > #7102 Pappu £ A & A B - =
BEARERE By e Bk - KR ArA 4 abits R Ex > H T

BE s 1 4B 1-13 #77 o

1 —e
c
2 0s8f -
=
2 —
w 06} -
2
T
N 04 1
®
£
s 0.2} |
=

0 1

0 0.2 0.4 0.6 0.8 1

Normalized Hamming distance

g] 1'14 Pappu '%f‘ A Eﬁ PUF ,:‘4\ ,2‘/“"—» Eﬁ HDinter Afr' HDintra [1 1]
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B 1-14 ¢ ;¢ cnk iFB ™ % % Fp PUF K & 2. FF ervt i & ,T&{HDimer’ I
L ERIA AR - PUF £E 247 B0 Rt o ARJR1T 0 1 L ARFE 2o
J'] /—T"&{HDintra ° E] 1'14 t’ HDinter ':’fj‘l ij;—vl/—é;{o.so > ’]‘%v"gig\o.()()ll ; HDintra E’fj'l

$atE £ 025 1% £ §_0.0047 #7127 1218 2 Pappu % A 7 PUF % Siri— 24 42

U

“J

Flt e o
.4 PUF énfdsg 3 & 5 & 5 Silicon PUF ~Memory PUF ~ Optical PUF ~ Magnetic

fra
flm

PUF > & < #-4 % PUF 3¢ B fE4% > &7 % #-12 Silicon PUF {r Optical PUF ¥ 5
R AL
Poav k- A bt 3 & PUF #isan8_2005 # ¢ Daihyun Lim % 4 #7833

[20] > 546 6r fo & ¢ A B R BHPUR s B4 H U4 7 Afifod 2

EFVIFATL AT BEEGHEHSR I LS P LB AF U LR
RET PR ELETERAR WERATTATROPEN L F 2T 0

(Fahw] o 2R L Km0 PUF ehf ¥ (4o 54 L7 ¥ PUF § ¥

oo @RRLET o

Switch component

-4

I -_— — | assssss:x Al'blter 1

A A A A A A

by b, b, b, by  ba

Arbiter-based PUF circuit

_I Arbiter 1
I
A A —'_ Arbiter 0
b=0 b=l I
Switch component operation Arbiter operation

Bl 1-15 At 3 F e PUF 7 8 [20]
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EEL B EOF B AN LA GDPUF X REAAT IR 2018 & X lu
fo L. Hong % % 4 4 7 A3tk 3 S HWILH *THE L 0 PUF - £ 3 & 42 (Photonic
Crystals) £ - 85 5 ¥ WA T FF B 375 F T F R o k3 SRR 1t
BAE G SR L il B G WP R R
WY R <fﬁ“§fﬁﬁ%&iﬁﬁi?ﬁﬁtﬁ~%ﬁf‘"*5’5’—*ﬁ€§ Lo ith ¥ FOERR
"R AT RO AR CFEF AR T A FHKE @
Fib (s § B R i A B -

1200 £§=15 £=3 Pass Stdp Pass
Band Band Band
iz L, =200 nm L,=100nm < -
g - s '2‘9
g — fy= S.Q
% — - £ 3 2 ™l
: - 3= 3.3
; - t=p34
|
- |
k Wavenumber k 700 850 1000
0.8 y 0.8 Wavelength (nm)
8 | Zsuni wo o o | 250
= -6 Unit 3 ol
< -9 Unit & s
£ g | =
F = nm
504 mrrapT - §O4Jmm
g
= |
0 0 == =
700 800 900 700 800 900
Wavelength (nm) Wavelength (nm)

B 1-16 %3 8 4125 PUF el 442 22 2 4 W) [21]
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Inter/Intra Hamming Distance

0 50 100
Hamming Distance

B 1-17 2>k S WEE% PUF (oHD,, 2 HD, ., [21]

inter %

it < j& 5 HDineer <+ 3208 5 0.6376 ~ #2F £ & 0.0614 5 HDinga -+ 3218 0.0032 ~
B E 500057 &7 kT LA A IL AT B AN PRI E A BRI
Ly g T F e

M. Yang % 4 £ 2023 & % 9 3 R B4R 0 PUF » 4 & B30 £ 977 %

SRR B E BPE AT E A HE LRSS S BP S AR A
0 PUF » 2280 255 e 3 AR 8 LA h 2 Pl B @asnqT i or
Fren LC 28 > #3) R 3R4E F e EP %18 { 7 %47 > % = Divergent Exceptional
Point(DEP) > 4cf] 1-7 #7177 -

B iSiTh }gk DEP ¢ Ex ~ Ey ~ HDinter ~ HDintra 59 #3214 %] 5 0.93 ~ 0.99 ~
0.4974 ~ 0.0180 ; EP 114 %] & 0.94~0.96 ~ 0.4911 > ;X 3 HDinta ; Traditional Wireless
e W G 0.43+0.23+0.0219 0 2 5 HDinga > 4o B8 1-9 #75F o % 7+ % » DEP & &_EP

AR T Bl L R S T LG AL
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‘»

SLEFT G B PUF e & SSH ] 57 g ih 4> 920 PUF et & s R S
FI* Wi iEARY K pRAEL D) B LR AT BREF Lb- &= 9
BT g N R B T RLECE B F Sy BB R 5
Pl B ERE B BamUEg T L RS BRSO e B0 -
BB M- &= CRP - iiAZ4c®] 1-18 (a)*F7F o §F 2B M5 - B F 47T 6% (74
Challenge > #5587 K # & & {5 > = @ 7 — i Response 55 » 4-Bl(b) » £ #-17 3|
£ 5L AP~ 1k (sampling) @ 4eBl(c) » & {8 i ¥ L E e B K E S PR 4o Bl(d)
#ron o ipdt CRP ¥ & % 5% 2 R amu 5L » ope i 838 ¢ h g R 5L[22-24] ~ sk
F35[25-27] -

