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Abstract

Abstract

The research of polaritons is the novel electromagnetic formed by the coupling
between the photon of incident light and the various quasiparticle in the materials. The
study of polaritons is essentially the process of solving Maxwell's equations. It is to
calculate the induced electromagnetic field under the negative real part of permittivity
of materials caused by the response of free electron, optical phonon, and other responses.
Polaritons are electromagnetic fields propagating at the interface of materials, which
can break through the traditional diffraction limit, realize the electromagnetic field
control on the sub wavelength scale, and enhance the interaction between light and
matter. They have important research significance and application in information,
physics, chemistry, biology, energy and other fields. In this dissertation, we present the
general methods for the study of polaritons in nanostructure, one-dimensional
nanowires and two-dimensional crystal. We study the localized polaritons in the silver
nano-triangle, gold clusters and hexagonal boron nitride nanodisk; the propagating
polaritons in indium arsenide semiconductor nanowires, graphene and hexagonal boron

nitride.

To the study of localized surface plasmons in silver nano-triangle, we first give a
general method to study the extinction response of silver nano triangle under optical
excitation by using boundary element method. Then, we get the extinction spectrum of
DNA molecules in the etched silver nano triangle. We reveal the specific circuit of DNA
molecules in the etching process and the role of different DNA molecules in the etching
of silver nano-triangle.

Using the boundary element method, we numerical calculate the electron loss
energy spectrum of gold nanoclusters. Combining with the experimental electron loss
energy spectra of different diameter of the gold nanoclusters, we study the redshift of
absorption the gold nanocluster electron loss spectrum in the range of 4 to 15 nm. The
results show that the absorption peak of the gold nanocluster redshift is originated from

the absorption of the localized surface plasmons. And the modified permittivity caused
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by size of nanocluster results to the redshift of absorption peak in the electron loss
energy spectra.

We applied the finite element method to calculate the extinction spectrum of single
hyperbolic Hexagonal boron nitride (hBN) nanodisk. We show that the hyperbolic hBN
nanodisk exhibits two extinction mechanisms in the mid-infrared region. The volume
confined phonon polaritons propagating in the nanodisk induce the Fabry-Perot
resonances then give rise to a series of weak extinction peaks. The extinction cross-
section originated from this dipolar resonance extinction is three orders of magnitude
stronger than the volume confined phonon polaritons extinction. The localized surface
phonon polaritons lead to a robust dipolar extinction, and the extinction peak position
is tunable by varying the size of the hBN nanodisk. The quality factor of the LSPhP
resonant extinction peak is about 193, and the electromagnetic field enhancement is
about 40, which make the hBN nanodisk a promising candidate for applications on mid-
infrared antenna, molecular sensing and enhanced spectroscopy.

For the one-dimensional propagating surface plasmons in the indium arsenide
semiconductor nanowires, we theoretically proved that the metallic indium arsenide
(InAs) nanowires can excite and support the propagation of surface plasmons. Then,
we firstly realize the real-space imaging of surface plasmons in InAs nanowires in
experiment by the means of s-SNOM, and confirmed them with the finite element
calculation results. The research results show that the surface plasmons in InAs
nanowire have high confining ability and low propagation loss. The wavelength of the
surface plasmon can be tuned by the doping level, substrate medium and the diameter
of nanowire.

For the surface plasmon in graphene, we give the analytical solution of the
dispersion and electric field distribution of the graphene surface plasmon. At the same
time, we give the numerical simulation of the surface plasmon by the finite element
method. We systematically studied surface plasmons reflection by graphene wrinkles
with different heights on SiC substrate. Combined with numerical simulation, we found
the geometry corrugation of a few nanometer height of wrinkle alone does not causes a
reflection of graphene plasmons. Instead, the separated wrinkle from substrate exhibits
a localized spatial Fermi energy distribution along the wrinkle causes the reflection of

graphene surface plasmons.



Abstract

We study the propagation of phonon polaritons excited by the wrinkle in the
hexagonal boron nitride (hBN) crystal by the scattering scanning near-field optical
microscopy (s-SNOM). Combining the numerical simulation, we find that the wrinkle
in hBN can directly excite the phonon polaritons and obtain an interference-free near
field imaging. The polaritons excited by the wrinkle propagate without the extra

geometrical damping factor can reflect the intrinsic property of the phonon polaritons.

Key Words: Polaritons, Near-field optics, Boundary Element Method, Finite Element
Method
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Figure 1.2 Longitudinal volume plasmon in metal bulk.
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Figure 1.3 STEM image of a 20-nm-diameter silver particle and the associated deconvoluted
EELS data(21).
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Figure 1.4 Schematic of localized surface plasmon resonance in metal nanosphere.
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Figure 1.5 Schematic of silver nanoparticle localized surface plasmon resonance sensor(25).

Left: Scattering spectra of silver nanoparticle before and after adsorbing molecules; Right: Dark-
field optical image of Ag nanoparticles.
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Figure 1.6 Surface-Enhanced Raman Scattering in Gold Nanoparticle-Nanowire
Systems(29).

Left: Raman spectra from different positions of the sample. Right: SEM imaging of Gold
Nanoparticle-Nanowire Systems. The scale bar is 400 nm. The arrow in the SEM image shows the

incident polarization.
< AR URL 1) Jo 3 T 25 B e R 506 50 A AR L, h NG Rk
VLR RIS ) OB TE A A5 Rels DL RS B A H AR, ek
LMt R B R ROR (30, 31), K FHAE AR 1 95 (31), & @ PIRBTRLE
[F 25T (32), IR A AS R et A7 ik (33) 5556
Ty I3, T RAR I AR BT, RITIRIIE T Ritchie 55(34) K LR H
TEE & RERE S AN S RE R RUREE, (FRRIE R AT &R K
T FA) R 2 PR R SRR IROUR 5 S R TR ST 1959 4 Powll F Swall(35) 7 L ¥~ it &
PR bW L2 T 3K AT IR S A0S B2 AR E B 40 R W o SEZIG AT T B 45 SR AR B
KR MR R S U T R I AR SO S R U AR R . T
T B AT ARG X 4 I 11 R kR T 25 Hoe R U TR ST . i 17, Xk
BRI R aitly, W e e w5 7 PR I B WO AR HE IR 9B, T x T 1]
o4k, JF H a7 BihT7 R4 B R 2R T A5 oS, WM B I R B
E(x,y,z) = Aexp(tk,;z) * exp(ifx) =-=-=-=======n=- (1.37)
H(x,y,z) = Aexp(tk,;z) * exp(ifx) =-=-=======n===- (1.38)

—_— =



RLER AL BT Ot A PR T 7E

Hrp “+7” ZoRfEER IR 20, “7 RN LH, ky 1= 1,280
KKDBENT 1,2 T z 708, NIESREL BNIRE FHIALHRR IR & 2ot
PR, WIRRPRKI) X 7 &

k .
2 medium &
= 1 K |E7l

B 17 &R-NMRAEREFEB TR R A EE M RE.

Figure 1.7 Schematic diagram of the surface plasmon at the metal-dielectric interface and its
localized electric field at the interface.
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Figure 1.8 Dispersion of surface plasmons at the interfaces of metal.
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Figure 1.9 Study of the propagation of surface plasmons.

