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Abstract

In this thesis, we use three-dimensional finite element method (FEM) to
study the surface plasmon resonance (SPR) effects of metallic nanoparticles,
which are of different shapes, sizes, numbers, and orientations when the
particles are illuminated by a plane wave with different polarization and
wavelength.

In the first part of this thesis, we investigate the phenomenon of SPR of
silver nanospheres, the near-field distribution as well as the far-field scattering
and absorption spectra are calculated to investigate the corresponding SPR
modes and wavelengths. Simulation results show that the SPR effects of two and
multiple silver nanospheres can be changed by controlling the particle size, gap
of the silver nanospheres, as well.as the propagation directions and polarizations
of incident waves. .

In the second part of this'thesis, we study the SPR effects of a single gold
nanorod, which is of different aspect 1;%'0; The properties of the near-field light
intensity distributions as well as the fe&’—ﬁeld scattering and absorption spectra
for longitudinal and transverse SPR modes-are discussed.

Finally we study the system of bow=tié antenna consist of two triangular
gold nanoparticles, we change different geometric parameters of the bow-tie
antenna, such as their gap distance or thickness, and discuss their optical
responses to specific polarization light.

The simulation results show that through suitable designing the structure
and arrangement of metal nanoparticles, they can become efficient nano scatters
or absorbers of visible light. These results can further be applied to the design of
nanophotonic or nanobiomedicine devices, such as nanowaveguides,

nanosensors, nanodetectors etc.
Keyword : surface plasmon resonance (SPR), scattering cross section,

absorption cross section, silver nanospheres, gold nanorod, bow-tie nanoantenna
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_ _ 1 . 1 —~

Neln(¢):Noln(¢+5ﬂ.) ’ Moln(¢+5ﬂ-):Meln(¢) (2‘46)

o QA 5% o 7 o g R W RO S B N, M, B2

oln

B A () > RIR g RN i, 2 RIS 90° ¢4 0 T A

2

flu

7 o
~

. ' M |
(b) e ~ A2 i L B g 2 3‘,'5& |
Aw&glﬁﬂj—ﬁikj~ﬁ%£;,gﬁﬁﬁk¢gm,ﬁﬁ

MATEF R N HIRB P 0 B P oy BRI o - i~ Bk R

Pl B bt aRAe S D 0 AR NPT E A 0 Mk 2
Mtk g £ L5 ki £ (extinction energy) 0 4t it £ £ &R H kD

BT fede st (7 5 0 4ol 2-3 7o o & AT b B a2 (2T HE, fr(2 B

HH,* ] ks

EZ = Eoutside =L +Es ’ H2 = Houtside = Hi +Hs (2'47)

Bk Tk b & BRI A TP )R sk~ fitk s Rk autl w3 %

Il
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2 /
U, Lo A

U0 — U= Uextinction

B 2-3 sk or Shk S pEaofT o~ TP ) kol o

(Poynting vector) 4" TS, ~8~~8§~§ 2P
S, = L Re(E, x 13 )= L Re[[E, + BR(A ) | 5, + 5,45,
5 =iRelE,xA’), 5.4 ~RelBix ) WA _ (2.48)
2 S _2 j i{,—\_\\l l,fﬁ\"l
| \ o l.-'\ i
_ _ ‘e
S -1pe (B, xm)+ (B, x| | ° -*"|||
2 WilA || ¥:
d (248) 7 @S, 5 > ET'%'-*T\?%J:ET%& QT AR I o K A4 5 < ONIRARE

ER ARG o AT T TR i BAS F A S

32 1F
W,==[S,-#d4 = W, =W +W,, (2.49)
A
- f/\j{‘&'f ® R o ¥ <R S
W, =[5, dA (2.50)
A
FERB L AFEBHE AT BT AW =004 249517
W, =W, +W, (2.51)
FEEE ~ st 2 ) £ A G f# (cross section) A~ B T&E 5
e L R P T Y (2.52)