TABEE R FPUFs it fg 4 S % e Rend g o7 W BT A Sk 24

BLORREET - BT kehT 2P EBS 0 TRk P AERBIPRICF

BB H o R  Sen 2t o

by \ |
\[ V (v
| Response | o

___________

(b)

Time window(Cut)

Sampling

Cryptographic map
(d)

B 1-18 (a)PUF %%/~ 428 (b)Challenge 4= Response i pig b et 5L

(c)Response FB~4k (d)#-B~4k 5 % (74 4717 7| & 4%
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Wb T PUF R %51 LA i §2 N b H o Sdiefo B R 1 X

F PUF {75 2 VIERIREE » (o A8 A2 5 g%k 2 ALk -

g+ 4 BAE > L2 i (quantum states)il ¥ g &+ i B M e Fodh o H

[
~
=3
4
P
7’@‘-
%

‘.
V“iﬂ
4
T

BN ARk i 0 4o®) 1-19(a) E<0%57 » B¢ E & 4 thi
SRS NPT LR P LS SR LEVY T P
F-25 o §F R s £ I{ €)= #E & (extened states) » 4r ]
1-19 (a) E>O0#7 » Hax 2 g ¢h 48 » A nficg at W Tl 35 < ’JJ:T%'«‘L;’&_T—EF
EEFFWIBERIT b S HER

Ra > 1929 £ > von Neumann v Wigner = 4 L7 - fAF7RF R [28] 5 4o
B 1-19(b)#77% o = H@D) i b ? > T F Gk S Ak B i b eid

CEAPA R BRARE > T 5 BB B F B2 4 i (bound state)

[z

=

?\7 ?l-;ﬂ':'"—j—;_’*f’:

bl

1% 585 B Farg) e BIC o

T electronic BIC #_4 1 #ficfl » o »vigfh k g LU P s Fo 0 2
2 B f EH G s LI ht o Flt AR B Ei e T o REpE
W REMT PHRL PRAL[29-31] 0 ipd I ARSI HA Y T A A
B e e f A TR RIAR IR 2 (80 AP e s B F AU R el st
B 7 BIC ei3 B[32] » thA_fk 3+ &% %8 (photonic crystals)[33-45] ~ & /& ¥ (optical

waveguides)[46-48] & 4L ¢ o
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(a) “( Ar) (b) AU
o /\/\/\ Continuum
ontinuum
E>0 BIC
0 > 0 >
7 7
//"\\\‘__
Discrete Discrete
spectrum \ E<O0 spectrum
B 1-19 £+ B EfrdE L it R E>OPF > 5 4B E G

e+ o FE<OPF o 3 AL E L (b)BIC (hiz ¥ [49]

FEAIBREAASEGN Y hA R SR B A BIC A B Y @i
LI PRI AL I B kY B AR SR B AT L o Aok e
BRSO SR S g MO o )J%guﬁ,g TR IR T A FIA G T anfg bt
BT o AR F o oS L e S A R i R A ORI

R U - R
AR BIC g $ei 0 A Pk g £ B4 ehB IR o BIC el 5 g i

L FERR o it £NF ST RS 0 2 EF 2 A Bl 120 {4 &5
B- g

o %d PRAGT R  v 2 T R AERTRH([32,49] -
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Spectrum Mode profiles

A - ( \
" BIC
/\/\/\/\/\/\/\ Resonance
——— (leaky mode)

-

Q

=

(5]

=

o

s

- > Extended state
(continuum)
Regular

bound state

Space

Bl 1-20 k3%¢ HBIC T LBl o =% ¢ pRAEGFRF - v 2™ HL Yk

o L ALE SSECR B ag s [32,49]

I 5 g BIC #43 : Wigner-von Neumann's BIC ~ Fabry-Perot BICs[50-
55] ~ Single-resonance parametric BICs[56-59] ~ Separable BICs[60, 61] ~ symmetry-
protected BIC[56, 62-64]4r Friedrich-Wintgen BIC[65-71] -

BT hBFREEHE 2T [F*Je [34] 4 % #& ¥ & end f& BIC : symmetry-protected
BIC 4r Friedrich-Wintgen BIC - 2018 # > Alexander V. Kildishev % 4+ » &8 f4x }
A - RO A2 P EREF- AR ORI F e

FhEF n=225 BHAcB 121 “r

B 1-21 Alexander V. Kildishev % * ## BIC sn 41 & B [34]
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BRI REARY 0 50 LT ’J\% i i (plasmonic modes)[72-80] e+ 3 5 i
Phi* TE f&itcnT gk & (7~ 54k > P cnE & L ¥ jh@ s % 3 #5k (photonic

modes) & 3| B 1-22 (b)p: & 7] -

700 §

Wavelngth (nm)
[=2]
3

04

5]
o
o

o
Q
o

02
450

400

-20 -10 0 10 20 -20 -10 0 10 20

Angle of Incidence Angle of Incidence

Bl 1-22 F Sp$hpl £ o~ bbh & B ot 4] (2)~ Sk 5 TM AR (b)» Sk &

TE & 1 [34]