(a) dielectric fibers waveguide(38); (b) matal nanowire surface plasmons waveguide(38); (c)
Plasmon-Based Interferometric Logic in Silver Nanowire Networks(39); (d) Numerical propagation
of surface plasmons along the silver grating metasurface(40); (e) Experimental images of surface

plasmons refraction at the silver grating metasurface(41).
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Figure 1.10 Study of graphene surface plasmons.
(a) Imaging propagating and localized graphene plasmons by scattering-type SNOM(7); (b)

Graphene surface plasmons waveguide(42); (c) Reflection of graphene surface plasmons at the step

on SiC substrate(43); (d) Reflection of graphene surface plasmons at the boundary of graphene(44).
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Figure 1.11 Dispersion of surface phonon polaritons in 4H-SiC(10).
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Figure 1.12 Near field imaging of hBN phonon polaritons.

() s-SNOM images of volume confined phonon polaritons in hBN(50); (b) s-SNOM images of

surface phonon polaritons in a set of linear h-BN antennas of different length L(47).
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Figure 1.13 Schematic of prism coupling geometry.

(Left) Kretchman Prism coupling configuration(51); (Right) Otto prism coupling configuration(51).
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Figure 1.14 Phase-matching of light to SPPs using a grating(51).
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Figure 1.15 Schematic of edge exicites polaritons.

(Left) Theoretical graphene surface plasmons excited by edge(53); (Right) Experimental hBN

volume confined phonon polaritons excited by edge(52).
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Figure 1.16 Schematic representation of the s-SNOM setup(57).
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Figure 1.17 Near field signal detection of s-SNOM.

(a) Pseudo-heterodyne detection setup(57); (b) The schematic representation of the corresponding

detector output spectrum(57).
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B T B B IR e AR A, FRATTH T R R AR G 3 AR B
ARH T 5T AR AT P o i FH I 2 ) I ) B G R T 7 4 R 4
OKIGURE PR U 6% o 16 37 A o b 1 RSCER AR B P AR B NS, BT
HARET S SO B, T R A BRI R S s, e T BASEEE 10 nm 43
PR R (59) -
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Figure 1.18 Schematic of Dark-field microscopy.

(a) Schematic of Dark-field microscopy in transmission(59); (b) Schematic of Dark-field

microscopy in reflection(59).

i 1.18(a) 1 1.18(b) 7 g3 il id i s s s S 37 e S B i
YR, IR AT KA L BN Gl DU 2R i b, D5 A ek
SERF RN A B BRI O, K NS E #R BRI 2 LA, A AL
FE SR, AR SR I R HIUH G AT DABE A BT - I I 37006 5 8 Al w] A SIE I
/IR B R AN R IORE B RS e TE E A
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HiEs 37 302 Tl B R RE I e A K RORE ) TBUR el X T < SR oK ABORL )3 D6 e
A3 T A 5 Ah-mT W0 66 BE T RN Sl A i NS G s EEAR AL, 45
BN . X T AR e WA it B A 7K T BORE
A PATHR A ER Ab- 77 W23 606 BE TR FL DNA ZI i AR K = f1 7 e il
THICIEALTE DL o

1.3.1.3 BFREEMKBEIL

DS A R /NG 1 1 = 0 1 S 7 O 7 == i [ T L N A (O R
JH R A ARt EOH T de A B A, 3 ) S O B T I R R R T LAy
HTAE -5 P SR A AH LR O A o S TR 2 %o 3R T 55 B8 WG OB M A il 15—
SROPR FEL 4T 204 J VRS b= 2 (19 B S 40 K 1T R B P — o7 1) R R W A 0 (34) - T
HFEHREE G AT BB (STEM) B R 45 & F 7 B i 40 R 16 A 1) FEL 7 RE == 40
IV &7 v AT DALEA 2 R (1 nm) AN BE = (0.1 eV) 7 #E %, 7 LA KI5 40
KR 1) & R K SR 1) 5 B T 1 5 (60) o {EL S LR T SR t E B ™ %, [
SRS TF A S5 T, [ IE 75 B B R AR 2 IR o ASSCHRBRAT
) FH L5 AR BE R VA 7T AN [F) EL AR 1K & 9 K 1 e R A AR W AR A 15 O

1.3.2 HEHERZE

XF TR AL T BT 7T 32 20 i SR AR 22 0 37 O AR AR AT B AR SR SR
PRI ML ., 81T 43 38 3L P 3% o0 A o SR T 7R AL S B (9 ) R, Pl S35
F— R LU A 2% DRI AR AT BRSBTS gl 5 30 o BB v SR ) 7 9
RAFAN L BREEAE) , AF BN BUA M T T FAT TR 5] ZE A R0 F ek A BR e i P s
FH BB TH 57 VR SR 22 5o 40 3 77 R 2 A5 B AT 1) L 8 32 Wi 2 155 10 o

XTI T ek, FAR UL MR YE 22 T 3 75 R A AR SK AR A [R] 4 HL 3 B A o
Xof LR IR PRV WE) SR 0 o S0 T 389 5 A8 o) TRk R0 A0 B, AT o0 o s i 7 P 5K A
1A Xt A o3 3 1T LR 37 W JSE PR SR A o 3 2 RN AE R Rb ARk v, F R 37 1 7 R T
DR R RE AR AR P AR 3R A3 3] o SO S Taik ol R M X — e i, AT LUK 9K &5
FIEALA R QKA 110 5 — 2 R T S50, R I8 I Bl 37100 7 2% A A T T
PARRAA 1S 2 s REA H AR . 1975 4 Fuchs(61) il id i A ocikit 8 T &g ik
(1) Ik &5 B o, 1M AE 2002 4 Garcia de Abajo A1 Howie i3t — 25 FI 4
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TR, T BT RE P AR B Y 52 56.(62), S Hohenster A1 Trugler 583 1147
TOVERRIE R, KT RN 48 48 oK UKL 55 B 0T Bt A R A e B
MNPBEM(63) . 34 5t Tz R i id 1 R G5 i S5 30T — A Z4e 5, IR g2
Ny B CAI A CIEAE T RO b2 I T A B BB . 55— T A SRR R
SRARLE R WS35 5] % v [P 1) i L A2 5 S (9 A HL s O B 2t — A R
AR s R, i LI BRI T e A FIYE L SR TR 2 R R
ik, RXAGEEER . EASCH AT EEA A EET MNPBEM K Matlab 15T
FRNTHRGNK = A P FI<B oK (172 1) JR) 3803 18 5 B T It AT HE

7, A PR TTIE R — iR AR 2 5 0 T3 m ik 23 77 RE A B BUE TH STV .
A 5 B TR I BT A TR D 22 o 5 g R 2L R g AR P T BT B A N
IR SR . DRI B S B SRR DX AR 43y B AL PR A X A 2
Ke), JE T ARG G A 10 AR 43 O R L S W 0 SR AR A DR BR, AR S
Helmholtz 75 FEFIA S 56 SR AT B4 — N RS AL G (5 B . 5L STk
b, AR TTE AT DR ZS 5 b 38 53 2R TR PR G548 LA K 25 1) S ek (R A e 1), G 3
FHE BB EE A o B AT B TG [R] I 575 S AN SR DX kAT IR ) 43, R SR A
H B LR, SR ) B o B i = S 1K ) FH A B v i) r M 3 #F L 45 Comsol,
ANSYS, FEM %, ArHr, FRA13- 2R Comsol 4 H # £ #% ) 7 1% 1) hBN
BV EALE] L A AR OK R I R T 55 B A S0 R T 5 B oo — 4t
BACT AT TR AT E AT R 5T
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£ 2 B AREGHBRUEHTHR