(©) i kAFH2 2 X2 F b [56]
§ it 23 H2HwH P FArQ51)HE % o ¥ 8 5] Mie 1% chij X4

2K 4T B 24 P o

Total Mie extinction

_— N

Dipolar mode Quadrupole mode Higher modes
K (n=2) (N=34,5..)
Plasmon Eddy currents Plasmon Eddy currents
(B,=0) (E, =0)

NN

Absorption Scattering  Absorption Scattering ~ Absorption Scattering  Absorption Scattering
(Ajband) (Syband) (A';band) (S';band) (A,band) (S,band) (A',band) (S',band)

B 2-4 kP & kS g Mie /ﬂ Jciiﬁ Fﬂ&\ﬂn :M—R & E%f] 5 W (absorption) 27 § ¢ 84 3f 4£

(scattering losses) &_d " & I I &fﬁ’{t« 1ok (electric modes) & 2 H- i

m .
(magnetic modes) > 7% TEm T |3]% —_r.(suljface plasmons){rifs & /i (eddy currents)
s g l. \L

] 2-4 2 Mie eiff J‘”t??ﬁ A2 J 1S e (partial wave) & F #7 &
oo AT AL R @) =X (4, + A4S, +S) R A A

A

»on FEfR® o Aud 2o T ’3]{7—? 2R R i 2 5k ¥ (absorption
band); 32> S, ~ SRS A F ¥ nFEHES - A ud 45 DRI A FTA
“rig 2 4TSt (scattering band) o FEd spit L chip s W g AT
chif A

F12-5 5 40 T RF AT L AT (4B RTHH(S, )k F o EF R K 4R

BSECR L R AN o SR o T R L B R TR
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% 55 7| B4R B /S 2R AP M o 15T 2R< 20 nm (75 F R/A< 0.03)2 {35

'

T & &4 fc (dipolar absorption) A H 4 A& & 0 W ¥ FH G

| i T T T T T
100 AN
-~ lI.I "
5 \
1 , B
i A
oy I'-I
|: _I .. I', 7
107 {1
| f 4
| b
[ L}
Ini III.I "._.l'.
1072 i P
10 100
L | 1 1&gl | ]
2R{nm)

F2-5 Ut %oumes el = il )fr%x}q‘(s )itk F

AT 3 ZQR)ENZ MAR £
% B U. Kreibig, B. Schmitz, aqd@ Breuer Phys. Rev. B 36, 5027 (1987).)
| 11 | : o,

f«\ k* P hﬂ Ji‘ 3%Jk (retardation effects) ¢

(B %

Frohlich mode » % #.+ £}

BEmT X S F S, i e Lot

LR PREEFR S AR 4
MEF RS LR R e > FATE TS 2 N BT B4R 4 (radiative losses) ¢ €

E2 B4 o ffF BT 2R~30nm BE 0 S E AT A o AT LT R iE B

S BRI A S, A S LR HEEH N IR
R

WD e R 2 (A B (SR F > B 2 i B e T

-,
=L

BREAFHFPRPN B EFROCL AN BT AT PRSP A A

TR F RS AT TR EEIH A RAT g

fey g o EHEALR
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Vo PSS Bl 25 ¢ RS X R A S ik
E—}i’f‘—"r—g B RRH v O E gl d kehE & P P A - d ;g;{-r.,;ur_ﬁ
AT R HTAEF A B % =8 > 4B Y TN

S, ° g AR E

kAT o d 2N H S % - FERTSR Y (S B -

:\

R e (A) 0 123 dpae B0 BB AR (A, ~ S,)Ar2 B0 B 5 2
B2 AT R S ARk o A JEd B e

W E o L R AT A k> D ARE T e

Bl 2-6 22 2-7 & 2 pR[6]7 o M3 Fe s f i Arb il A g % e

extinction (arb.units)

16 18 20 22 26 26 28 30 3Z 34 36

energy (eV)

NN ' ’
o ry  2R19m (b) =
s: 6 nm — 2
& g
0.5 é :-;r‘
z

0 125  2R(m 16 18 20 22 2t 26 28 30 32 34 36
energy (eV)

B 2-6  (a)3" & 2 Mie i A7 ¥ (E) o & tmen ATHE ¥ (A1) o (b)iRI B 2 3 A7 3%
(2 ARG LA HGREIR) - 2R WS 2 4B RIEHR S
(L ¥53 j= 2R=194 6nm)s TEM 8- ff o = BT Bl 5 Bl B 4 52 ¢ <
VAR

(*~® %+ p U. Kreibig, B. Schmitz, and H. D. Breuer, Phys. Rev. B 36, 5027 (1987).)