Bl 1-22(b)end & BARE LT » 544 & B E 02 B BB A 54

LR 2AEPOTHEAT o 4oF 123 57 > B B[R 2 IR H OB HE

[E|=\EZ+E +E’ » # ML & ik fr @ H4 fF 2 523k p 4[44,81-83] » LA &

ek 3 B -
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y (pem)

y (;zm)

-1 0.5 0 05 1 -1 0.5 0 05
X (pem) X (j1m) x (pem)

-

B 123 ~6fk 5 TE4B® ~ 544 5 2B ~ » sk L £ 5 (a)405.6 nm (b)413.4

nm (c)475.1 nm (d)485.3 nm (e)541.6 nm ()555.2 nm 1|E| & 1 B] [34]

FER RS HE1E 0 Mo Skl TM AR ch@ i > 931 1-22 (a)spt 3¢
B #mdht B 122 ()2 (b)eh £ B A ¥ LR T $HE K BIC e F-W BIC 4
WAt E 124 ¢ i d BB G ¢ B AE E4 L RES B EE BIC e
LA DRWRI DT 350 7 o d GRER LS AR PR B4R ZRW
EAdm L@ & eh o A L5 & 04 (bright mode)fodg #74k (dark mode) » & & B F B
P A L R
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800

750

700

400 " -
-25 -20 -15 -10 -5 O 5 10 15 20 25
Angle of incidence (deg)

Bl 1-24 4t iizeenph 54 R [34]

F-W BIC £ 55 R RHAE L+ il e~ & 5 114 RFAZ %G > F L

N

R A R ek S R § 0 F P 2 R A IR > o

Ao Rk IR BT 1S R RS T o

¥ e

™

g /\/_\//\ Friedric-Wintgen .
r=‘0‘

Angle of incidenc& Blc /

o 9722

B 125 TRELEE )T R )higs kit [34]
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i $HAL 3 BIC 4ofe 2 24 18 > Ferrier ~ Lydie 12 2 Bouteyre, Paul % # 3 # 3%
W o SR A P L TS S RRE BIC 0 R H0R oo 0k R

THFARFELF]FRA F W ERTFRIFE & )% EP[19] 4Bl 1-26 7

T
S ;
9,
>
on
5)

i
- i 0
05 0.5 -0. 0.5-0.5 0 05
k(um h / k(um h \ k (um™)
(d)
Real(Q /K2) Sim Imag(€2 /€2)
Exp | . X g =7 WS
242 =
9, =
% 2.4 ;’%
& £
2.38 4 . . I . I ’
0.2 0.1 0 0.1 0.2 0.2 0.1 0 0.1 0.2
k (um™) k (um™)

B 1-26 5 F]+ # Rk fom 0k R F [19]

A HCE N o HALGE BIC chh BEACKE AT R EF s
Flot oy e 7 iR s R g & > H g SHAp A4S L F [84-86] o Hriu i % 3 Sk
K %‘%g&,ﬁ?f‘b; I pE o T;ﬁ oA € R PR fods o £ A= EP o
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2.1 R AR I

211 55t x> 2
A P A TG LA Bl R RRET U AT A

#HP oA s T Tale NQ2.)2 24 % T

v.E=L 2.1)

o
V.B=0 2.2)

oB
VxE=—— 2.3
- (23)
VxB=yp,] +,uogoa—E 2.4)
ot

EwR

HPELRH He i [VIm BEBAHA L[V s/im' |5 p LT FH

L5 s

Bies[CIm] e85 Adfile - ¥4 Himsi[F/ml>x %3
[C/(m-V)] ¢ u L2 zREF > - ¥#> 85 [H/M > ~ %x%;

[(Ves)/(Am)]: JEdimma His[A/m’] .

LTl R AP &H LT BT

FARFEFS AP G
(electric dipole) > » ,T&%L?I: it o TP EQ2.0) QAN R H =

V-D=p, (2.5)
vxH =], +2 (2.6)
#9 DEZ M EEL[C/m ] 7 aa
D=¢gE+P (2.7)
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PrititRR ZBAFTIFa Rl pdpd EFFARI, Lpd TATRS
HEs$wAE s [AIm] frBREEL AT 27 ¢

B = uH (2.8)

21237545 81 4 T ik

BCRE Y TS R A TR B R R - B Sl § R AU T -
er T - BARHAATI P D RR A BT FRERT T R kR

435 P2 BRET AT S
n,sing, =n,sing, (2.9
v=_ (2.10)
n

—,t—! v n{#ﬁ‘k’f:‘ﬁ"?fﬁ ; ,1 )"B"Té- {#’T-Bﬂ'& ’ Vz[—\vloﬁﬂ\" /\;ﬁ‘t’ mf’rxi1§})§

SR F R ARG A ¥ € hdod Sip(cavity) E kL Jf#a 'FT
T ¥k (permittivity) * H#E AT FHEA AR FF > ERAEANFY T H 8T
AR A TR e Q)R R o AR GRS 0 R A fdn e R BT R

St BB AT A A
P=y4.6E @.11)
D=(1+4.)&E=¢E=¢ -5E (2.12)
By AT F 5 e AT ¥ 6 AAPHAT Rk
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PR E AT Gl BT At S L N e P Rk B4
AR LA ST SRS 2 S = RREE B L

B BT T W[87]

v 2.13)
Jeu
P 2.14)
\l gOILlO
n="=Jou (2.15)
\Y

FHAE? ZBT MR & 48...8) 4,705 10 Q215557 &% B 5 3
¥ RLeh:
n*=g, (2.16)

et F B AR G APl A T AN > FOUH AL

n=n+ix (2.17)
s=¢ +ig (2.18)
g =n"—x° (2.19)
& =2nK (2.20)

zz%a%#é;%

221?%

T (plasma) L% Sy it 4 - B 0 #ATF L nf M R AR
AR TR - BB AT (RS S BRT T R L S A S i g e
YE-FALNAERTIEATEGREL) TRQAF PR IR 27 &7 &
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$(1)>
#e A