X T PR ER IR AL HOT, BT Ao R AR AL WOTE 9K 2544 Hh )
UL AT N e ANEE, BATEZS 4 1 ARGK =Sy Fr b 1) JRy 38R T 25 oot
TC» < gHoK P15 1) =) 38 i 25 2 e ) L1 4 Sk BB F 7T DA B A A oK e £
(A T ARAGIOC T YL 7T . W FTE LB 5 v 32, R A eiok
ARADT- T SO WF FTAR MK = A1 A v 1) 3 T 58 0 Wi e A B AU < 40 K A
R HL T 45 K e Ry R T A5 B BT MO &R A BT IR JTIRBE T 1 & 1)
S R A B0 K [ 25 P (7R DL o

2.1 SRAXKR=AREBREFEHTAR

X ARARAT I IR (R0 RS B TR 4252 S DA oK A B P 1) S 22 I At (64, 65),
{E2 B TRk Z RE B R SOAR A B R AL T3, 52 BRI A IO A 5K
T JBARFRA L, JE % 300K 1) 8 @ AN oK AR DR HL A T AR A ) e = 1
T ) s AR 0 34 111 32 2 RRBR 22 (1 59 o F T LA 9801 S M SR B8 VR D' X I A
m BRGKR = A R VR AR S AR AR <G SR AN AR T2 0T 5T(66) AR ER 4K
L JEy 3 T A O 5 HOR ARG M A SR e, BRATTEAR THERU 2 BERAL T A
[F] DNA ZIP I8 (ARG OK = B (KT JCRr I, e 1 ERGOKR = B (R SEINHE RS
AL RE . WHFURE] T DNA EIRYLK =M i SERPER, AR Tt —»5
[¥) DNA LRI TG . A7 TARSRAL 1Rk i Hog m sl 4R
(DR < B 9K A R S K57

2.1.1 BARTE

%o <65 B 4K 45 ) P 1) R R T A B WOTAT N I AR B ST R 4K
FARHR) A B3 HON F IR PRI Wi S, AR [ LE TSR 2 s i 7 R4l . X T4
FELH B8 0] [FIPE 3 S G B atib), - BRATTRT DA 3 S i s sR e 22 s 7 =6 5 7
ZH, AT 15 2 4R K 25 ) 1) B BB e A7 25
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AT FRATTI 7 ARG K = A v RS 3/NF 50 nm, B REHRSF /A
WG K (67), SR FRATT AT DA A v 5 AS T AR SR At v i T R Bl s 3 s
FESRIE A, 5] NHEFF SRR $(62, 63):

WG@rU——Mﬁ@mU ------------------------- {2.1)
Glr,r') =12 r| ---------------------------------- {2.2)
SRR SR AV FA Ty R AT LA 1 R Ay 3
(1) = Pexe (1) + $,,G(1,5") 0(s")ds" ==mmrmmmemmee {2.3)
FEIX LA G NIRRT Ao, T ARHR F AL 34 75 R THI AR 725 1] 43
limn - V() = lim 220 = lim [, 290 g (57)ds 4+ 202D .24

2 r UG PR s I5F(68), K If %ﬁolﬁujﬂ (F /O aib)

. _ pdp _ _
lergon f|r e ds' = ZILTOZTTZJ. rgryee = L2 e {2.5)
(Al ik
0p(s) _ ’ ’ ’ OPext(s)
— == +2no(r) + faVF(s, sNo(s)ds' + —o= {2.6)
Ll )
F(s,s') = ™ 2.7)
F(s, s") NERTHTH T BIMEAREREL, 35 2 SRAFNHILIN (69):
458VF(S §')ds' = 21 -mmmmeeeeemmmmmmeeeennaaees 2.8)

RIS o T BRI 5 MIL AR B AR T T ISR A, [ IR AR 4 22 50 4
T RERIL FOE LK AR M AT o D) E BRI AE LR, G0 R i H
A A, JF HARYE G AR R R

(2710 + Fo + a%’“) =& ( 2o + Fo + ¢ext) ----{2.9)

(A4 F)0 = = 2B (2.10)
A= Zn% ----------------------------------- (2.11)

I AR T HRL AT
= (A F) T 22 (2.12)

e f Ao R T RE(2.3), FRATT AT AR BIHERS LN AL oI, 1o
AR5 4 T FL Ay R SR A A AR sl B g i E R A3 BL 1 RO 22 A8 (54) -

R L (2.13)
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Y ORI — (2.14)
Pext = Psca + Pabs """""""""""""""" (215)

2.1.2 SRR =ZAFRPHBERAFESHIT
2.1.2.1 SRKR=AFRBIER

: < 0)2 &
°“/7 \Gc o 00 ; ¥w
= gg"‘f 8N )g?
T

B 2.1 B RSB RT KRMAK=/A r DNA 2 BRI R A,

Figure 2.1 Schematic lllustration of HRP-Induced Protection and DNA-Guided Postshaping
of AgNTSs.

FEARGUK =1 7 (AgNTS) I B G BT A, o6 R Y e R AR
&7 FL I OUBRPE (70, 71) o Herpid S AL BAEAL 2 S P AR L R 1K), (BTl e Rl 77 F
AFTTARAL o AE— VG A, mIR R S A B T s iR K =1 7 (&
Apegr, E RS AR R S BINIRAUK = Fr, ] BEAEHE I (8] N 2L
AR =A A TR (T1) - BRER A TSN, BRI AL YR (HRP) /& 70 fift il A AL U
R . I, HRP S 7 HRIK =5 Fr o S B e S A S 1), ) PASR
e Hoe BIRGUKR =AM . 75— J7i, & & ErEnE (C)i) DNA Af P ZI R Y
K= R (72), T B e 25 5 A [F) B8 7 510 i) DNAA B T DL SEEIAN [R] 14 2 e
BRI A R FIARGK =Ff Fro B 2.1 45t 1 BRI S A 2B DR 3 R ER 44
K= DNA ZIM¥BIE R . A AgNOs BT @A 7 & Bl i) 5 AR N
K=, MABRE B R IRGUK = Fr, Bk &R A S 0 iR
K =S . I AR E R ERANK = R I IIAASFI ) DNA 707 Z1 A
[l E], A3 BIAS R Z AR ARG = A1 e
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B 2.2 SRR EAEERT FRGK =AM i RILES i T BB AR -

A 30 A B e BT ) DNA ZIPhEF ] 2 50 28(A) 0 3% (B) 10 4385 (C)70 Z3-4%f A
(D)10 K.

Figure 2.2 TEM images and photographs of HRP-protected AgNTSs.

Incubation time of (A) 0 min, (B) 10 min, (C) 70 min and (D) 10 day with poly(30C) DNA.

