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Abstract

Metasurface is a kind of artificial material constructed by metal nanostructure
with well-designed patterned on its surfaces has shown to possess unusual abilities to
manipulate light. In this dissertation, two types of split-ring resonators based
metasurface have been designed and investigated.

Recently, we have designed the 3D nanostructures, namely vertical split-ring
resonators (VSRRS), which opens up another degree of freedom in the metasurface
design. VSRR-based metasurface is able to anomalous steering reflection of a wide
range of angles can be accomplished with high extinction ratio using the
finite-difference-time-domain simulation. On the other hand, VSRR-based
metasurface can be made with roughly half of the footprint compared to that of
rods-based metasurface, enabling high density integration of metal nanostructures.

At present, proposed functions of metasurface-based devices are mostly oriented
to bright-field but not dark-field. We first propose and analyze an asymmetric
split-ring-based metasurface with ability of edge-emission at visible region under
dark-field environment. By changing periodic distance between two adjacent
split-ring elements, the mode with edge-emission can be controlled. It can be
observed under dark-field measurement with property of spectral-dependent spatial
variation. The feasibility of proposed design has been demonstrated by the
electromagnetic numerical simulation and dark-field measurement. The broadband

phenomena of edge emission have been observed from 650 to 900 nm.

Key words: Plasmonic Metamaterials, Metasurface, Vertical Split-Ring Resonators,
Asymmetric Split-Ring Resonators

VI



1142

Adpe— B Y %%’Kﬁ%ﬁ%pj RRTARER R P AR AL Had T
R TEH TH ) BT R fff{:* AL P  (plasmonic metamaterials)
Flgt s F R EF TN B - A R Rl TR wa P R
PR AP A Ak R R ETe s S P RFREL 4
BRSSP AR S BRI o G R A ied SOl £ SR
AP FRAL - W R Forilg R L g -

AmY ARAKF S RS OHARLEFLAF TS HFAR L5 TR

2l B

F R - B BRI E R EF AT A o A

e
HABEF-FIRALREIEEAS jﬁ;i*ﬁ%ﬁ*m M BREL AR

TR EOURE R BN RN F 45 R i R ER R
BRF =R A85 - BRFM6 A8l L2 X ARIFERT LT R

YA EE SRR R A SR T S R RS P
SAcE1* 2 B <) FREH AN R L IRE %1‘?7\;’% o5 H T i R

o RAFAG BA R ARHET R e EE -



I
Wk BT s B H 2T (Lyeurgus Cup) 45 2 G5

=k
R
i
am
ke
=

TR -1 (0)2] 0 f RXKFI A G F SISk @ FEIFE O RRFLLIR
Zd o 20 B4 FHRERFELE- HIFEF RN H LB L@t s
e QAR 7 & 0 B F| 1980 # {5 3 K HamrAR S R A B h B A 6 TR

FEHFTT AR o

B 1-1: (a)& B % @ #1192 % ¥ ¥ (Salisbary Cathedral) 5% ¢ 333 > (b)+ % 5 5y

e orEr o [1,2]



FoFERH AL BT (& BTt BT E) RS 2 R

v

A2 Ben® 3 8% v d 3 TR F A » BT REFE RS
PR FAR G LE(F R £

R TR iy R MRS - 4 S R P A S Sl -
WHETHEY CEERR DA R~ TR Y e Pt A
FENf P R AR TR A GER T L AR AR hpd B3
EALE T RAMNEMAT VL FAiRAETRPBELG + £ J&(Localized
surface plasmon resonance) » 4o 1-2(a)*7+ - B 1-2(b)L h 4 o T HFF £ Ik
hEBAERIE A G AL R FL R3] BT 0 A rBkaEET 0 &8

AR A L T BiEE IR

(a)

Electric field

12 @QhBPiec s 3 2Er 0B D& RE t kb ia t T2

2 RHAGE B AR RS 30nm e SRk £ 5 358nm o [3]

hEMLe DRI LRI e PR LT REIRDE - BEHLEL 23025
SRR T REERAE 4B 137 R E R LG o

£
M- LR R 35 o Kim BIFR A * ot Rl ki 7 2L M a7 [4]



140 nm
' : 2.5 x 104
a
. ¢ 104
w0
(=]
3
3 Y
’ 105 @
o,
=3
L 3
©
. 102 g_
[
=1
Q
(]
3
3
Incident pulse b/ 1 .
E,=1VmT, s 3 10
E,=E,=0Vm)
— 100

B 1-3: 2 k¢ & kahg |3k 250k - [4]

FoBREAC R AL HEFEL G T RF XIRDGEE N R T H RS
2 AR o de 1-4Q)[5]5F7 0 b e TR GIET 0 £ RS it B A
AR N RL L L EE AP AT RT RROREE
1o B 1406141 * 3 iRk ks 3 FRBPEFRS > E- HB s

B R HACE R BRI AL A4 R ORlE o

(a) (b)

o . N m'
£ \ 3
F / X 7 F
% _-"f \\‘/ \\ %
| _/ \ v
Wavelength Wavelength

Bl 1-4: QFFLZELHELET FRIFEXT THER - (DRFE 2P T 27 FiRFEET

A2 7 FATH R R - [5,6]

FZ BB RBEELG T RIRET SRR P RN SR B



1-5[7]5. 7 B AR 8 2 o &~ eh g Bk fm R AA T STELR T g s g
B R AR AR AR L TR

VG &

_Ag Au Au Ag Ag
Triangular  gpheres  Spheres  Spheres  Spheres
”f':l'ggr:m‘s ~100nm  ~50nm  ~90nm  ~40 nm

B 1-5: 385 7 BARE 7 2 o & B AT ¢ [7]

+ -

Big- BHEBELAEEEIG TR I ZRDTFTE? LR oB

1-6(a)[8]#F7 » @ 7 HH % FIIRE 24 5 o 4B 1-6(b)[8]=F7 » + * Fk

THRF LR By HE2 T PG Bt

W it i R P A
R R E D2 PR B B (Bio-sensor) o

(b)

Intensity

Wavelength

Bl 1-6: (4% 2 3 ELEDTHFRAELGEH - DR KT E2RALTEF T FERE

FI A A o [8]



I3RRIRFFFTAL
131 REF T AL

bRl hBEAe DRI EEOREEFE L PR LA HGE
- ERS IR A 2001 & > F A BB G2 g BB AR D Ak
AR B AT f BRSO LG TR d g
Bo 2 G fATEHBA9] ) Flt i BATHA ARE TR R S TR A