7‘rfr"
— € A (2.21)
47[50‘F—F‘
£ 4t *T & B (Debye length) -
&,KT
Ay = (|2 222
o=\ 222)
® k£t % & ¥ #c(Boltzmann constant) > ¥ = £ [J/K] ;T 238 & - H =4 [K]
e A T HEL[C] NLFTRIEA  HeL|l/m’] -
RERAE LG - AR w IR LOEE S ERT - BHTDER SR
TRE g AR *ip ¥ (plasma frequency)[88]
2
o, = | e (2.23)
me,
A - RS T P12 A (89, 90]
¥ - aﬁu%m"l A i A B SR F’“&E@ﬁ_ﬁ'\,g}q_ﬁ-au,gﬂwy mA4 B
gﬁéi}'@ogﬁp;\ A fﬁ;‘:%&]]\ ’ :}“?ﬂl@_:} ik gt TR %[ﬂp\ , ﬂ‘.;hF 2 3 &E%_
I R
Ny >>1 (2.24)
FooRHERIEDR AL ANT B(AATE R ) MR REY 2k
BES TARFZF R 54 AT o
Ay << L
:;, = ';F: ﬂ?-}tﬁﬁ‘ N
SER

s ns s
IX Rg ‘E,{

(2.25)
COR B ART AREF AR L S E d BTS2 A AR
B i b g A p

w,>y

(2.26)
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222%&?%@@4

=3

B BT R poak K E TM T4

z

Y
! b

B 2-1 ARF-2K45 7R E

%=O,Ey =H =H,=0
tz>0pF
Hy =(0.H, . o)e(kx,dx+kz,,,z-ax)i
E, =(E4.0.E, )e(kx,dx+kz,dz_wt)i
hz<0pF
H, = (0, H, .. 0) pkami—k pz-at)i

E, = (Exm O, Jelbrert )

x,m? 1 =z.m

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

FHEXEED DB LR 4 4. 8 u T WL gy B LA 2 (2.3)

QAT - ey

_ oH
VxE=-u,—
Hy ot
VxI:I=eoga—E
ot
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2z=0p " f’%%@fﬁ:]{tﬁ:}: # Ex,d = Ex,m frHy,d = Hy,m AN I
Keg =Kem =K (2.34)

#228)~ (23D F »(233)5 » hz=0pF:

_ikz,dHy,d =iwe,e, E.o (2.35)
ikz,mHy,m =lwe,&, E n (2.36)
AR Hyq=H,n{"(2.35) (2.36);¢ 7 i 3
H,o—H,n=0
k k 2.37
L L (2.37)
&y ’ & ’
#¥ERL&EBFEH,,=0-H :0)435% v Ky~ Ky M R R
kzd kzm
—=— (2.38)
gd gm
%"‘Q;jé’,_?i i%‘:ﬁ;(kzd: A kz,m:O)’#’EK/% ’ gdf"ﬁgm’l}‘ g%fbf%*gﬁ % :TVL{
A T Tl d R A e
Fe PEF ok B Er &0 O enBg %
K= 2zn _ 27nf @ (2.39)

k? =n? (ﬁj - g[ﬁj (2.40)
C C

2
k2=k2+k =&, (9) (2.41)
' C
@ 2
K, =k?+k,,=¢&, (—j (2.42)
’ C
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B LQA4AD QAN B BT

k =2 | Labn_ (2.43)
c \’ g +¢&,

% #8184 7 #02] (Drude model) » — 4 F e /i & (™ £ o7 &

2

a
&, =&, ——(lossless) (2.44)

w

) 2
&, =¢, ——————(with loss) (2.45)

o(w+iy)
B4R %ﬁ#m'ET’ng%*J___ﬁ K, § ABiT Pl s Ajpw
E +&

AR TS S o ¢
Ocpp =L(Iossless) (2.46)
3O FaE A A BB 2 > 7 g I SPPdispersion eP& T L G E
Bk i (light cone) b » #7100 F & fig it M 4 & k4 ki {7 & £ 4 7 (momentum

compensation) °

K .2 (2.47)

compensation A

BY ALE R h LR -

31
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0.8

0.6

0.4+

co/oap

—— SPP dispersion
02F —— SPP dispersion after grating |
light line(0 degree)
light line(90 degree)
® intersection point

0.0 —_
00 05 10 15 20 25 3.0
kyc/o,
W 22 A5 RFEEF I ACH
B (5 2958 £ 47 1 {2 o0 SPP dispersion {r4345 » & & & % i* e light line % 2k > fl-&'v"

v 35 F] 5 % SPP mode # 4 dug FX o

23 - g R akI: A

ek S RER S AP FERRE  doBl 2-3 #E

dielectric

A

metal

B 2-3 -azEkdT B

g R JRHCAE R G 27 BB /LR 4p % 1 [82, 83]
m-2x
k = ,m=123... 2.48
L= (2.48)
d Sk ik ends EAF 0 5
32

doi:10.6342/NTU202403027



271

k,=—— 2.49
1= (2.49)
A I mstiisic, AL EBEHER
PU BN A7) A ek 3 A% (photonic mode) sk R £ A
A __2m (2.50)

N

24 3 F WAL HEH

195 B B 48 & 08 7235 (Temporal Coupled-Mode Theory, TCMT) » 4 3% BIC

R B FrR A48 & D - §F 53 3 P X R4R1E T 120 v4 % #F (Hamiltonian) %

.