33



PEEIEHRSESE TR SRS B S L5 EE A 19mm fr 63nm > F

A ARG PG kS o B 2-6(a) 2 3B AT RE L THE £ 5 190m
LR R F o Mie o RHEGH 0 R R R R B I R A ¥ - s
T F (A 2 ok hiz B R 3 eV R I 2 TR

LR P F - FEEOTR (ST

(a)

':A|+A2}xfo

i
extinction (arb.units)

16 18 20 22 24 26 28 30 32 34 36
energy (eV)

Ni/Nmax 2R:63 nm 1 (b)
10 s:19 nm

05

extinction (arb.units)

Phn'tulc'amsl signal (;rh. units ) )

4

o 50 2RGm 16 18 20 22 24 26 28 30 32 34 35
energy (eV)

B 2-7 (a)3* & 2 Mie iff R4 (E)2 % n FF 2 BT F (An)frdc st F (Sh)
2 FRE BT BRI S AArA) o (D)RIE 2 ) R AT (0 2 )
BRBATH (G 2 AR) o 2RI EE E AR RIE R S(TEE
& 2R=63%19nm)s TEM £ i o =R T B 2 Bl EH S22 2 14 F o
(B %+ p U.Kreibig, B. Schmitz, and H. D. Breuer, Phys. Rev. B 36, 5027 (1987).)

Bl 2-6(b) = 53 A A B 5 B 2-6(a) ik Goof ) AT R BT R T 2

kAR (w2 ) > 11 & Sk FAF I (photothermal spectrum) F 2 #7 F 17 2. &%
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foi e s (e 28 o o 30k BT R BT L Rk e ook

oo AT AR S 90 F Sk F el e o 1t R B] 2-6(a)fr ] 2-6 (b) > ¥ ¥ A

-nnb

DR (P E R HIT BRI R 2 e iE 2§ - 1
SO AR R R EOEH) G TR Bk -

Y- 2w B 27k d 0§ 2 K4 T35E /55 63nm PF o
AR 2 RAEE A & B % - FEATSTR R (ST r W kg A
£ §d “% B EAF4L" (dipolar radiative losses) #7ig = > 3HATE R F 2
FETA 26 eV i dopt TR — F’b%{ﬁ#/ﬁ»% (S)ifAgax s — peedot ¥
“7 ek ¥ (dipolarsabsorption band) AT F 2L TR ¥ 5 S
P s o 47 (quadrupc;l.h'i;:'.ﬁb_é(;rption 5and) A, i £ 3.1eV )
Ao R F oo x T A\ | m}ﬂfi BB T o RAES AR
4" (quadrupolar scattering band). S o " H i ﬁ 7T it 3.0 eV ee d A R
R itig A 2 AV ISR B AL T g A B o gt 2t IR R

o ST AT 2 B FRE] S Al 2w T TR 8 3 R 2-7(a)
SRR 2 MY o RMEEL A NS~ A F S, 2 e .

Bl 2-7(b) ¥ eh= 5 s A B G B 2-T(a) Bk S SRR (e 2 M) 2
EFATHGREZAR) e FUEFL B EF RS GEE 2 ) kAT £ P
2o AT~ BT U (4 A A 4RI R ORI 2 R ARG G F

BALD 4 8 I -
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z4§%1%a?%#%
(a) /T?_,?/$}§%~Z\Wﬁ, #* (2w 7 *’3“)[7»8]

Pifpdr2 TEACHT £HE 5 2 HMId T RF - £ A G
Fenpd T BRFEET I TR RIS EREOFRKT

v

P A R T BIERT AL B MARZ N Ak B e Bk AL

HELFZLERAET R % T A ”Lrﬁmz\\i?{:il]‘iiréa‘ﬁ (surface plasmon
resonance)’ @ ;ZBFHAEH(Z 4 )hpd T3 PRI L e T ’jf'{—? (‘surface

plasmon, SP) o

u*r;tz,_uslgé‘:y e—k pgg\m%]\ %"Trﬁ/%)ix«f@%'il

!