A2R A EOREA[10] 0 w2 ATH AR A LS TR RAF T -

B 1-7()[11]&p &R - 7 BRI DR+ SH o R 2 B PR 3
kg ko> Flp ka0  RI BRI FORAVARIGAF A c TRILAF T
2 4p = L & (sub-wavelength) * B T FHP R 70X F 2 S Al BT & Bl
Bl 1-7(b)[11]#77% - Metamaterial(42 47 4 5 )3 12 meta- & # 2 ¢ i & FAZAR D
AL FMRAF TN E TR - BPTOLL BT ASEIEI L1

chife iy & BACEE KA [12] -

(b)

Bl 1-7: (a)— 4 7 > (b)* d4258 4 F - [11]



PR RETHE T ‘U%E’ RRFARAHPRAEL pRAT G PR ER
Roiso A AE RRNEY RIS RS TRIIRER SRIE S e R
N E 3T ARL[12-14] 3] 3R A5 48[ 15-21] ~ £ & X 50[22,23] ~ 42 /% 14 41[24-26]2 L &
*‘rf&ﬁ[27'30]3§%"‘{? R w ey ABCEF R g F QAP > TR
A TR L BB e & AL A o K R4 (Sensing)[31] £ 34 45 4
Gm%@Bﬂﬁﬁﬁ%PmMMbmﬂ*ﬁﬁﬁm@ﬂ&mh@ 42012 & ¥R

% ¥ 37+~ & o Nikolay I. Zheludev #r# 7 L3k &) A it (Meta-device) L &

}
Q
(e
N

SRR RGBS B 8 AT U TR T Bk

Aer o A A WA 1-8 w7 o [33]

Reconfigurable electromagnetic
space and metasystems

Photonic
metadevices

re.
Novel photonic g Metamaterials with
materials - optical properties
on demand

Traditional ( Tunable
photonic ! metamaterials

devices Conventional - -

metamaterials

Natural materials Nanotechnologies

B 1-8: gt T A kehd e 7 LW - [33]

132 BERES S
G g g Y o ATk % 3R F(Split-ring resonator) ¥ % P B 2
LN e o d AR R R ER PTG T & #R(electric resonance) £ &

(magnetic response) > F4* AL Ll * BIF S AGAR A Tkt Y o IR LR T A

~N



5 4t John Pendry #73k3* > 0¥ A AR andg 3175 4[34]) - "EF R A
EE S B TRERES FREIF S AR o C AN E U A %[3536]¢ B
FARF A AR ARFAREEEIR PRS- A AR T
TF TR R R0 LA doB) 129 41T [37] 0 SRR AR A R R DR

AR TR B LR

(a)
HMUMURUHUMUMUMM
a8 B0 B
50 nm
<€ > F
C
@ |, @
: -
g g
.g “E‘ 0.44
|: -’_- 0.24
0.0 . . . . 0.0 , . , i
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Wavelength (nm) Wavelength (nm)

B 19 () kT3> o T ENABREBEENLFZ T LE - O A REIEEL

72. SEM ¥ 5B o » 37 FH(c)T FE(d)LE MR FERELEFTKER - [37]

SO N R OBEE T EAREREES BT > 4o 1-10(a)¢7
TR A T TE FARS REXINBBBEILEIEILE R B - BF
RS R 0 A ARHEA G AL R RIIRAIT N 1T G 5 A TR
ERBAHZ L e BB R FEEREE R LR R FIE N Bk g S
THARLIRENIFT > 28 SBEE TR o FAH » L ORES KpE
TR E dr Bep £ 4R 0 3RS B R ~ BR AL 5 4o 1-10(b)# 7T [38] » AR A

EHARIFRFALIRLE DR LS 2 6% M0 Mg R =R E

8



3L jf\ o

(a) H (b)

B 1-10: () » A ps— 5 AR BEERLI D2 7 LB (D)L » b7 LB -

[38]

"FERAF T oH g F HABREIRBL FR D LB & B4 bldo2by il
% % = 3= B (Asymmetric split ring resonators) ° = fa 2k & T4 E R a £ 4 30+
5 1 Nikolay 1. Zheludev #3274 J1 4ot 35350 B TR £ 3k B A dF TenikhiR ™ >
FUHRELAGRRNBYUT RIS FFAARBRIELIR A B3 F g
HERBEITIFTEGCE 1-11)#777)[39] » & 373 b & < $35 » Stk chpd i 4
PR BREHAZ DR JRAP T AF Tk £ BB T (F SR S 4e B 1-11(b)
)0 BB HE JRAp L R4FAR L 1807 0 M PES BRI E T AP DT IR
Be g ins v fr B ApF (Ao B 1-(c)#757)[39] » £ B 1-11(c)® M3 B F F dFr Tk
A GREE U F w R IRDEIRICE G R BURRAF T A P B
TR Ak peE o S R IRECE Y AL S K BOR (trapped mode)[40] >+ F1 G B G AdF

TR T A el LS o FI A ST B & T TRik(Q-factor)



Reflectivity (dB)

1
-15 1 “Trapped mode”
resonance
-20 . . . .
4 6 8 10 12 14

Frequency (GHz)

- I1 A '11 == Ia
I io n o 1| Io

S ——

-1 -1 -3

Bl 1-11: RN RS R E2 ()7 LR~ (b)F SRR E(c)? FAE S T hi 6

TG - [39]

BIPH A AN HAREREOT Y V0 R L AR
ERBIEEA A L hoB] 1-12(2) 97w [41] 0 dr2s woAr R Bl e xSk T
FoAABRLER ¥ AREA R A2 BT (B 1-120) [41] ¥ s B SRR
RAERE SR, FR@Y ~ ok - kg > oo PR A 3 dp it
PR O RBHH R IR S R e L1 R4 » Bk 2 B TR X 3 BT him
L& AP 2 s 2 SN ATRE IR > BRI e 1-12(d) [41]9 7 0 Ak
LRBEHAEAF L HY L=195nme E = N HTRE IR BN AL 5 x bk
THERESES B 1RO MEEFE ERREA G DT H BB EE
FLEHE I 2N ARSRE TR ARSI RER IS TRILERAK

10



BERHERERENL LG oaF oflr A SRR

(a)

Max

Min
W 112 ()% 6 R4 (2 2 S AR EET LAY L= 195mme 4 L F
RN ONCOEE I BTS2 a5 2 L AONOEES-E
Rz L R AN - [41]