21¢ @, zwl,z_i(7r1,2+7mt1,2) P E=E-iY Y, 0 0 B B R ek FAEF 5 7,

T .

NS’ S

} (2.51)

oy ,_el

H_& iy enifg 54 5 (radiation rate) ; 7"“12 H 2 4m & N ) AdE A §~ 25 KR e
T 348 & % #ic(near field coupling coefficient) °
5 f i dE o B3k p™, =0(no intrinsic loss) » EF #-HF » B 0
|H - ol|= o —(a)l iy +w, —iyrz)a)+(a)l —ij/rl)(oo2 —iyrz)—fz (2.52)
He JLHE s BRQS2)NDREL Vi~Tr P LET
Y, +Y, =0, -y +o,—1y", (2.53)
YY, = (@ —iy",) (@, —iy",)-&° (2.54)
LY=o -y + X s Y=o, -y, - X 0 3R~ (25458 > FF

X[ (@,—iy",)~(ay—iy",) [ X =& (2.55)
33
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(072 ~(n =) [ (i7" )~ (a =iy ] 42

X = 2.56
> (2.56)
B(2.56) N K w Y, Y, » TP B
. . 2
W) 5 = Wyye _Iyave * (a)diff _Iydiff ) +§ (257)
o o
Oy = 222 (2.58)
2
Vow =202 (2.59)
2
Wit = A (2.60)
2
Yo =22 1;7 : (2.61)
O factor i i £ 45T 5 F 04 1A B ek dRAE S R IR H @
Q factor = (2.62)
2xy
34
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Fd RyHER

3.1 HEE a4
COMSOL £ - 3¢ * & %5 end €4 B HRICM - 3200 17 5 — A58 2 o
T "o B4 1 42 (Computer Aided Engineering, CAE)#c %8 > 1 & 5 *T~ 4 = ;% (Finite
Element Method, FEM)f#/4- 2 84~ 72 > 42 > & 208 M4 & A B E - L F 7 Ry
PR oA EEE Y >R FV A EFUSPEA RKEFR A
I RCA KA R A AT hE IR 2 *t » COMSOL Multiphysics i £ 3%
F AR BCR ig & KR el ERMY FHARE BF R A FAEET
B R R R BT R s R R TR E R R Tk AT R

/.ﬂ

#HHE* & 0 COMSOL Multiphysics # #7 5 ff 82 % i > % 7 9 6 & 3605 L~
%2 > e 450 &E 2 (Method of Moments, MoM)frp¥ ¢ £ 4 3 ' (Finite-
Difference Time-Domain method, FDTD)... & - &3 2 g £ T > 7 & * #p 5 L2 B4

LR A LU S SIR U

‘F_*

THYREFAFT O BRANG AL EE 2

P r PR RHETRES YRS #T B TR A 1T o
3273 A MR
Log it F-2HEBIrTF-NTF-2H %1 DS > HARTLE TM

it R B o UFERIE A o o h SPPmode A EL iR B AR e 0 PP G P ST
I3 PR N R RPF >  Sgkr TR B A SPP mode ©

=
Ao RRRIEGEoER R I R AR Y ARk T AR MBI § S Rk E

“*'G
=

BERYEZF-AT £ B R PR~ kR TS TE R T

bm

TPF 0 A SRR R AR S RO o

35
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LEERTZF-NRF-E BRI AR 2 SRS TM B L

* 121 Fg 3% SPP ~ BIC mode £ H bright mode f= dark mode A Fx = % & fe iy @ I 2 %
EAFF @ A {ry il - 427, EP o

S PO S AR g L g N hkde o B 2.57)5 0 R

Wik = fRfrists R AR L E - -

3345 RREL T KBAR Y
B S RlAc R 3-1(a)#Tr L3 §F -2 i SHEHES » SR L5 TM
it A s 25 E S 0B - 2B 5RE L 200 nm -~ EIFEAE 5 50 nm > H L F)
FEO0S5 ZFRERREL  MSRAE R E S A2 - 5 BE 5L LA
ZHEAEMNGSEE 0 A4 BB RE A £ /WD E RKA4000m 1 50nm 5
FR4F 4 3 600nm » LR B iniE427 o SPPmode Fg BB 1Y 0 B fs B P K SR e
B] 3-2 #75F o
HPERBSEFAFOTHELF R 0B 3-3 7 0 o [}%"‘ IR P 0 W
EF'““E)I} L {_SPP mode eh& 4 F > Frilis #2755 % SPP mode % # PF e FLix
¥ o ¥ Matlab 23453 8 chx drik £ fo COMSOL #-# 1 7l enk dr it & mi",f i
Matlab 72 343+ &5 enx Jr ik £ (7 5] error » 40318 #7771 » Eah sy 4ok 3-1 #7

T °

|Mat|ab5B7 it B oo dr ol £ -COMSOLECE: (7 7 e 3R £ |
MatlabIZ #; 3+ & et et £

error =

(3.1)

36
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Ref. Coef.