aE L A\ Jz
1l M
El
g e 2]
! i : Dielectric
1 |
: N
[ Ez &,
i
M, - Metal

W28 PlEMTEA AT TEEE ST AW -

Bl 2-8577 0 - EPHEBEALAB AL ATEFHE I £BY -

gh’{

SEARPFY (2> 0 RB)NTHFEEET LY,
E =(E,,0,E., )ekher) (2.53)

x1°

A, =(0,H,,,0)e! k) (2.54)

vl»>

AARY (2 <0%E)NEHEEENT 4 5
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E,=(E_,.0,E.

) i(kyy—Fk.,z—0t)
x2°

(0,1, )bt

Bz =0)F % R B i i

vl 2
Exl = ExZ
kg =k,
o,=6E,-&FE,

B RT @ PR REAAART > I £ Bod

iRt R R R, w5 Ben i
2.0 H A 2 (E)TgRde o+ o
Bt o A2 EAN 2 B W
i(kxx—a)t) " . 'x_:_

o, (x,t)=0,¢€

1245 Maxwell > 4258 ¢ kxH =-s0k {7 7

k.H, =¢&0E,
koH, =—-¢&0E.,
ko H,, =—-&0E,
kaHyZ =-&,0F

EIL(2.57)% (2.59)5 -

(R

k&, =

zl

—k_,é,

—r'\'%

)= %) e

ki +ki =& (0fc)

kfz +k222 =& (C')/C)2
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AR ¥ S SRS R £ & L S

=

I
S

-

A AT

(2.55)

(2.56)

(2.57)

T s

’;J: -T =

T BRI R ¢ O

AT FE AR TE A w2 & $TH %5 5

BRNTEASGRILE &
(2.58)
(2.59)
(2.60)
(2.61)



#42.60) % ~ (2.61)7 fEm T 18

_W, &8 %

..,\

(2.62)

c §+é,

%%E%L /T ?, Tﬁ‘ﬁﬁigzzl—a);/a)z TX‘ )‘__!' JT\: ’ E'J%\[‘ﬁ ;F::]\ m@‘/’%‘—\/ﬁs ‘E‘ £

)\t—z"#?ﬁ‘d ﬁjlg\-g‘kx A kzl"éli‘ikZZFA\ EJJ%?TF—QFT

X

@ gl(l—a);/a)z) e
¢ (6,+1)-0’ /&’

2
w g 1/2

(2.63)

21:

c 51+1 /a)

FEE AT R LR ?,if]{rj.f IR S T PR 14 R

e g @, +c’kl + B~ L~
+ = ~ e J |
2¢, 1l

<= || (2.64)

(20} + 'kt +c*eiit —251 2&%1\72 12:102 c2kj.__+ 26,0k )"
el g 1)
E

B g L 08 % ¢ (Al L vl

7

s

—\

LA A

—\

:[w; 120K 2% (0! +4c'k)” /2% (2.65)

o, » 5 514 (radiative) & & 7 ’?F%ﬁ,@ v o = 224§ 5+ (nonradiative) % & &

RHh
Bl 2:9 520 TR AWM B R FhIREPTRT > 2R TR
RS R RE I SV RS R TS SRR i R/

B2 LB T 0l o,/ Tre P 5 AR A TR 0 22 A

BT PR RS e B A Rk kY S A TS
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LinFEE A6 e B TRESRIGEF RN 0 RS § ik

a)ﬂ
1501 4 l/a)=cwligl+1/31 .,
= By ! ,
R A S R (ONERE T
1
il a)=ckx/( & sin@)
/
o, .
o, / Frohilich mode
\/1“‘51 )
; ETTREEY
1
4 [e, +
I[ a):c ukx
U 8182
1
4 X