1337 L p R

RAF TR T 0 R i (R ) 4 Tk R Bl R
A RH(E BH) 0 ABHE R T L N R 12 (Babinet’s principle) © &% @ % #icdp
e BT A SRR R F B § R TS AR BT AL £
#+ en3 A % H(Complementary structure) » B 1-13 2 % % £ 4& F (a) . S 42 (b)
BT 2BI[42] °

11



e A~ LT,

ORSER B R JORES EIOEES S SN BT

Bl 4[R2 E AL FFLSHEANRLETL BHEDTE - F SE3H -
2 F 1142 (d) L BHA Y EX BIRS y BIET HERLEE B 1-14(b)2
OEHARLFZL SHEAYAE Y RRE x HERT DERE* o 5 &0 KR
1-14(a)&2(b)? 7 MRBREFI L Bt x Bk T 7 BEFE L Bl y BiRT D
FOS ARG AR 0 @ T Rk SPGBy S R B p ik
ZﬁﬁLM@&@Wﬁﬁ%ﬂ—ﬁﬁﬂ@’E%i?“ﬂﬁﬁﬂﬂﬁ%gﬁﬁﬁ
oo gttt ek Y R A BRI 1-F B FF o) 4 T
A Bk ST - RO R A FEA BRI AR R ET G Ap ik
PSR SRETRFHEASHEATF RE PR E - FOIRR Brk
PR L Sl 2 A4Fsea 2 {0 RE AP TT ERURRT P ) BHERE
Tt d TR B AR LA T F AR R g T R R B R S
V=25 Rk ie DR LEF L RIIREERET DBE > LI

ERBCHE A TR T RAF S S PEA P T OE R F b R R G B

_§_

RIEFREA TR F 3§ o fI7 SR L DT AL T g A

AT i

12

o



Polarization €+—» Experiment Polarization t

0.2

8 10 ( } 8 10
ria . T [

% 0.8} 20T R v % 08

& [/ NS SRR| 2

g 06f | | L g 06

S A =

o 04F % 1 o 04

o o

[ - =)

S =

o [ %]

@ @

= &=

o] 4]

' o

111/ e S S w——

0
S0 100 150 200 250 300 350

D L - i i i i
20 100 150 200 250 300 350

Frequency (THz) Frequency (THz)
au ¢ M0
o ]
§ 5 ..1@ 2 o
= = A= . .-
5 Nt T eRR
& 5 06f . -
- = - : ‘
T T 0l4— v ra
g g8 | NN _
g g R
B g 02r 1
o Nemmaa 0 -
[T ) S —— i i L i & on P R T SR SR R
o 50 100 150 200 250 300 350 50 100 150 200 250 300 350

Frequency (THz) Frequency (THz)
B 1-14: ABREIFREDL S # A(a)x iR (d)y iR ™ cnE B FH B ,.‘é‘—;—*}ﬁ a(b)y
AR 22 ()X ¥ g Rk ] o [42]

1-34 R+ RA-HCY 82 4 R
et BEom e Ao TR LEL LR EET o T ALK

ﬁm$%ﬁ“ﬁzwﬁ4$%%f e T AT

,”rf: L IRe48 L& o 42003 0 £ K % #7 % § ¢ Peter Nordlander 323 ) 0+ £

DS
W
\H"

=

S

pous)
N
&
ol

=h
44
=

o

[N

%

\ N

o
b

tt_\_

Nhud
hr
i

=kf

e

=3

5
4
=

W

F

=)
s
!

=

1-15 #77  [43]

13



|@.)

nanoshell

= -
- N
-+ -+
t 2.
- + cavity
7 gt
o + -
B
w = —
sp
NG
5 + )
- " @, =, (~0p
b + 4
- +
= +
sphere = 2
- r. A3
- B+
Bt
- +
|2-)

nanoshell

B 1156 i & Bkt ek 5 RS 2T (07 4 4 il A A7 LT - [43]

PRI MEN D SR E - BER T {7 g
BABRBEA G TR SR S A kT L Rk es B
ik R & 2015 > W BIIE R TR R foRY WS R

Akt o Bk BECE AR G o] 1-16 4T [41] 0§ 3 F B B enpedr

=2
v
o

REERE SHAG DT RI FEF LT T o S ped B H g By ks

AR A HAcR] 1-16()H T 0 T B kY T U RBR TS B PRk R

B o B 1-16(b)5 & BERMNE LG TN BAEBERE > HABREREFE? nEd &

|
T
&=

Tt e B AT UFRELE ZRFDOTIE G AR L ES BHAERE R
B2 B AL BB ERRYEIFR V- 20 AR AL TEIRAET 3 B
HBEFRB2ZRFDOT 3o i koo MEHARERBITEBETBY S F % o
e L REERA AP s BenT BT FL Lo TR ERREF PN E A
M REPIREEET FABReREBERER N AARERES L
Tl BRERF O FIL TR L E T S BAREREARRRE LTS

%@ﬁ’éﬁﬁﬁﬁﬁﬂ%ﬁ$ﬁﬁﬁﬁﬁéﬁﬁﬁﬁgo

14



—
o]
S—

Measurement

Transmittance (%)

1000 1200 1400 1600
Wavelength (nm)

M

—o—=

Min: 26

Bl 1-16: @ B2 2 <t ehd = AL IREF2 ()7 FEFLO)T 3R B - [41]

TR RIS SRR LR ARTR T T e 2 AR RS
[44] ~ 5 B T RF AT T[4546]2 TRAH 718 ¥ [4748] - T R+ RA-HA
P X r4jx 3 4 JR(Fano resonance) X PR P 0 R f A d Ugo Fano % 1935 #
S [49] 0 BEEEL - BEF RF PR ERES - BLG F A Bz

PRBCAE R Q3 IEH o TR ELETD - B2AEA S > 4o B 117 Ao o d

WREERA D DR REFHE G B HEF 5] (Quality factor) © F]t W AR H
LN R RN

15



=+ =

— >

Broad-band resonance Fano resonance

v

B 1-17: T3 253 23R8 L 2% £ kT 2 B - [49]