& 2.2 & G A 5] 20 Pl g ) AR R 2P K = A P (2 5 FEL T R AR AR . AT A
B BIRAUR = 7 RS20 50 nm, - [FIR & 25 BRI ) DNA 7p FRHRGK =
FP B0 20 oo T S 2 v = A TR e 2 ) R RGN OR = % T —
AN R, BATVOVIRGIK =1 /7 (1 DNA ZIph 2 2 phifsi = 1 7 (2R B 1 41
45k, IS =S A =D A 20 AN ] il BRI [ S5 4 o fe e BATTIE L
EA-TT W73 BE TR AS B BORI AR AN K = A 7 BV, il 2.3 s
SR TR SR (73), T ERDGIE R E KL, Kl TR
HH U B R A R DT DB A e L 2 5 LR RO ST AN S SR 6
AT 32 i ) FEE T o LR IX PR AR B I AN AR G0 K =48 i (10 JRi g T 25 = oo 3k
PRA5 2, BATIRTT LIS BERGK =1 7 (i I 007 S 5 A5 15 . R i
A LLE B2l AN F DNA ZIhi ], ERA9K = Fr 66 % /E 300-800 nm £
V0 B AT AE = EEE R E I EE 1, 3 /& 340 nm, 480 nm A1 730 nm Il )i
Zik. Ferh 340 nm ALFTEOGIEAL BMIGRBEANBEZ hIny (8] 25038, XANEDLIE R S
RAUK = 7 B AR LRI OG(73),  RILFRATAT AKNIE DNA 43 F7EZ il 4R
ZUK = F PN R 2R 9K Z0 A . T 730 nm AT 480 nm FA Y DG DA U X R
SARGUR =1 Fr R385 o AR AN UK IR 55, HiR=fM
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B G2 PR AN, T B A S B RR I, DURR IR R (74) . R AT
Rl 30 S eiR T AR GK = Ay Fr i IR AR AL o

1.00
e Poly(30C) (0 min)
e Poly(30C) (10 min)
= Poly(30C) (70 min)
0.754— Poly(30C) (10 d)

0.50 4

Extinction

0.25+
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B 2.3 NEZIE R RARYR =/ R RE 6

Figure 2.3 Extinction spectra of AgNTs with different incubation times.

2.1.2.2 R TEHERPAKR=F R IHELLE

TR FARAN AR = Fr 0 0 S A IR L, KA 22 5 30 3 7 R 4L A5 1 RH 2 A
B el RSO DL RV 661 B S U E AR AR A FH . AR R
AT ARG = v RS 2078 50 nm, AT DL R T~ RUST 200828 B A F 3
BAZR(75). W TERET R, HEBIOLTRERLIMNBETRI T TR E S
PRI BT, FLA o Home S 3 R el A v R TR ROR R E , T RAM E
FEL 1K) Drude #5228 Sfedi i A Fi B o A7 oh JATT 3 AT T 2 AT DG B T
TG, GG REEAE AT WG BN, T A I R it A e ] R AR A
HMEI IR, TS M FE A B R LR AR R ) A LR B — A A AR AR
Johnson&Christy [ 5256 24 (76) >k AR A3 AT W 52
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Figure 2.4 The permittivity of silver.

B 2.4 2 iHHE AT BRI F R 4G B Johnson&Christy il AR fF1 3T
Ut ) S B K 4 . T DA BULE 300 nm PRTAR 19 A ML HUR 2B — AN LR W i
224, X O P R T IERIE SRS I(77) . i 2.5 Fra, BRATHRAR
AR =Sy P 2RI B O PR BT, FER TG S TR T SRARGUK = A0 6 i
o

2.5 RYPK=f FETIMHERIS) «
Figure 2.5 The mesh of silver nanotriangle.
2.6 JE A H I ATk EAR BRI AL T KIS i (i 0 1.33)Hr, LK
N 50 9K, JEREDY 5 AKHIERGNK = fy Fr BOG AU B . e NS 3E ELAR
UK = T, HRIA IR T 1 73 0 3 BN AT T 40K B .
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Figure 2.6 Extinction cross section of AgNTs with different polarized incident light.

(a) polarization perpendicular to the edge; (b) polarization along the edge.

Wk 2.6 Fiis, RYPUK=FMAHH A F OG0, RIS iz K fk

I, L F BRI TSI R = A R BRI R, Bk

X TERAUK =M S, NG RIR 5 2B, 3500 gEmRa et

BT RAR DT R = A — AL s L N Rk, ik 2.6(b)FTR. FTLLE
BN H I R 75 T = i1 8 66 1 A 52

a4 50 b 500
— Dk
| R AR THT |
£ — o 400
E 300 A
k E &
X 200
=
100
300 400 500 600 700 800 900 300 400 500 600 700 800 900
e (nm) Pk (nm)

B 2.7 NDtwiREE =/ F- PN KO8 -

(a) NGHGT7 1A B =M 10 (b)) ASHGT7 RSPAT T = A i

Figure 2.7 Extinction cross section of AgNTs with the polarization of incident light vertical
to the surface of AgNTSs.

Direction of incident light perpendicular to the edge (a) and along the edge (b), respectively.

31



(IRAER B AT 0 2 1 BT 7T

75— 07 T AT FEN S A% 75 1] 3 BT = A AR B L, B 2.7 Fs
A LU BRI HE I AR T NSO AT = 7Tl 56 4 A H, 780 nm,
514nm A1 460nm Ak (1) R I S5 B OT R eI sE el 2k, L TR G
e, HLAB T AR /N T HL 5 TP AT = A R I RO AR, X sds EARGIKR =
IDARIEPIA LTt

a b
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Figure 2.8 Extinction cross section of AgNTs with different angles of incident light.

(a) Extinction cross section of AgNTs with different angles of incident light; (b) Zoom in of the

shadow region (a).

B2, BATETHE 7 IR TT K ik 2 T8 B RIRAZ N, =7
TR ARG O, Wk 2.8 B, Hrp & 2.8() v 1Al 2.8(a) H A 52 8 73 X 3
UK o EANFINSS FIEE 0 FIANSETT . NS RIRERT 5 AR B7 [ B A A
Rl o, DR HSE YeRI A o v BLE B, JKPJ7 [ Ak 507 1 LK L iE
JR R YRR AR B AEAE, EANFEN, AN RS A 5 0 NS ' IR S HL v D' A i
JZ.
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Figure 2.9 Electric field intensity |E| distribution at different incident light.
Electric field intensity |E| distribution at incident light of (a) 778 nm; (b) 514 nm; (c) 460 nm. The
polarization of incident light is shown as the arrow in (a); Electric field intensity |E| distribution at

incident light of (a) 776 nm; (b) 514 nm; (c) 460 nm. The polarization of incident light is shown as

the arrow in (d).

MRIETH LR, FATTRE AT 7 A R 37 1] B, BRANAK = A1 il
JCIEAE SR AL B L — . R 2.6 AR IR 77 13 BN SROE T = A 7 809
TG, FAZE I IIRPACKE Y B b7 52 BE|E |0 AT 1, N 2.9 Pl B+,
“-7 R AR AR T A B HOT I IR IO AE R AT AL B . ANHRLI SRR AT B R AT LR
B, XFF 778 nm AL [FH GIELEA R ISR IR TT 130 S 3 2R B H A Bl AL
RETHEI AR I, T AW RE AL H T R 4R 1 25 2 e ) A AR IR G T O
i 514 nm AT 460 nm A& fTH 608 2 = A P o R R T <5 B BOT I P A DU AR 3
PR
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Figure 2.10 Normalized extinction spectra of AgNTs with different etched shapes and
the schematic of etching process.

N HRAT PR L SR ANK = Ay B IO A S (VR DO6 g . BT DNA Z1h
=S R W= T ROT AR Z0 ik BAN 208 =i /22, fJa s = i 1oy —
AN, P ERATEE ¥ E = A B =AU A R R kR m e A R Z)
TR TR AR GNOK = Fr s A 2.20 g E s i A 2.2(A) R BRATTRI BLUE 2]
X W 2 B ARG =i Fr s =AM AR B R R A, MRS LI 2 R A TR &
BITIRIIBIAL 4209 4 nm, IR 3R T 25 B OT B AL IR DOLIEAE 730
nm &b, 5SKIORZ DNA ZIH =ff A biE A E — 2. 7K 2.10 MIH—1kH
YIS R (FRATT ALK 50 nm,  JEJE 5 nm [ THA AR B = A 0T e i ik
EAE A —LIREE), FATIT LR S, BEA =M A B PR RE R, Rk i &5 12
FOT B ILIRTE G IE 1 BLEE RS B 4 560 nm i, #F& SRR,
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Figure 2.11 Extinction spectra of AgNTs with different poly DNA fragment after
incubation 70 mins.