Air l/l Air lﬂ,
4
Air 500 nm dielectric 500 nm
05xA 05xA
[ 3150 nm { [ 3150 nm
Ag 200 nm Ag 200 nm
1
Air - Air l/1
4 4
< N > < N >
(a) (b)
Bl31 @if-2B4h7a® OZFi-12F-2h%h 20
—0— 400 nm
10 — —cESO nm 1.00
SN S e v
; TN
0.8F : B
o 095}
0.6+ B
@]
0.4+ z 1
' 0.90f o,
02} ‘ ' |
0.0L—— e ' 0.85 ‘ e -
400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)
(a) (b)
Bl 32 (QFF-2FkpF S (D)3 F -4 % F S 5 283X

37
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|E| V/m

0.8
0.6
0.4
0.2
0

Air |E| 1V/m Air |E| V/m A1r
, 0.8 , 0.8
ar 0.6 AL 0.6
0.4 0.4
Ag 0.2 Ag 0.2
Air 0 Air 0 A1r I

Air || 1V/m Air || 1V/m
. 0.8 _ 0.8
Air 0.6 Air 0.6
0.4 0.4
Ag 0.2 Ag 0.2
Air 0 Air 0

W33 FEZICITREIIEHERTH AL 400450 - 500 ~ 550
600 nm P¥ o~ ik gt £ A ] 5 424~ 471~ 520 ~ 569 ~ 619 nm iR - F 3 |E|HE
RS

%k 3-1 FI% $ "D’HH' = xl SPP mOde /.:pm'.l ﬁ‘ﬁif ae
Matlab 32 3% 3+ & e COMSOL ##:17 7] e

T & R (A) (nm) LEAE (nm) £4RAE (nm) o
0 126 424 0.0047
450 473 471 0.0042
500 521 520 0.0019
550 569 569 0.0000
600 617 619 0.0032

BFhor 4T F4om 3-1(0)4 7 0 B4 bR S 500nm 0 h R F B 6 e
B 3-1(a)- # 0 A R F4758 5 ()12 025 5 WEEHC_] ] 225 & & » 7 3] ehF SHap 3
4e@ 3-4 vy o JBE B LEF L FDTHAL T B 0 4B 3-5 4T7 0 FrinE_ SPP

k|

mode 1T 34 F o 3B~ SPP L L ¥ {8 Mmook 322 A9 0 T Y

‘.‘ES\ “\

EE AR R TSSO L o TR o RN e N IRGE A 0 S H T 5 A2 (2.40)

38
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RETRAEBEWOEHER > A B L hH SPPmode it il € X £ Bk i
FlF ki ER R
AP LEE T A 32 hF W o 0 AL P el SRR RPE S T UL G oot

T A R A R R B B o

1 -0 i 1—r—r.—r‘\_n-—/ ,—'w—
0.8
8 0.6 9
O ! O
r 041 ~ /
0.2} :
0.0 e - = — . =
400 600 800 1000 1200 600 800 1000 1200
Wavelength (nm) Wavelength (nm)
(a) (b)

B 34 @7F-12F-2FkpF S O F-17F-2B5HF 585

SR 24
?K—é;;«‘

|E| V/m Air

0.8

06 dielectric

0.4

0.2 Ag
Air

Air

dielectric

|E| i V/m Air |E| V/m
0.8 0.8
0g dielectric 06
0.4 0.4
0.2 Ag 0.2
0 Air 0

Ag

Air 0

it VMo Air Vim o Air |E| ,V/m
0.8 0.8 0.8

dielectric 0.6 dielectric 0.6 dielectric 0.6

0.4 0.4 0.4

Ag 0.2 Ag 0.2 Ag 0.2

Air 0 Air 0 Air 0

B35 FRZILITRIILATFIEFI 1125155 1.75-2-225
P Stk g £ A Bl 5 424 543~ 662 ~ 783 ~ 905 ~ 1031nm iR i F H-|E|

Bk

39
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% 3-2 4785 ¢0 SPP mode T % HogR
Matlab 3233+ & ¢ COMSOL 4 1% 7] <9

Y L enE om) sEsE om0
1.00 426 424 0.0047
1.25 532 543 0.0207
1.50 637 662 0.0392
1.75 743 783 0.0538
2.00 849 905 0.0660
2.25 954 1031 0.0807

34 kFHHEAERTE

BB Bl 3-1(b)> 12 7 b endr bl 5 TEHRT h piik o » bt b &

5 0Rfr2 B FRAcH 3-6 B 3-7 4Tm o MFl 37 BEF L BT HLST

FIHD- 0K o Ao f] 3-8 #777 > fre pren@l(Fl 1-23) s 16 ARl ek 3 40

o

@

I

® 3-6

1.0

0.8

0.6

T

0.4

Ref. Coef.

T

0.2

OO L [ 1 L 1 L 1 L 1 L ] L
550 600 650 700 750 800 850 900
Wavelength (nm)

rEiHd L0 BRPEF BT 0 B EH RO BAE A %NS 6120m ~ 735
nm ~ 849 nm

40

doi:10.6342/NTU202403027



1.0

0.8

0.6

Ref. Coef.

0.4

0.2

|
1

0.0 '
550 600 650 700 750 800 850 900
Wavelength (nm)

Bl 3-7 »bbd %2 RpEcR S 8 B8RS L E A B 4 606 nm ~ 616

nm ~ 725 nm ~ 742 nm ~ 836 nm ~ 862 nm

|E| . V/m |E| V/m
0.8 0.8
0.6 0.6
0.4 > 0.4
0.2 0.2
0 0

V/m |E|  V/m
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0

|E| V/m

|

B 3-8 I EEZILIT V—ii"é")‘}’fi;zli’)‘}’j'/ﬁ»/ﬁ»ﬂ& % 606 -

616 ~ 725 ~ 742 ~ 836 ~ 862nm |E| fike & *

41

doi:10.6342/NTU202403027



AAEELT RF AR 180 Al ¥~ ~ 8t 4 eh 4 B parameter sweep o (¥
Fl4e B 3-9 chpk s+ BBl ¢ ook F BOl L BLREE (2 e RQS0) L B F IR 33