1423 RENG AL

1-41 8§ 4

FRRA < Sl A R R TR RI DRI Ry~ R
(Wavefront) ei4p i &4 £ sk ;& £ (Wavelength)?d @ [25]° 7 £ > #7 A WU T FhirSE

e ety B ek B it a & § 4k ¥ (Polarizer) 2 ¥ 5 (Attenuator) o it #T %

Rl

g me E RS e it & & 74 (Lens)E £ 4 (Prism) 5 kLo R 3

% 34 4] ¥ (Spatial Light Modulator)% - £ 3 k£ A Beh1 2o 77 kip B
(Notch Filter)¥z & #& it # re ik % (Band-stop Filter~ Short pass Filter ~ Long pass Filter)
o b F Lehk B AR >t XFEHAFL T EREY EFLES
(Optical Pattern)z} %l # it e > 4p 5 (Hologram) » 2 %2 £ 4 k& % B 4 (Optical
Anisotropy) (g 47 84 & $8 (Biefringent Crystal) » 4o4p =2 & 3 (Waveplates) & ~ i%
LITH S AR LB Ry c BE- Bend o PR G ek L a4 ik
i Tk enid 3 2 (Propagation Effect) » iz 77 6 o 2 ¢ Byppr > 4p g i

¥ _id 4§ (Phase Continuities) 5 #%.

RN B PG P RGO T A B R 4 [50] 0 fe gt A sl Ap
= 2t:d 4 14 (Phase Discontinuities)srfg 4 3t K ch& ji @ o — i » bk » B¢ 4 K

$7 5448 (Optical Scatters) F 1+ & 4 2 I3 (F% »§7dfdi ek B 5 - BAp =ehin B £ >

16



BB EEIH R E T LR AL GRS P RS E o F I
R g A ATE S WA kAR A HT R e T A ’%ﬁ“d A
KFRCE > TPy Ap bl o A E TR F R T otk o B L
+ & Cappaso BIFjf 2011 & “74f & dg i M A 47 % 9 2 5 % (5 L Bl 4o ]
1-18 #757)[51]e % MR 1 * 7 e > & & 07 {7F) 8 5 S8 k23 /W8 5k ejp

- HEE SR S R AR S BT R F RO

&

o 0T AR 5 BRI IR BT TS A R 0 BRI A P r i

SIE T o RE SR - R R DB

0 r/8 4 3r/s r/2 5r/8 r/4 /8

) 1-18::1;’&%5%2‘#5’1%;‘16’&;’; #5738 e [51]

L ARB kR B AR RE R EREFEY SR LR
Boedp R R aRFHE R e R L REAATIHD AR A PRI RF 6 o
AT G e 2 RS R A B - BATAREGE R R - Tl AL

Mo BiTHF R ERY R A BT IR QA EELALF 20N

17



LS rﬂi’gﬁ/} oY AR RFE e I RF R AR E

F’_*

%%%%ﬂ#ﬁ'ﬁ_ﬁjﬁ%ﬁ/}ﬁq 0”&" i%%ETiLT;I/}mTI—}?ﬁ\:’m$ %zﬂ(,{.‘%ﬁ‘
SPH)E T LT (TR £4R) AR ME AL L A B Ak
BHR ZF82 B 4B R ea gt dr2rd iz 288081

g o AE RN BRRE(A)NERT  FARIRANEREL =ALRF 0 ¢

+

AL EJRPFE ARAGARIF DT INE F SR Fp 2 FG AL o

K}

BOEDRRDE RARPIRER L ARIF B AR N S A TIRRT

[Eitg

w AR zﬁdim;}gwo,%ﬂ‘za FERIARDER > NPRT AL R
tpize el - B EHARA T B AP A i L (F L TRRY
BrsEEFE ) FIPAZES R 2AREARTIER 27 c TR E 5 Z M
AR EEE IR p AL 22 (1) % £ B2 £ &k (Multiple
Independent Resonances)* (2) #8225 (Geometric Effects) £ (3) % #e4g

& ;% £ J=(Coupled Antenna Resonances) °

PEME LRI R A R E RS F B EHT R &

» BRI LT 0 RS BHCEAR T fpde 0 A 24 2 efp i Wk o B
Pl AE Y Rk £ U R R A 2 i B B2 ehdp 3 ok o
PREEG AR R R AP TR R 2 2T W
Foos SRR AR R e £ 3 M 48 5 5 RS A R 0k B Y
U EB-ATF-EBRMIM) Sk BHEBAAR LI GERY B 1-19)[52] - £ B4
TH-£BMIM) % K LAY - B AR T A RESHERAINDE LS HES 5
PR3 hs R A e RINehg § BFBEEL T S BE R G B - B AR M
EHISEEME  F EHIRLII S AL LG TR RN
ERFABERBRIEY - BE o T AN AR BRI T TG

EESRTT & IO PRR SESL BN ER TR RS E ST

18



e B A SER S £ X MR G o0 0T TR DA i G e

R

(a)

Bl 1-19: (@A 0 4 5 ¥ -
1-42 R %77 f 2

1345 % 5 %32 (Fermat’s principle) st % » 3k € P @I (7 BL > &
B sy A T AT A
[kyn, sin(6,)dx]| —[k,n, sin(6,)dx] =0 (1.4.1)
BT @R bR AT M o i LA P TR ARt A R (Snell’s

law)B #2358 » ¥ 10 & 57 &
n, sin(6,) = n, sin(6),) (1.4.2)

Bl 1-20() £ 273 o R EdTs N LR > 5 Hhe- BRFAG BRI H LA
o PE o AR BESR IR - BAp s Tt ;3 B L BITR L o 7 5 Bl4cE

1-20(b) = 7 » 2 2 4T ;
ko, Sin(6,)dx + (@ + d®) = kyn, sin(6, )dx + @ (1.4.3)

B QLA G R A 0 B 3R] R AT R AR S

o

n,sin(6,)—n, sin(6,) = [%) p (1.4.4)
X

19



R IR e T T S

i

k. sin(@.)—mn, sin(8,) = k, sin(6,) + ” (14.5)
X

(a) (b) A

v

Bl 1-20(2)#7 2 F 2t st N A B > (b)E A 6 310 & BAp g 5T A g B e

AR | LR LRS-

YuRl B % A[51]72011 & % 4 1 2 4 B 4p =% 1 g7 4 o (B 1-21(a))
B F Ay ¥ SRR R R BAp R F et a0 A 2 B ¥ 378 0IR % (1-21(b)) 0 st A4 A
HoERIE X 2y mIRER G A A AR T o A 2012 & o 4p NG H(B
1-21(c))» #HE F %R e (T > it & 1100 nm 3 1500 nm (B 1-21(d)) it