SLE AT R DNA 48 FAHRAK = i 4 20, A 2,41 i
T FORA DNA 5 FAIERITK= A 70 A50R IO 6. AR
Y], AR DNA 4 TRIMAR R, DNA 40 2V sUR FOH 6 G R A
. AT R (C)R) DNA 40T, SUAIACRALEF, SIS (G) XU
e, T IRERG (A) IR (T) A R 2= £

2.1.3 INg

A BRICIEE AL T ANIF DNA 2321 R Gk = 1 i ok, 454
SIS AR ANK = VOGRS, FRATAF 2] T DNA 2 FLEZI Ut #2 b £ 2Rl
T ZI P ERGIK = A TR AR SEBZ 0, I H DNA 73 F I ARk = v
ZhAs . T8 S A FBERT ) DNA 207, BATRILA A & & Mg (C) 11
MW (G) Y] DNA 731 et SEILZ i, Fo v s 5 Famsng ¥ DNA 431 21 i R e bt
17 R 4 () R e g (T) DU B A B AN 2o WP ERAIK = iy = AR 2 E A o 9T R
7 DNA 3 FAERGPUK =M A FRIE T ER, AT —2 1 DNA £
FRIRER BTG o ASHIEFE LAESRAL 7 —FiokS A Hg B2 9E & a0 7R 6 & 47
KM BT

2.2 SMREZEBEFEMITE FRAREIENR

B N R IORE RS R E— B i/ IN(BL AR /N T 10 nm),  H T 3R TG 5iAH LA
AN 7 BRI L ARSI 5 7N RS 1K) BT AR R P EE AN A S i 0 2 i A X8 PR A
e, DRSS S T AR B BV IR (21) . LT, SR
AR T2 BN T2 5%, ROV EATR] BLSCRF Rk i 55 B 3o 2k (LSPR)
SIS LA SV 38 K 235 1 v S B g 2 0 e SORT RIS » 5 HLHOE TR 1 vl LAE i 9h
AR RIFEE RSE AR A A BRI (22) . BEEBEFEHIERA, LSPR
FEBRZAIRYT « REIRATUISAB ARG BN, 0 355 78 20 B (0 06 AT RV B 6 AR P it
KRR (32, 78, 79). UbAh, LSPR SRLF PR AR A, (1) U {5 438 RURK
VEAR IR AT RE, W] AR HAE BLE 2R 00 VARSI, e LI Y F) A s 0
LA R 18] FL 1 FLfr e A2 SR AT 72(80-82)
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SEYNRBRL IS5 B TRIIREGIARE T2 B RIRER NI, Jeilo7 DA
LR PR REAR BRI 2507 AR 52 21 1 T2 59T (27, 28, 83). RE KRR & lmaik
FOURL ) 55 B O E It 28 T LAE BRIR M S a6 F RS KR, (ERBE & 9K TR R
SRS, TR T A BT AR RIURL H An ] AR A A A 20 PR RO T
FEEPURBURL B FE T, BB RIS (R, Rk i 55 B oo 3 Ik
W A7 B AR ATESEES | BAR AR 2 T AL, (2 KE I SEI0 A /R H — L
It RIS UL 38 1 SRy s T % B8 ST AE AN R A SR B 2 1 T BT R I H 4078
Mt A RBLE R, WA — U R SR IR 45 8 (75) . BRI, HRE— R
VRN A AR B S0 T7 V2 KB FT <6 AN K URE R~ A8 Ao o oy 13 1 45 B8 W e JL AR (1 52
M o ) FH vt BE R PR o K AL, 308 T A K RO L~ 3R ) XA LA 3
B REATK R HL 453 R BE 1 AR AEBIF 78 40 K UKL Jey 383 1 55 | e B A i i
AR, AT U 01 U5 R A GRR RST 10 <2 s DA A% D 38 1 25 I e P o
(60, 84) AT, AL B I A TTiE BT T AN R EAR B 2R BIRE R
IR A 1T 5 B VT L R RETE RSO A B AR AL, 45 S Aok [T L T R e B
SRS S5 R Y T K B E RS A n ] 532 i JHL ey 3 T 45 = oS 3 ER

2.2.1 HEFEE

120 G TGVE [FRE A AT LU SRS H 5 F 1 5 5 4 e A R AU 1) A LA i 7 A
(TR BE B, SEIRT 4 8 9K R (14 )= 3R T 55 B WOCME U 7T e — IR
FL R 2 O B 4 SR AN K R UK S B o AR RE B R R I B BT — R
fHOL T HFaRe CEF I — R A= AE LT 2 ILE Kev) S EEUc R (L
A eV) mifiZ, Bk, FRATAT LLZES B T4 45 BT IBOR 51 i H T SR R
(IR, 23 7 ) AR GCHR B 1 Sk R FL - BRI R 1243 2 72285, 86) .

2 FE 25 1] [F) PR PR PR BORE A FLH Bl e (w), 0T BEM SR AE 77725 b 75 22 13
BRI FREHRAT)

Hrbk = w/c WK, cre A6 R4 Lorentz VL& 1FV - A = ikegp, 5l
NFEHR R EK 2 X Helmholtz 77 7%
(V2 + k)G, 1) = =4S, 1") ==nmmmmmmmmnnnnnnnnas (2.18)
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ik;lr—r"|
Gi(r,r) =2 LR (2.19)

lr—7']|

kA5 IR . T RIS AL, bR EH () MR EH A A%
it

G() = Pexe (1) + 6, Gj(1,5) 0j($)da -mmsemrmmaeacmas (2.20)
A(r) = Ay (1) + sﬁvj Gi(1,5) hj(S)da -==sseeeeeenneenns (2.21)
Pexe M1 A g NIMIMITRER AR AN HA o 1 0y Rl 73 53] DA 2 T P Ay 2% P55
R R o B A BB AR e, FRATTRT AR 3 — R A 2t 7y
FR2H, REMARHE o fh SRAFZE e T H 7R, BURTH RS,
X 2 TR T, KRBT LRIR N: r(t) = ro + vt
Hhv = vz, HAMoAn LS 1E:
p(r,w) = —e [e§(r— 19— vt) dt = —>5(R — Ro)e 170 ... (2.22)
Hor—e Flv 4 5 R F TSR AL RS, R 3 B HL TSNS 5 11 () -y “F
W ESH, g = 2ZonPe DL Ao Ai A S A bR BN R 3, mTLL
7E TR 1 2 18] P SR A -
q|R—Ro|

2 i —
(l)ext(r) = _v_ngO( Y )elq(z Z0)

Aext (1) = &7 Poyt (1) wmrmrmrmememcnnamenenes (2.24)
KoFnEMMEIE N ZEREHL ¥, = (1 — g v2/c?) 7Y% A ANTTHE(2.23), KiR
2 50, 3145 5 R AEL U T4 38 45 K ) e A0 o 2 AR ABUR 258 B T 5 HL T SR AT L
TR AR B NE B, AT R B AR T AZOR A
AE = e [ v Epalr(0),tldt = [,” holgpgs (R, w)dw === (2.25)
Hrh e Rk
Tpers (R, ) = —— [ Re {70« Eppg[r(6), ]}dt + Tpyye(w) ---(2.26)
E g /2N B8y, T LA EH T B R R0 A T ST B A RAF ) T 2
HL - SROE L AR S B O BE R B R B (60), ARAEAERFASUTIL, Dy IEHET REE
A5 BB — 1/ & (00) VR LT JRAE A0 () 27 B TR