SRR Uk

TE

1000 Ref. Coef.
—~ 900 0.750
=
5 0.625
% 800
g5
] - 0.375
5 700
B ~ 0.250
600 7_ _
-20-15-10 -5 0 5 10 15 20
Incident angle (deg)
B 3-9 &t 5 TE & i chp: 84§
Z 3-3 kS RO IR BCE
gt Matlab 72 %3+ 5 COMSOL fic#z 17 3|
FHERE error
LR E (nm) kiR £ (nm)

1 835.6 849 0.0160

2 702.8 736 0.0472

3 576.2 612 0.0621

FET G A& ARETERLDSGFEEE > R YR 31 (b2 BH ¥
EZFRRETE 13 Bar s £ » SR T 5 TMAR > AT 355K
2250 WIF SRR S LR DR SR 0 4oB] 3-10 o o HiEH 3-9 fri 32

AT L b T A HER e B fost A %3 BIC 4o F-W BIC ¢hin % 4o
42
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3-11 #777 » % ¢ m B E LI HERFEFEBIC £ n B ELF-WBIC- ¢ &

B LT AR $HL 3 BIC -

™

Ref. Coef.
1400 Do
g 1200 0.625
=
%" 1000 L 0.500
o - 0.375
>
g 800 - - 0.250
600 %2 ? - 0.125
-30 -20
Incident angle (deg)
B 3-10 » &4 5 TM & i* ehpk &4 [
™ Ref. Coef.
1400 Do
g 1200 0.625
= :
21000 - 0500
=
o - 0.375
>
§ 800 ~ - 0.250
. . e
g = = B

Incident angle (deg)

B 3-11 4ct zxze e TM & i pt 54 B

43
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FER 1 BIC ehi= ¥ 15 ¥ 35 7 800nm *fif » » 8t & K3 RT3 B NEF
F+ o deW] 3-12 977 0 F LR PARET M A 0 Rhing o R Fl AR o E A
COMSOL Hoft ¥ » %2 B4R 2 F > Ak 0= S B 7 2 18 3] 4o B 3-13 47

TG AR AR NS FF T F &R G R Ofactor Bt g % GRS .

800
600 | .
=
S
& 400} -
Y
200+ -
0 1 Il 1 I 1
3 2 - 0 1 2 3
Incident angle (deg)
Bl 3-12 7 £ B A& F+
5x10°
4x10° + foo .
8 3xI10°f 1
Q
Q:—dq 4
S 2x10°F |
1x10° F .
O 1 Il J|L

-3 -2 -1 0 1 2 3
Incident angle (deg)

B 3-13 & & B4 s A+

44
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36MBEAFIFAHAEZRAL

S W 3-11 7 1 fof g BT WG HL RE BIC o SPPHERL 2736 5 0

fi 2=  F-W BIC » #7 ki e 8 % F]+ & #4413 BIC

2 &35 EP > iE4%4- @ 3-14 2@ 3-16 #771 ©

Ref. Coef.

1.00

850

0.875

£ 825 "‘-.__....-‘
Z 0.625
gD — 0.500
L ,
9
(0] » - 0.375
= 800
3 - 0.250
- 0.125
775 —2L 0.00
Incident angle (deg)
Bl 3-14 3 L %3 0.5 pFk 3 O3 apt 54 @)
850 ReL 203
0.875
G 0.750
E 825
Z 0.625
;‘:‘D - 0.500
2
L - 0.375
= 800
3 - 0.250
775 L Lo

302 -1 0 1 2 3
Incident angle (deg)

Bl 3-15 # 4 F)F 0.573 Bk 3 f04L chph 5t )

45
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Ref. Coef.

1.00

850

0.875

g 0.750
g
= 825
N— 0.625
=
-
?__D L 0.500
)
L L 0.375
= 800
3 - 0.250
L 0.125
775 L—L 0.00

302 -1 0 1 2 3
Incident angle (deg)

B 3-16 3 =L F]3 0.65 pF sk 3+ HiC ik cpt 54§

TR R E T L 0573 o AR EAL S oAz hr RS

F_*

s

028 pF A5 % EP » ¥ ¥ 35 iF 4% fc4f ¥ K 2 3 Q57) N h & 7 4 #K&
o, =27 x369.31E12 ~ m, = 27 x369.34E12 ~ y, = 27 x0.2110E12 ~ y, = 27 x1.2887E12 >
%35 [rad /s] cH- i R IR Q57N ST F A AR R IR Ao iR &

Yo@) 3-17 #75% » BARICERL DN H L% 0 L BF 3-17 foB 3-15 dp4e > (75
Bl 3-18 (EI s et » 7 U A SR Bl £ o B 20 ~ 2574 T 5
HEAE B 3% 0 4o ] 3-19 457 » 3% it -] 3-18 o] 3-19 & %4 2 e 126 gt

g ¥ M Ese A d BIC A5 = e EP o

46
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Real(A+/1.)
850 . . .

O

W]

n
T

Wavelength (nm)

Incident angle (deg)

Bl 3-17 3# L F)3F 0.573 Pk 3 HopE 9 2%

Ref. Coef.