BT A0F[53) WA A e P ( BiLaEY T o

20



0 =0, y-polarized excitation 0 =0, x-polarized e xcitation
4 4 i I (um) 3, ¥ P\ I (um)
0 VAN AL 11 0 y. . . ¥ | 11
4 v H 4 ] n|
o . . AL 13, 3ol—=a A 13
3 44 ¥ l Z 4 ¥ |1||
N o = 15 By A .. 15
=4 . \ >5 \
2o a A AL, 2o | 17
=0 - 9 ) - 19
;' x2¥ il'. 21 : ]H! 21
60 40 20 0 20 40 60 60 40 20 0 20 40 60
Refraction angle (degree) Refraction angle (degree)

i &

Bl 1-21 ()L ] % #4255 4 % SEM B> (b)7# Fr ik T 4248 & & rd75+ & & [4] (c)
LA SHARAL5 7 AH > () LASHEAFLG 73 b r R pLET dhffif &

2237858 & BI[53] °

21



15 44 F

[1]8 % % & photo by Andre Yakovlev.

[2]%] % % &: Epoch Times (2013)

[3] K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The optical properties of

metal nanoparticles: The influence of size, shape and dielectric environment,” J.

Phys. Chem. B107(3), 668—677 (2003).

[4] Seungchul Kim, Jonghan Jin, Young-Jin Kim, In-Yong Park, Yunseok Kim and

Seung-Woo Kim, High-harmonic generation by resonant plasmon field enhancement,

Nature 453, 757-760 (2008).

[5] Andrea E. Schlather, Nicolas Large, Alexander S. Urban, Peter Nordlander, and

Naomi J. Halas, Near-Field Mediated Plexcitonic Coupling and Giant Rabi Splitting

in Individual Metallic Dimers, Nano Lett. 13, 3281-3286 (2013)

[6] W. T. Chen, K.-Y. Yang, C.-M. Wang, Y.-W. Huang, G. Sun, [.-D. Chiang, C. Y.

Liao, W.-L. Hsu, H. T. Lin, S. Sun, L. Zhou, A.-Q. Liu, D. P. Tsai, High-efficiency

broadband meta-hologram with polarization-controlled dual images, Nano Letters 14

(1), 225-230 (2014).

[7] R. Jin, Y. Cao, C. A. Mirkin, K. L. Kelly, G. C. Schatz, and J. G. Zheng,
“Photoinduced conversion of silver nanosphere to nanoprisms, Science 294(5548),

1901-1903 (2001).

[8] R. Ameling and H. Giessen, Microcavity plasmonics: strong coupling of photonic

cavities and plasmons, Laser Photonics Rev. 1-29 (2012)

[9] Shelby R A, Smith D R, Schultz S, Experimental Verification of a Negative Index

of Refraction, Science 292, 77(2001)

[10] Zheludev N I, A Roadmap for Metamaterials, Opt. & Photonics News 22, 30

(2011).

22



[11] B % %k ik: Yao-Wei Huang

[12]Y. Lin, M. H. Hong, T. C. Chong, C. S. Lim, G. X. Chen, L. S. Tan, Z. B. Wang,
and L. P. Shi, Ultrafast laser induced parallel phase change nanolithography,

Appl. Phys. Lett. 89(4), 041108 (2006).

[12] Veselago, V. G. The electrodynamics of substances with simultaneously negative
values of € and p. Sov. Phys. Usp. 10 509-514 (1968).

[13] Shalaev, V. M. Optical negative-index metamaterials. Nat. Photon. 1, 41-48
(2000).

[14] Hoffman, A. J. et al. Negative refraction in semiconductor metamaterials, Nat.
Mater. 6, 946-950 (2007).

[15] K. Marinov, A. D. Boardman, V. A. Fedotov, and N. Zheludev, “Toroidal
metamaterial,” New J. Phys. 9(9), 324 (2007).

[16] T. Kaelberer, V. A. Fedotov, N. Papasimakis, D. P. Tsai, and N. 1. Zheludev,
Toroidal dipolar response in a metamaterial, Science 330(6010), 1510-1512

(2010).

[17] Y.-W. Huang, W. T. Chen, P. C. Wu, V. Fedotov, V. Savinov, Y. Z. Ho, Y.-F.

Chau, N. I. Zheludev, and D. P. Tsai, Design of plasmonic toroidal metamaterials

at optical frequencies, Opt. Express 20(2), 17601768 (2012).

[18] Ogut, B., Talebi, N., Vogelgesang, R., Sigle, W. & van Aken, P. A. Toroidal
plasmonic eigenmodes in oligomer nanocavities for the visible. Nano Lett. 12,
5239-5244 (2012).

[19] Y. Fan, Z. Wei, H. Li, H. Chen, and C. M. Soukoulis, “Low-loss and high-Q
planar metamaterial with toroidal moment,” Phys. Rev. B 87, 115417 (2013).

[20] Z. G. Dong, J. Zhu, J. Rho, J. Q. Li, C. Lu, X. Yin, and X. Zhang, “Optical
toroidal dipolar response by an asymmetric double-bar metamaterial,” Appl. Phys.

Lett. 101, 144015 (2012).
23



[21] V. Savinov, V. A. Fedotov, and N. 1. Zheludev, “Toroidal dipolar excitation and
macroscopic electromagnetic properties of metamaterials,” Phys. Rev. B, 89,

205112 (2014)

[22] Huang, Y. et al. Phase-gradient gap-plasmon metasurface based blazed grating
for real time dispersive imaging. Appl. Phys. Lett. 104, 161106 (2014).

[23] Hsu, W.-L. et al. Vertical split-ring resonator based anomalous beam steering
with high extinction ratio, Scientific Reports 5, 11226 (2015).

[24] Wan, X. Jiang, W. X., Ma, H. F. and Cui, T. J.,, A broadband
transformation-optics metasurface lens. Appl. Phys. Lett. 104, 151601 (2014).

[25] Yu, N. et al. Flat optics with designer metasurfaces. Nat. Mater. 13,139-150
(2014).

[26] Rogers, E. T. F. et al. A super-oscillatory lens optical microscope for
subwavelength imaging, Nat. Mater. 11, 432-435 (2012)

[27] Cheng, B. H., Lan, Y. C. and Tsai, D. P. Breaking optical diffraction limitation
using optical hybrid-super-hyperlens with radially polarized light. Opt. Express 21,
14898-14906 (2013).