37



IRGEA B AL BT 0 A A B 7

2.2.2 R 5L

FRATHTE XS T4 8 R R 45 B U I B FRAE AT EaE Rt & BN
HOANSCHIFEN o X TR &, HARBIOL T RS AL AMB AR I
SE3% HL AR M T, A FL ) . 2 R R R A B B TR R RGE . H
& NS G RE B AE AT WG IR B, AT P FR) R TR e B e [ BR AT SIS
WS, HE TR W A R E . AR R ORE I B B R B RCAR R AR A
Johnson&Christy s Ie 4 >k N ZEE AT L. e B2 A R A
PG — A& B A B IR ST 2 Y Drude T, 02 75 1 L RRIE IR,
— M H— A EZ A Lorentzian R A IR . A0, FRATEZARYE critical point
analysis SR < )y [ RO RIS T, oA L 20T 5 2 (87):

2

w
Epuik ((*)) =€ — r:;)yf + Ecp1 + Ecpz mmmmmmmmmmmmmmans (227)
2
Hrreg, — — 23R ) S5 AT E EH R T 0 A FRLLE e 2 R AT ) A1 FEL DT RIR,

w?+iwyy
w, B EE TR, v & 3 HETHUR, o2 NSCHIER . T eq,, Mep il
I (RS T () F - PR FEL I Y

_ JWg1—wWo1 (w+iy1)2 2 /wg1 -1 Wg1—Wo1
Eep1 = Al 2(w+iyy)? In{1 wo1 + (w+iyy)? tanh Wg1
,/w+i]/'1—a)gl tan_l 0)9'1—0)01 _ \/(l)+l']/'1+(l.)gl tanh_l (l.)gll—(l)o:l ] ----(2.28)
(w+iyy)? w+iy1—wgy (w+iyq)? w+iy1+wgy

Eop2 = ~ gy (L = (1)) e (2.29)

2(w+iy7)?
bt R AR R B HE— 2D 80N, B BRI S H R T is sl %
BIBIIA TR U - i 2.12 7w B, SRR, Fa A E BT
FEARRARE Fh BRI Ji = 065 [ F A TR F P A 11 Pl R 5 < B 1 2 1 S TR
flid, AR FRRT, B TR s B BRI S I 2 52 210 S U O
JUEIEm.
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B 2.12 ARIRTHIE)E BTG RE.

() MRl (h) SORBRL .

Figure 2.12 Schematic of the scattering of electron in metal.

(Left) Bulk metal; (Right) Metal nanoparticle.

T2 BB R HE IR Sl B BT, U L AT LA IR (88):

Y =¥ A AL e (2.30)

Horbvop R SRR H B PR E, R ZPRBREE, ARLH
FEARORI A, /N E R T B FEL R EGTERE CZRIRIRAR, L5t
RIMAAT, REWMELND , —REMETEELE 0.1-2 Z 0. X1 584 sk
GBI, A=0: X T EREGUKREUR K B R SOOI AR, A=4/3; %% 1m) [ 1
RSP RUR S R, A=Ls 4 B R YRKBORLI T (R T FELAT ) 51 N RIS MU
., A>1(75, 88-90). AT LI 2, 2451 NHL T HUR BRI A5, BT/ JLE8g .
BEEHE IE (1 4 40K %A B HOR -

2
@p

Ecluster (W) = &6 — t Ecp1 t Ecp mmmmmmmmnmaaae (2.31)

w?+iw (yf+A1%f)

ATCAE B, 0T B s E e IEAUR T B B, 1 T i s
FEAM AR, X2 Tl o B L 038 3 3 22 R S R BRIEAT N, A
ZRRFERT R . K 2.13 A28 72 A= I, AR EAR B <8 B R RURL Y

ﬁ%ﬁiﬁgcluster (w) = & + igzﬁ'f’bl\jﬁamo
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Figure 2.13 The modified permittivity of different diameters of Au cluster.
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Figure 2.14 The modified permittivity of Au cluster with 10 nm diameter under different
value of A.
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KRB STEM B, X FAFRE 78 H g RBIiE B, RRINERIEERL
9 15 nm, 1 fe /) < R EAR GRG0 . A28 2.15(b)H, AT BIE AR
15 nm ¥R AR (1 oA 2 BB i PR BE G . W] LA B L AR AT
ZRE I B TR BETE I E AN ], X2 el T O AR I RE R BUR A AE TR SR B oA
JRIE T A BT R, TR S Ak R A RIEER T A B oo R (21) .
FARZE BSR4 (21), FRATIE T AN A B4R 4 il S Ak 1)
LR R RENE, A 2.15(c) . W LA B, [ A% RE f 0 S IR A I e LA (14 D
NEILLLRE , IX 5 < B A v R B3 A 5 B R R T A5 B e SRR AR AL — 2
11 2 % EARFER] 4 nm BUR I RIS 740 H O 887 I, AT LA I HL 1 k3 S
L7 RS, R0 H Dy 500 I SCH I TR BRSO . kBT N BT RR ELAR
£ 4 nm DURI L 7 eE R ER AL (U0 5 T AR PR RE SR ERAT ) R HEL T R
REE M, AR AT .
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Figure 2.15 STEM images and EEL spectra of gold atomically precise clusters with N.

(a) STEM images of gold atomically precise clusters with N; (b) EEL spectra of gold cluster with

15 nm diameter from edge (red line) and center (black line) of cluster.
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Figure 2.16 Numerical EEL spectra of gold clusters with different diameters.

(a) EEL spectra of gold cluster with 15 nm diameter from edge (red line) and center (black line) of

cluster; (b) EEL spectra of gold clusters with different diameters from the edge of cluster.

ARG B L BB IR AR, BATAT BLREEX FHORM A H, H Al
BB, B ARATECRANFE R A R, WA R EAR e % A LTt ok
RETEARAL TS DLEAT W 7T, Wil 2.17 P

42



% 2 ' GUREHIMALEOTI T

2.5

y (eV)

Resonance energ;

Diameter (nm)

B 2.17 AR A XK SR B T8 R BE RS BRI R R

Figure 2.17 The dependence of the resonance energy of EEL spectra and diameter with

different value of A.