W29 £p4o TR A Y RTLEH -

R e - HAPF L2 4R AV A RFRFFZTRARET o A A

LA R RETE AR AL RING Y AT foRR L -
ﬁ&ﬁﬁ%ﬁ%aa%%agfykz@ﬁa%»w%gﬁﬁﬁié
7 | o= | I

= —Q\_"l}’a it;\%" s J\Iﬁ'7 7}\I~ —_E_LL )\_E,T’]D7 ,}\_j_ A_,\_EL j\m , ,_;,_»r'l‘z
FARF T Aol e BHpe e DET R A i 6 b s 24501 4 5 T
j]%i%)% ’ 'L"‘fﬁ%%gj’“ e eh B i (48 S ) 0 A A @ o~ Bk EF R F ik,

ERFE G TR FF L TRMT 020, P e B R,



T - RRBER MM HAGhpd T3 NTIHERYT
#1212 4% (electric dipole) # % #&4EH#-i (multipole mode) =jpaF 755\
% & (resonance) ° ¢t fd & & 17 & L 5 *EAT B (particle plasmon) & %
w7 fo( (localized surface plasmon) °

TR TR TSI - B2 K &Rk d 3t Bkt i
RN £ IR o o #TuaE Bt (retardation effect) ¥ r4AL LvE o dE
d M3 3537 10 (quasistatic approximation) » ¥ -7 BRA AR 5 EHF AL H 0 LB

2-10 £ 71 -

: sp:e
Light 1[\R

B2-10 244ttt 2 BEETIE -

BB 2-10 ¢ i A K A RIAT FRPNERRE S RRT e

=,

ToE R T o gtk 5% B Laplace’s equation

10 ,00 1 od 1 od
= re—-)+ —(s O—)+—5———=
o ar’ risin@ o6 00" r°sin” 0 0¢

(2.66)

=

frt
pan
=\
RN
i
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©=3"3 (g, - L (2.67)

n=0 m=0

F o~ &I A m o b S Rl B k2 0 2 3R A% (spherical coordinates)

21 % iE4g S #ic (Legendre function) & B B H 2 » F sk gl p &2 ¢k 0 575

;e

KR RHEE(0)= %E z (2.68)
€,—-¢, R’

R H L E(n0)=E, 2+ X E,(2c0s07 +5in00) (2.69)

e, +2, r’
HY By s Rt TH o g fre, 2 £ HHMERE A Feni T ¥ 8 R

TR E T o IR nT i%—Au\ i ’1/;,\'1‘}5"; B ch v 1

ETINS

‘.\m\ =
I,
I
ol
»}\_
d~

~
=3

B 4 b - B33 4053 (induced Q_cat__tering field) - H 355 SEELPIFESE T =
3R A&t LR (localized) 0 H IRAEY o DR BE2Z Fo%

T % #&4E (dipole moment)

p=¢,0E, (2.70)

o =4m’ L —" (2.71)

5 IR et it 5 (polarizability) o = * i £ % & (energy density) =7t
= R PBgp 53 £ (radiation flux)?s » ¥ # 54t 6 (scattering cross
section, Ceattering) & P x# & (absorption cross section, Cabsorption)

(2.72)

sca :a| |
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C,,. =kIm(o) (2.73)
BLEQ2.71)F0(2.72)-(2.73)3% » & e, =-2¢, NN F AL > ) B SR G
Fedgdtd o P g P B~ B - HREAZ K B hpd B3R

Tl p > g UEFTFS FHBEBRTE> o

)

(c) * =t »c&[10]

ERPFFETREAZIIEY AR AN D TINER o A AN

F_&

Drude model s it p d & F @& Rk A F » 3 » R FARBAFT R AL T F

2R AT S e R AR 4l §

Ty

r—ct=Yr (AL o (2.74)
! | ==
I =%

ERAR S AL IARE = GG ORI i

et ie FRORERET 2L 0 LAY ERY T8

|55

ks

N
3

CRPFOR Y RIIT ST IEAd (TS (mean free path) A% T4
mAs S R ARR R A F 3l ~ 2 B (size effect) T ok i o

Wi EB AT S22 B R - EoarTiEp d BE(L,)