[28] Zhang, X. and Liu, Z. Superlenses to overcome the diffraction limit. Nat. Mater.
7,435, (2008).

[29] Cheng, B. H., Ho, Y. Z., Lan, Y. C. and Tsai, D. P. Optical hybrid-superlens
hyperlens for superresolution imaging. IEEE J. Sel. Top. Quant. Electron. 19,
4601305 (2013).

[30] Cheng, B. H., Chang, K. J., Lan, Y.-C. and Tsai, D. P. Achieving planar
plasmonic subwavelength resolution using alternately arranged insulator-metal and
insulator-insulator-metal composite structures, Scientific Reports 5, 7996 (2015).

[31] C. Wu, A. B. Khanikaev, R. Adato, N. Arju, A. A. Yanik, H. Altug, and G. Shvets,

Fano-resonant asymmetric metamaterials for ultrasensitive spectroscopy and
24



identification of molecular monolayers, Nat. Mater. 11, 69-75 (2012).

[32] B. Gholipour, J. Zhang, K. F. MacDonald, D. W. Hewak, and N. 1. Zheludev, An
all-optical, non-volatile, bidirectional, phase-change meta-switch, Adv. Mater. 25,
3050-3054 (2013).

[33] Nikolay I. Zheludev, Obtaining optical properties on demand, Science 348, 973
(2015)

[34] J. B. Pendry, Negative refraction makes a perfect lens, Phys. Rev. Lett. 85, 3966
(2000).

[35] S. M. Hein and H. Giessen, Tailoring magnetic dipole emission with plasmonic
split-ring resonators, Phys. Rev. Lett. 111, 026803 (2013).

[36] X. Xu, B. Peng, D. Li, J. Zhang, L. M. Wong, Q. Zhang, S. Wang, and Q. Xiong,
Flexible visible-infrared metamaterials and their applications in highly sensitive
chemical and biological sensing, Nano Lett. 11(8), 3232-3238 (2011).

[37] C. Enkrich, M. Wegener, S. Linden, S. Burger, L. Zschiedrich, F. Schmidt, J. F.
Zhou, Th. Koschny, and C. M. Soukoulis, Magnetic Metamaterials at
Telecommunication and Visible Frequencies, Phys. Rev. Lett. 95, 203901 (2005).

[38] N Liu, S Kaiser, H Giessen, Magnetoinductive and electroinductive coupling in
plasmonic metamaterial molecules, Adv. Materials 20 (23), 4521-4525 (2008).

[39] V. A. Fedotov, M. Rose, S. L. Prosvirnin, N. Papasimakis, and N. I. Zheludev,
Sharp trapped-mode resonances in planar metamaterials with a broken structural
symmetry, Phys. Rev. Lett.99, 147401-1-4 (2007).

[40] V. A. Fedotov, N. Papasimakis, E. Plum, A. Bitzer, M. Walther, P. Kuo, D. P. Tsai,
and N. I. Zheludev, Spectral collapse in ensembles of metamolecules, Phys. Rev.

Lett. 104(22), 223901 (2010).

[41] P. C. Wu, W.-L. Hsu, W. T. Chen, Y.-W. Huang, C. Y. Liao, A. Q. Liu, N. L.

Zheludev, G. Sun, D. P. Tsai, "Plasmon coupling in vertical split-ring resonator
25



metamolecules," Scientific Reports 5, 9726 (2015).

[42] T. Zentgraf, T. P. Meyrath, A. Seidel, S. Kaiser, and H. Giessen, Babinet’s
principle for optical frequency metamaterials and nanoantennas, Phys. Rev. B, 76,
033407 (2007).

[43] E. Prodan, C. Radloff, N. J. Halas, and P. Nordlander, "A hybridization model for
the plasmon response of complex nanostructures," Science 302, 419-422 (2003).

[44] N. Liu, L. Langguth, T. Weiss, J. Kastel, M. Fleischhauer, T. Pfau, and H.
Giessen, Plasmonic analogue of electromagnetically induced transparency at the
Drude damping limit, Nat. Mater. 8, 758-762 (2009).

[45] N. Liu, H. Liu, S. N. Zhu, and H. Giessen, Stereometamaterials, Nat. Photon. 3,
157-162 (2009).

[46] W. M. Zhu, A. Q. Liu, X. M. Zhang, D. P. Tsai, T. Bourouina, J. H. Teng, X. H.
Zhang, H. C. Guo, H. Tanoto, T. Mei, G. Q. Lo, and D. L. Kwong, Switchable
magnetic metamaterials using micromachining processes," Adv. Mater. 23, 1792-1796
(2011).

[47] J. Chen, Z. Li, S. Yue, J. Xiao, and Q. Gong, Plasmon-induced transparency in
asymmetric T-shape single slit, Nano Lett. 12, 2494-2498 (2012).

[48] B. Luk'yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas, P. Nordlander, H.
Giessen, and C. T. Chong, The Fano resonance in plasmonic nanostructures and
metamaterials, Nat. Mater. 9, 707-715 (2010).

[49] A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, Fano resonances in nanoscale
structures, Rev. Mod. Phys. 82, 2257-2298 (2010).

[50] N. Meinzer, W. L. Barnes, and I. R. Hooper, Plasmonic meta-atoms and
metasurfaces, Nat. Photon. 8, 889-898 (2014).

[51] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso, and Z.

Gaburro, Light propagation with phase discontinuities: Generalized laws of reflection
26



and refraction, Science 334, 333-337 (2011).

[52] S. Sun, Q. He, S. Xiao, Q. Xu, X. Li, and L. Zhou, Gradient-index meta-surfaces
as a bridge linking propagating waves and surface waves, Nat. Mater. 11, 426-431
(2012).

[53] X. Ni, N. K. Emani, A. V. Kildishev, A. Boltasseva, V. M. Shalaev, Broadband

Light Bending with Plasmonic Nanoantennas, Science 335, 427 (2012).