A ULE BN TAFN AR, BIRH TR REE R 2L AR . 2 AE
BORRY, HAMERNYIE. HEAREN Y A=0.4 I, SR 5LEBILKRVIE,
X HE SRR A BIEUE A 24(75, 88). RIMIRATINJFE /AN RS i< 141 7% o
FEL T RS AN 52 B3 S A RSO P B BR 1 7] e P AR i LAt IR 3Rt 2 L L 7
CIPEIR A

2.2.3 INGS

WA RRICE, FIH Matlab BHUTHEL 7 S90KBIRE R B 7R ERHE, 25
T Ak B R AR AR T 4 B T T B R I B BRI SREG RIS IR, 4
T AR R R, SSRIe st R S5 SRR UM 4-15nm EATEEN, &9
oK AR5 04 ) 358 T 55 B39 G W WAC e B LAk N 2%, 3 E T TR RS Rl ) 3R
TR 51 JE2 1T o 4 AT A 0 P - B2 I (R0 PR S 50 1 T DA A M i e 141 7 v
ENPN At AR 2N

2.3 FLIARE R FIRUWHTHR

XTI ST B BN G T = , ZHEE RAT RS G BAAR 2, AT e
SCHLE SV BAE 3 RG 5, 2 i3 2G5 1 R I H 37 (56, 91, 92).
BEAR, BT AT AR R sk 1 55 B e fE & SR AR 45 4 i (3SR SE DD 51
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JR P3G SR N (22, 75) o JTAFER, FLARZY 5 J8 2540 3 50 5 W A ELAE I RE 52
BT TZ BT, WG] T ARG RAT ARG R R T4 B UT IR AR
AN THI G s 2O S5 AL AR AT B FH B 7 087 T PR 9V (27, 93, 94) SR T
NSO AAELLAN X IR, 48 R 56 55 f SRR REME, JUTRT DR S 4
IR (95), 42 )85 N SHOG BA B 32 BT B E A T Rl ek s ) D
FPURE, XA AT LE LT AP 1 10 ] P AR A S BN K RS 1 5 0 R LA P 38 5 2
J§E o 554 SR v B 2 THT 2 B TS, A S AR th i 2 P AR BT £ R A
PG FIRE AT LSS I S5 0 A 35 16, TR SR R THT 7P T AR AL e A A e 4T
A1 X I SN K R SF 1 2 5N FT (10, 45, 96). BRI, AT
—RAE BRI R T W BRI B Ay, BN T A TR RA&m S, K
HAA AR = 0 TR R 7 (10) o 757 ZAGTI(hBN) & 2R 1 — 4E VG 48 FL /R WAt kL, 4
A7 5 1) 5P A U 22 B A F o B e il (8O 2E FE P AR, 2 L ) T
PRI 1A R BSR4 5 S, DRI AT DA SE Ry AR B0 1) 75 AR A8 (13, 52)
S AT AT G K AHE (97) PN A B 44 K 2% T 38 T (47) Hh R0 it € 5P 75 - AR A 0T
(R A AR E BRI TR, I T LD T2 A I B 77 o i
—35, B2k U B2 70 2B S 1) 7 45 THT 5K S EILLE 9 2K 27 X S8 16 1 1 4 e
P % SIS B UE(98) . IR LS AHI 48 K 45 44 78 £1 A0 X 3301 oK e 1 2 28 A Uk,
TEARN 22 K40 B 51 P 4 T A 1 v 7 THT LA = BRI 0 3, WF 9 A A6
REER P C M R, T A 7S T ARG TE 9K 25 ) Hp R P AR P BT B 7S
T RACTRAL BT A, LMK R T A 18 S8

AN, FRAT BRI AT PR TCIZ06 B AN hBIN 2K (B 5% (10 FRL T 2 v 7 34T F
o IBMITEEAELL, FAVEH: 76 hBN 9K [ 5777 AR [F 3 YebLal . JL
— o E U 4 K B A8 3 S R 1 A R R 1 7 T AR A e E K R i T
Fabry-Perot JL4iid i AN [ B A LR kg . 3L /2 hBN 9K [ 2512 5 1
JE AR TH 7 AR AR BTG I B 3R 2 R A AR LR Y D e o L Hp R I T 75 T AR AL
TGI8 RS AR AP B S R Y ' WA Y ' AR THT 9 B B AR R ek 1) 7S T A BT . Fabry-
Perot HLARIH G RIT 3 MRS i HARNRIL R0 I i 1 9 K 14005 40, H
UG R IR oM 190, I HH A v r B S R R R D R A o A
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FUAUR L, hBN 4K [ 2 A R LR e iden] LAt @ AL 1K) hBN 40K 5] 48 (14 R 45k
R 7= T AR A HOoT AR IRAR R figRe , HL R0 B AT LRk [ 2 RS RS A 1A 4% o

BAC 6275 AL T Ham 2L AN B, BAT SRR S N o R AT BR T 7
HRADL 1 AN [R]85 K RS PR RO A 45 42 (1 Y 2w 2 o R FH A 75 1 AR A o ] A S
LT AN B AR R 2 K 2R, % BN B ARG X DA AT #d, sk
Bl m i) e 1 o BACII I AR S5 H B A 8 LA R(E B, AT L8 2
AR HAE R RSJ AT PLSE AN K R LRI iR 1l o A LE TR S Jm 9K 254,
MO R 2 T LASEEIL /N R 5 R AR AR L 0 1) PR 20T, SEDID'G 5 0 o R A LA
F s ARG S B AT HE EE B T

2.3.1 HEFEE

T AT A B 08 1) S MR R, A LTI AS RE A B I 28 4% T S )
MoRL. ST S A BRTCH 7%, FRATTFIA Comsol 2R T LATS 2 AL BT ) L
Sy B BUEBAULE S . EBUEAR IR, FRATIRI P — SR fl % 1) 1 T U5
SRARES S50 OGRS B AT oK 450, 15 2L B B . F AR ORI
WS AR THT 2% 7~ (23, 99):

1
Osca = Effn *PdS —meeeeeeee e (2.32)

Oabs = 1 JIJ QY weemeeeemremremreee (2.33)

Hngfgm e R E, PREMNIERE, [RAFGERE, BUE

THIAR 73 Bl BEAN K S5 R T . QR NBEE R H L, WSO T AR 70 Bk 409 K
SERARR o Y G RRK T % 70 A S S A T AR R WAk i -2 AR

Gext = Gsga + Taps wremeeesserseeeeemmmussessses (2.34)

BACTNI A e & 1 R, ASFETT A F 20T LA Lorentz 5

RN (14, 46):
2 _w?
q(w)zsmn(1+5$ﬂﬂiﬁﬂL) --------------------- (2.35)

—w2—-i .
iTO w Lwyi

Hrfi = t, 20 MR EACPAT TR, & 0 AR HEEL y2 R
s
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Figure 2.18 The real part of the in-plane Re (&) (black line) and out-of-plane Re (s;) (red
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Figure 2.19 Electromagnetic response of hBN nanodisk with out-of-plane polarized incident

light.

(a) Extinction spectrum of hBN disk of 20 nm in diameter and 2 nm in thickness with an out-plane
polarized incident plane wave. Inset: the schematic of incident light illustrates on the hBN nanodisk;
(b)-(d) Side views of the near field distribution of electric field |E| at different frequencies; (e)-(Q)
Side views of the near field distribution of magnetic field |H| at corresponding frequencies. The

black dashed line indicates the boundary of nanodisk. The scale bar is 5 nm.
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Figure 2.20 Electromagnetic response of hBN nanodisk with in-plane polarized incident

light.

(a) Extinction spectrum of a hBN disk of 20 nm in diameter and 2 nm in thickness with an in-plane
polarized incident plane wave. Inset: The schematic of incident light illustrates on the hBN nanodisk;
(b) Top view of the near field distribution of the normalized electric field |E/E¢|, 2 nm above the
nanodisk at a frequency of 1444 cm-1; (c) Side view of the near field distribution of the normalized
electric field |[E/Eo| at the same frequency. The black dashed line indicates the boundary of nanodisk.