850 1.00

0.750

0.625

+ 0.500

- 0.375

Wavelength (nm)

- 0.250

- 0.125

—-0.00

Incident angle (deg)

Bl 3-18 H ow F]+ 0.573 pF sk + HOfE T2 & ok i

47
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Imag(A+/1.)

e
o

s
n
1

o
o=
T
1

Wavelength (nm)
= o

<
n
1

-3 -2 -1 0 1 2
Incident angle (deg)

e
=

(S

B 3-19 # & )3 0.573 pF k3 B B 2N

BFEET BP iz B 2 18 > A ff=0573 5 ¢ o BB F L 33%5 AT
A 0T [91] 0 3] 100 s e Bl S @ 0 £ i Comsol IFHcER 0 B 5 » 54
BIefef chi g - 4R 0T ML L e MR L B RS R 0 2 L T 4
FA RS E S D e T g PR 3-20 e @] 3-21 47T 0 Rk dRALER 30
FARE X EH > X A F A%T] 6% REL o BRI FlE o~ b A BRIT 0 P iR

LI A BERFLABIPE > Ly 3 4%F] %354 -
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Real(A+/1.)

850

Simulatlion WithI error

o0
o
wn

Wavelength (nm)

oo
o]
=]

T
simulation

32 -]

Incident angle (deg)

0

B 3-20 BIC mode + J&ik £9 34 + X1

Imag(A+/1-)

Syl
=

Simulatlion WithI error

R
n

e
=

—
o

Wavelength (nm)
n

<
n

=
o

T
simulation |

Incident angle (deg)

0

B 3-21 BIC mode £ J&ik £ 304 + 24

49
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Frd SirEw

4.1 B F S
B 3-18 s 7 EP 25X chi=% 15> 1 ff=0573 5 ¢ w > B 1 5 3.3%:

BECEWA BT o F5) 10k BUER S A F]F B0 2% homl 41 ST o

2500 — 7T T T T T T T T T T T T T T 1

A |

2000

1500

T
1

Count

1000

T
|

500 .

0 " i
0.475 0.495 0.515 0.535 0.555 0.575 0.595 0.615 0.635 0.655 0.675

Filling factor

Bl 4-1 FLF]+ 22
KR 33% AL AR pieh 2 O 50 & 3 5 10T & & MR it > 47
Mg igk 6-bits 45 nm B = 1 4 > H £ jp|s DNL(Differencial NonLinear)fe
INL(Interger NonLinear) 4 %] % -0.8/1.0 §v-1.0/0.9 LSB > & & #-H # 4% = 34 £ en 4
TR A A& g INL o iAot (4.1)
os-(10)

S =2.97% (4.1)
% F%2 DNL& ¥ 1.0 § 7 a0 ¢ & & F 53 % (Missing Codes) » #-iZ3. % 4 i 4

18 BtE B LR T 5 3.3% - #3110k B2EEF » COMSOL p & (7 ikt » # 5| F
50
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SHE > 4o B 4-2 977 0 S R S 10 e

F AT o

Ref. Coef.

=

* 4

i

’ L!L'?

Y G gE P 10k B

1.0

0.8

0.6

0.4

0.2

0.0
808

810 812 814
Wavelength (nm)

Bl 42 H Y 10 =% F P b

4.2 HeF SR IR P 5 RS

B B2 F s SR OR R ER TR T L R R] 438 F PR

e f % 01THz T, & BIC#5 % ¢ w chimj#icr T.o0——
P 0 R S T e 305107

Amplitude

1

816

1.0
0.8
0.6f
0.4}
0.2
0.0F
-0.2¢
04}
0.6}
08¢

-1.0 :
0 1

2 3 4 5 6 7 8 9

Time (T,)
B 4-3 F S4F s i pE

51
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doi:10.6342/NTU202403027



43 P RIRR TRAF SR
Hed ATT b ho ] 44 00T o ol B RE R hE SEE TR A 0 HTRORLE -

BB AL 0 B (s WIS LB 4ol 45 FrF o

Gaussian pulse
1.0 —— T
0.8F
0.6
0.4+
0.2
0.0
-0.2+
0.4+
-0.6
-0.8+F
-1.0 ———

Amplitude

0 1 2 3 45 6 7 8 9 10

Time (T,)
B 44 3T 5

Time window

1
— e
SO O o

Amplitude

0 25 50 75 10.0 12,5 15.0 17.5 20.0 22.5 25.0 27.5
Time (T,)

4.4 Feim i A5
KB 4-5 K TR 0 R R 64 BB B iEARACE] 4-6 om0 T
P RE B S Tﬁﬁéﬁ'“ﬁx% v ek 4-1 A7 o #E Y 2 4-bits digit 0 B fs B %

4@ 4-8 o

52
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Time window(Cut)

1.0 T ‘ .
S
2
=)
g
<
1oL ‘ : ‘
21 22 23 24
Time (T,)
B 4-6 PthiBiz
# 41 priki
Amplitude decimal 4-bit digits Amplitude decimal 4-bit digits
-1.000<=x<-0.875 0 0000 0.000<=x<0.125 8 1000
-0.875<=x<-0.750 1 0001 0.125<=x<0.250 9 1001
-0.750<=x<-0.625 2 0010 0.250<=x<0.375 10 1010
-0.625<=x<-0.500 3 0011 0.375<=x<0.500 11 1011
-0.500<=x<-0.375 4 0100 0.500<=x<0.625 12 1100
-0.375<=x<-0.250 5 0101 0.625<=x<0.750 13 1101
-0.250<=x<-0.125 6 0110 0.750<=x<0.875 14 1110
-0.125<=x<-0.000 7 0111 0.875<=x<1.000 15 1111
7 5 3 2 3 5 8 11 11 10 8 6 6 7 8 9
8 5 2 0 O 3 8 12 15 15 12 8 4 3 4 6
8 9 7 4 1 O 1 5 11 15 O 13 10 5 2 2
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