27



C ¥ R AR BE B X

2-1 %

wl

rme & R E S L 4% (Focus ion beam milling, FIB) k ® # 2 F % &
gL R ERT APl de ey WA E R R kEM
BHRIULG  F F GITR Y R RL RRTR KSR D 3 o BEHST R
MAFNUGERLEFI RO BRI DTENIZT I AL F AT B AT H i

o BRAET E R T T Tz B A L A2 - o T AT TR 4 o

ks
= »

TS
EH

b

Jit

FhZE A B

@

HE S B A EFHRE d S GFE
F% o TV B BT g YAy (T 3 X IRA chfdr o pLeb > Adeig TR 30KV h

T ROEAES A% kA A 10nm RE PR o Ak R AR E
PR e (T RE R B 2 4 47 > & 5] 5 COMSOL Multiphysics 14 % Computer

Simulation Technology (CST) » f4 & #-4 W] /i Liga Al ot d o
2-2 R BT KA %

k@l & onARE L ® ¥ 5 A% (acetone) ~ 7 % (methanol) ~ £ {3 A% (isopropyl
alcohol)¥? 3 %+ -k (de-ionized water) & A2 F A BeT A 4811 3 fin CIE s

T 440 3 F 1% #4048 (thermal evaporator) 4 5t 45 F Z 48— & 50nm h

A EWE R EART VWA KA AW R o Bk T R LT &

£ %¥% & 5 FEI 2 @ 11 Helios 660 NanoLab FESEM/FIB dual beams - B] 2-1(a)_

B o R[] B 2-1(b) A v L RI2) s R R REHS R

SO A
R o

U‘i%';?i\‘?,;’?‘ﬁl%ﬁb%éﬂ$ /'Lﬁ% %Ko = 55}\:‘ ’%‘xaiﬁm‘,—j- q‘\mé i fﬁé\
LS

30kV > &2 FREHTE > @ * R AL I 29pA 7 & “f DEZ

28



b Ay AR S AR E AE S PR (« A5 AR 0 doses) 0 I R S0

eIy -

Bl 2-1: BOE AT &%)k su(a)fh e (b p 2557 3 B o [1,2]

-

.
hES

BEMT R A Behm AT Ag T B AB o I/T T

ERBFIRST T BN SE G R B o HP L AE gl LAoT
(1) i & 1 1% =k(User station):
@ F E A LR T K SLAE (T HT K AEh1 (T L MM AR R & 0 pL b ki

2]

gy iy €d 1 T ey R K o

(2) E % % ¥ (Vacuum system):

.

BEZRBEL AR CRRHE I AT BRI RERE ML T a G AT
PEHE) FPLAERE TP (THREREH/ DT LAY NS o MR N
F_d i % Ff (scroll pre-vacuum pump)¥? ;s % %] i (Turbo Molecular Pump) s.4% &

% B <2.6%10° mbar -

29



(3) #+ /7 + ti(ion/electron column)
BF /R A NI HROEEELA BT EAGE LAY BI2[] A ki
A

4) i»

.35 4 % si(Lens system): %7 * cnif A s #F L B4 LR # L AEFRE -
iii. % /= B B (Deflection system): & B3+ & + /| o
iv. % £ 1% 4. (Final lens): 3} B3t F L cnE 2t o

v. 18 ;| =k (Detection): 1§ | = =tk L > T R AKROR o

—+— Electron/lon Source

Condenser 1 — 1 Lens System

Lens(es) 4 Scan Unit

[
g L[ e e

| F Y

| Detection Unit

Specimen

it £ 3+ Jh(liquid metal ion source):

NS

§OARART B 4 % BL(Tmp =29.8°C) 8 44 1 K % BBk > Fpt 2 5 B B Lep

7 ik

"

ERRET R Mg BRE S §oRehd G pod a0 T O IRAE S AR AR AL

Moo dgendif B R LMY AP ERTI AL 5T

30



(5) T #hT # " 5 (S-axes motorized stage):
BAER TS 5050 T xyz 2 BT A 0 BT R (3 S4B
360°c7g g o H P A xy ™ w ¥ UHE 150mm T 0 z > B T LR 10

mm e

(6) 1P| % (Detection and CCD):
fﬁiﬁlj“ig% TE AT RS RS EG S LR ERT R BR G - &

WA T LR E R o 2 g HEedR o

FERF A ARy - R d EFS 1 BB R 4
N7 3 & (field-emission scanning electron microscopy)# ik » i * —%‘ A P
34l Sl SRR SRR o 3D %ﬁgxﬁvsﬁﬁyjur@ 2-3 #7577 > [§)
- AU REHF LB R L S0nm & BEW L PIESE o SEM B R 0 2
TR L 28 pA o HE 2 4mC/lum 2 FF 0 € _SEM ¥ BT LR T L e

EWy AR A FI A BRT EFHADE IEFHE S L
BHAR AT OEAALARS o F A E KA F) 10mC/um 2 FF > & SEM ¥ i L%
FlEwcz 282 WITH R DR M SH o dd RIET g = 3 2lag
FRITRASHOTE B0 WS AT g Fl e d B R LAY 2

¥ER - TR
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B 2-3: 7 F A & (doses) T ek B SEM B > E4 5% 5 lume

2-3kFER &

B RERSS  BRFREARELS T MG AT el B AR AR
(Fourier-based imaging spectroscopy)~ = & 5% » & B & R 37 4 L L 472
0y B RTE A T o pH BEACER A W] B B 1k 3 R (SpectraCube by Applied Spectral
Imaging, Haifa, Israel)£? & fic45 (Axiolmager Z1.m by Zeiss, Oberkochen, Germany)
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Imaging spectrometer

Ocular

Polarizer

Light source

Bl 2-4: RFFHLFEPR LT LE o

B OEHC AR BT A 4T 0 T K BB 2-5 o o Bl B SE
0B R R Ar i gade 42 5 2 100X (LD EC Epiplan-Neofluar
100x/0.75 HD DIC M27 by Zeiss, Oberkochen, Germany) @ » &% » b4k 5T 35
h RS 61T i ¢ B LA B A TR O R G R Y T
B B TR IR D ¢ 3 r ket R A A BB w5 E R

W R F DR RS LRI
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Spectrometer

Ocular

LD 100x/0.9
Reﬂecfed dark f e!'d

Light source

Hlumination |

Objective

Computer

Direct light

B 2-5: @5 s E R kAT AW

2-4 B R B

2-4.1 # 4% - B 6 ¥ #°32 (Drude-L orentz model)

FEBR MBI T REE s £ Fhpd T3 A8 A RLERT 7

sk MV g d 448 -3 (Drude model)ig (7 4 47 [3]o 2 F % R w R

*:F%
4%

AIER T E - Al T IR N THEERR TS EH S AENT AT S

+ m}/—t =—eF (24.1)

He mEFIehE ek FFE xLpd T3 EREFes Sl yalEr

i e 2 R LR o BE D LHLERL PP BB EO=Ee ™ » BT
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() =— E@