- BLELr2Z BRI RE > H Stz Tiap d BST UIT S
I 1
by =7%7 (2.75)
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doptari® 2 33 B AR 5 (Do) &
VF
SEop,  + A (2.76)
r
B o Ty » A OTFAREHF > vp 2 & F &MY DF £ # R (Fermi
velocity) » r & #A 2 2 > A E LA AR M o o AT an A 5

BeF r0d RAR IR St < BBl 0 TR

2 2
o) ®
£(0) = £, () + —5— L L (2.77)
o +il, 0 o +il o

AL Ed R R o HAN AR T Sl AR B A E S
B P EiE e i d vﬂ[ll]zﬁl iR M R R enig V02 E BB 2-11

EFA LT ¢ T o Rk AR A R

"I‘E‘_..".-';
| === |1
20 —— i
.10 -
c finasisy T
& o
8
[&]
£
[&]
o
o
a
_30 L 1 L L 1 _.
400 500 600 700 800
Wavelength(um)

Bl 2-11 £0h4 3 ki ? AL E > §REFHTEDEMObulk)E -

(~® %% p P. B.Johnson, and R. W. Christy, Phys. Rev. B 6, 4370 (1972).)

N

B0 F adicn F w(2.72)% Q73N R T B £ AT S

SRR SR TR TR ) RN S
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3-1 A= B

£

2002 & H. Tamaru ¥ A & * # & % + & fic4 (scanning electron
microscopy, SEM) & P|H %f 2 F3f 2 K42 B AR > UE fER S
Aol BEAH e ¥~ 25 o fs Ps @ % kIR (spectroscopy) E B i Z K 42
SR AL B iR A B e TRk o T B KT 0 FHI 2
F AV T IR > A RS e T AT SRR € &R a2t
w I 14 (anisotropy) 2 o @ A+ ALk g () 0 T R Dk
ﬁTﬁﬁ%ﬁﬁﬁﬁgﬁiﬁzkﬁ#%%nﬂm

2003 & W. Rechberger:& A 143 —f_‘?wﬂftx t7%  (electron beam lithography)

E’. |
BLIE Y PR AT 150-450 nmien S MiP & AUKSEA2] 0 g I kAT
I 1 1§ J ¥

(extinction spectra) &7 e m%:ﬁ%‘s v H f"&ﬁ gzt Lo e dt o @ fe Jp iy
O STk S P > © @ik R A % H 5% 4784 (SERS) F mELip| T
LB A B K s A H T E A k3 B 5] 3 100 nm opFiE o

BHCEDE AL S 5 0 F - 2R AR TR T doif R A
I [3] ~ 2= & A5Ec T [3,4] ~ T 30547 [4-6] ~ = B AT (7]~ 3
B ik [8]% o J. P. Kottmann {- O. J. F. Martin = & #-4%[5,6]45
Mo H- B mEBE DR KR AT L Rarst kY > g H
- B RRERAE SRR P B o HE - B

EBEMEAFERNGRT > &7 LkacstL#? >l g3 Bia

7
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LR E o A RS T BEARER T E T A BEERER
H[9,10] > @ fed P& 5 £ chE K AR A3 £ ’]\»%ﬁiﬁ»%i IR

% B LRSS b A TR IEAR M 0 4 B r SRR (T E iR

oA PR 2 g Uk (FEM) 2FA 32 AUk 2 532 F R
ete S sk B REFREF AL o APPF P HAFRT kR
B > FAor &k A <] ﬁﬁéﬁf&& v BPR B Z B R RR
%@i,%@%gﬁﬁu7ukﬁj%ﬁ%§mﬁ’uiﬁ@aﬁ%*%
Prbga & o 7 G R Y i\fn'-“zs:%& K AR E T 5 20-100

nm’&%wﬁgﬁig*—%ﬂJf%+ﬁ@w5u1Wa@%¢ﬁﬁﬁﬂ

[11]#F Frd s 20-100 nm 11 5E & }37::’5 e L.:* EIESE ) S et
Bg bt %2 BIEd gk Aty 2 pEe 2 LG P8 $78t (SERS)
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