2.4.2
m(@’ +iyw) B
BEELBN R R P=—nex ¥ ~(242)157 17 5
P=——C Q) (2.4.3)
m(@” +iyw)
BYE T B8 TH M 32 D=gE+Pt » ¥ @5
wz
D(t)=¢,(1- )EU) (2.4.4)
o
Hov a); :z:m Ea Tf:ﬁ “(plasma frequency) > F]@* ¥ U EFF p d T F 0 T S
i
wZ
g(w)=1-——"——=¢/(w)+ig,(w) (2.4.5)
w +iyw
FRATSBAAHEE  H PRI R 30 BT A
2

g(w)y=1-——= 2.4.6

l( ) 0)2+72 ( )

sam———iz—— (2.4.7)

2 a)(a)2+z_2) o

Hd 721 & pd % F gt I 5 (collision frequency) > @ 7 5 p d T F AR o
T
B SRARS L LIRS P E BT RFF AL DL R YT RS

R

P AT LA A BT e
2

@

8(a))=1—j2’

ST Y A A Bk R S T

koa st aHe T AT LAREFAFES BT Y HEd o 7
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AYBINEBPIG RETF o 50 B PLEA K3 (Lorentz )3 gt 431

HALHA P > 2 4L ¥ & % #4] (Drude-Lorentz model)[4]:

a)
g(w)=1-——2 +Z n® (2.4.9)
W +iyw 1co -’ —z;/m

oY Dl g s R R BT S 0 RS
S - -iy,o0

4 mg,}%

Wi

RS T AR T S SELES IR T

8.997 % 3 K4F[S]» A IR ¥ Hc s 0.14 T 3 KIEF[6] -

2-4.2 3 "R % & (Finite-Element method)

$ AR AR 1941 & > FPEE LY NS 1 qEs 2 A1 AR [7.8] 0 }

A F kP A EiE e el %‘ﬁ"”fi'\?’?f - BRI EGITNE T S ﬂ}—&'\ﬁ-:—

7 M o

WA A B A S F U (mesh) 3 I e T E 0 RfEREE &R
PR R AR TWENSE S F R ek P 4 AT FRHEF

COMSOL Multiphysics #2& = 3t 5 U~ % & 72 (O * §edl[9]c 873 5 P s
PR € AR TR S R S P SR T R R A 4o W] 2-6(a)[ 10977 0 R
i B AL % & 8k(node) 0 & B éf‘v,é%b‘g'i & E AN 3RS i 42.57¢ (interpolation
equation) » I RfF#75 R ipes S A H RS R Lojrar o TE RS M E
1T 12 f&(interpolation approximation) » f. 4 % ¢ #1% | s> f2N £ KRR T R R
ez Bk 5 s #rw f 4258 (Three-dimensional fullwave Maxwell’s equations) °
o g T ] b T U F A7 A TR R T ORfE Flut e andicp ¥
FIFEELE R LT EE M & COMSOL #5887 » 4ok Tt~ | &

BRRS T AER YA B R LIV R FELRE
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R SR B B BTRAZ L Ao A e
Tl i BB~ = (BT 7 o gt pF COMSOL $7A8 ¥ 3 A e fo4e B 75 i 32 00 A5 7

BA 4] 2-6(b)[10]57 7 » 24 (07 123 B pif S e T B I8 17 e e de B 3]

-

PERETE LB 2 S LB A E e

(b)

\/
RN O
RO R RERTAYS
ﬁﬁt‘-.‘ag%\%m{wk
.5"?1\}3 \/\7 ‘k

4
N\
N

B 2-6:(a)E Rz o BEFTRFE 2 2 (D)INA HEBEFTER AR H - [10]

% b h o gt Bl i 2R e AR ERE Baiaod & 7
FoARTERFERF R FY R FR&EOP I AR P EE R K T
hA2 P o d NFEEHE G REPE PRI F R hE PR R

(periodic condition) » #* 3% T_E_H4R & UL AF B o

2-4.3 7 *ULFf 4 % (Finite-Integration technique)

TSRS UG- BT R AAYRBIEFRB LA R
W A EE 0 T LA R Y IS LB A R E A A

AR o mBET KRR ALY - 2F ¥ #4 Computer Simulation Technology (CST)
Microwave Studio # % _F1 % 7 " & 2 K8 E L #H[11] - 7 AFF A 2 H B0
- B 7 B ##+:3T % ((Universal Spatial Discrimination) » i * »* 3 #f 7 2 ¥ ant

Boogtvh o CST et f i+ & B B4k & 5 A& 0 5 7 5 e fedf fe i ool
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Feg o CST sk 5187 = % 28 B 17 i L e((Perfect Boundary Approximation)*t 3+
BT EFEF R A R PR A RAFRDEI L G MR
RicafF s o o f1* CST ® @5 pF > A * FHHF R > A » sk ih L

25 4 T

[1] @ % % /&: Helios 660 NanoLab FESEM/FIB dual beams ¢ * ;g £ p

[2] B % %i&: http://www.2spi.com/catalog/grids/silicon-nitride.php

[3] P. Drude, C. Riborg Mann, The Theory Of Optics, Longmans, Green, and
Company (1902).

[4] Aleksandar D. Rakic, Aleksandra B. DjuriSic, Jovan M. Elazar, and Marian L.,
Majewski, Optical Properties of Metallic Films for Vertical-Cavity Optoelectronic
Devices, Applied Optics 37(22), 5271-5283(1998).

[5] Z. Liu, A. Boltasseva, R. H. Pedersen, R. Bakker, A. V. Kildishev, V. P. Drachev,
and V. M. Shalaev, "Plasmonic nanoantenna arrays for the visible," Metamaterials
2,45-51 (2008).

[6] P. B. Johnson and R. W. Christy, “Optical-constants of noble-metals,” Phys. Rev.
B 6(12), 43704379 (1972).

[7] A. Hrennikoff, Solution of Problems of Elasticity by the Frame-Work Method,
ASME J. Appl. Mech. 8, A619—-A715 (1941).

[8] Woon Siong Gan. Acoustical Imaging: Techniques and Applications for Engineers,
John Wiley & Sons (2012).

[9] 7 #* % k: COMSOL Multiphysics # * 4 =+

[10] Bl 5 RiR:g 4 25

[11]5 # & Jk: CST GmbH, Germany. www.cst.de
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