The scale bar is 10 nm.
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Figure 2.21 Extinction spectra of hBN disk with different diameters.
(a) Extinction spectra of hBN disk with 2 nm thickness and 30 nm (black line), 40 nm (red line) and

60 nm (blue line) in diameter. (b) Localized surface phonon polaritons resonance peaks with

different diameters of hBN disk
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A R B VH D' w7 B AR IR HeL i R R DA B, I oA LT B R AR AR
WIS, FEAAEEESRA SiC FA M MKIRE 8 FILRITAN
hBN (1] 1444 cm™ &b (7 GIESKIE T hBN Rk 2R 0 75 i soc ik . X T4
JEHER AR, RIS IR AT B AR A2 7T AR R (83):
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a(w) = 3, (0)Vyp 22=Em@) . (2.36)

e(w)+xem(w)

HhwR NG, e, 28 B, Vyp e PUOKERARI, &4
T, e(w) & hBN PUKIE FE AT N/ B H. 7T LA 2243 2 Frohlich 2%
PR IR FA L Ke(w) = —xem (@), HRALARIE B H A RIAEH e il b3l
WA o LRSS T ) 2 S KRG LB R RIS &, W T 3Riky = 2, Xt
THRBLEM )y =D/h o FrLATRATRT LU i o gy K [ £ (0 ROST SR S el
ALE R . W 221@7R, BATHE TIEEA 2 nm, AR EARK RS
VH ik . ATLAE B, HFOGIEfr B REAE 90K [ B EAR RS N (i IALAS, IR
DGR S R EARRIE, RIS AR IELE . R4 Frohlich 254, F&AITAT A
THEAS 3] hBN B A FIREooii B 5 BRI KR, WE 2210)F7R. FNA
PR TC A BUE AL A5 R S B TR A R — 3, 3R] 7 A AW A% 1m) LK) hBN 44
ORI i B AE A S IR VR D AL A T DR % 1 [ 1P 1 < J A 68 8 Jm) 4803 T 55 8 YT 1)
FARMRE

2.3.3 INGS

FATHE T U Y hBN 9K BB RV 6%, #87R 7 HAE BRI R 2k
i (1400-1614cm™) P AAS [F] (K78 e L o b AR AR BR AR ) 75 7 iR A e £E [
BN FWOR FEAE B 5% A 3B T K Fabry-Perot 53R #E—25 5132 7 hBN B AA
Fabry-Perot JL4RF AL . 53— 771, hBN (B4 548 00 2 1 75 1 AR A G 1o
MR B T — AR Z AR AR LRV e, FLH 6 B LU ARAR BRI 75 7 A Ak
T R JERRE KE 3 N ERE S, hBN 5455 I 3 1 A5 T AR Ak BT i A AR
DU T DA I SR K (B A RS S BT O A B AR A A 4%, OF B Ig R
L 190 i TR T, B KSR I aE ). A HSHIRAIE, iy
K70 40, FTLATEH LA B SL B IR I 35O 45 R R 1Y re g 3% 3%
SN o BATHIRF S R R T hBN Gk [ 4 o P AIAS [|] (R e L, A sea
2T AN B G R AR R B 3 R B L hBN SRR 40K 22 B $2 41t
BB SEM .
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Figure 3.1 Operating speeds and critical dimensions of various chip-scale device
technologies, highlighting the strengths of the different technologies(100).
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i, e B TR T A5 B G A2 R B ST ) LR, A T AN 52 BT AR BR
sz, BT LASEL/INEL A RISE AL, R 3 T 25 B30T LA AR e R ) DA S
PR B AL T RS RGBT AE G oK S5 48 v 22 3R BN SRy 3 3R T 45 B oS IR P
D M BATRG G54 RE I O ZEI R E5 A6 AR H 3] 1 2 1 LR MESE FT , AR AL IOT
AT ATEGN R 2t 17 77 0] b SEBLAL 16 « 0F S0 3R RARAG WO GTE — AR b 1 15 76
SN ) S DA THI 45 BTG R i PR 2 THI 45 BTG I T 241 , O S RS S5 1 v A 1%
ANAL PRAT R I BB S, XA R RS B WOTE KOG 75 BB
HERNH(2, 51, 100).

RERATE S I T TCRA 3 5 A 51 1 4 Js 4l oK 2k o (1 3R 17D 45 BT
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IR L InAs 2= S ARPPRH A FUH BOIE I 7 78 Fp 2 A B nT DU I 45 2% (1 77 1%
SEIL InAs 2 A4 I HLAY I ) 42 B MEADRH AR s I A BR T (FEM) J5 8481
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Wt 5 BATR B BRI 0% 5 B B IRAE SRS SR InAs 41K 4L
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LOEIE B 2% AR R . KL R SRIET RSB Boc s, BA 248 m
PATIRE T FIF InAs - SRR Z M 3R T 45 BTG 72 I 8 iF, Hii—
A RE) S R THT A5 RS WG [ B FLES 384, B T SR IR T 45 S oo o 15 5 IR
HLF 2T RS, SR e A B A B

3.1 ERERMAKRERIETT
BN T B T AR S A Ble P — RPN R, ERKMEMIE,
B e, & B Ak 2k, il 5l 7 F2(101):

0 ) 0 i

BRBCAR LT 2 T 1R, AEAEARAR R T, AR ZRAN I br B S AR N
(I 5 Fap, i A2 -
Y1 X Hpy (K11 )@ MPHHIZ oo 3.2)
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T P i A I {3.3)
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kAT B, k"jﬁ/n z BT M s, BIRMIEEHEITER, o MANGHE
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lknku
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~ k2 i .
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U L4k, T LAfBE] 4 MG, I EEEM(ay a, by by)T = 0, HorfAR
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7ﬁ%(g;__L): i;%wum__Lﬁ&wumX5QMqu)_EQMﬂhw5 (3.10)
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1.3

B 3.2 RIPREAFHAFABEANREFRBOTERELEHIRR

e, W, FHEMSGENHINN m=0, 1,2, 3 I, iHE: m=0 BEERERE. AFE AN
Jiie; = 2, ANSPEHAK: 1pm.

Figure 3.2 Allowed plasmon modes wave vector as a function of R for a silver nanowire.

The black, blue, cyan and green lines correspond to m=0, 1, 2, 3 respectively. Inset: the propagation

losses for the m=0 mode. Surrounding dielectric &; = 2, wavelength of incident light: 1 pm.
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A LVE B4R 20 m=0 I AN 0, R ARALA W0 0. A ikEAid
TN 0 X TE BN, 28 =308 0 X8 TM BB NS, 1 TE
BN S A BERUR R T A5 B 0T, Brbl Hagss — 5oy 0 Bl

Je JoUkauR) _ KE Holkna® (3.11)
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A LMS RIS 0 A -

E; = by (U5 Hy(ky.p)p + "k—H (ky1p)2)eitr? —onnvvme(3.12)
By = by (M2 [y (ky )P + 2o Up p)D) 407 coneeeeee (3.13)
Hy = =y by Hi (g p)Pet™ coemoeemaeccnene (3.14)
Hy = ==k by Jj ey 1 ) B ™17 ovemaeemaaenne (3.15)
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I LLE B0 TR 368 m=0 WRMEHHoT, JR&mmb A
%E‘J?EZ%, R IR IAEAR [ T7 0], L3 50 P B B P R0/ o MRS MR
Bessel %A1 Hankel pREiPERT, o n] DLRNIE H ML RAEGIKZRAE 1) BRI
B oA o ARAEIL SR AT, LA 2

by _ kay Jo(k21R)
bu _ kan JokauR) e 1
b, kiy Hi(kq1iR) (3 6)

-

&2 _ Ko (kyR)Io (kyR)
e1 Ko(kR)I(kyR)

Forfily, Ko NIETE Bessel B, Il B RkR = CNE¥. #F ERJy
FAT W A

................................. (3.17)

&2 __ 2
&1 (m-log2+logC)C?

Forb MR A BRI AT DA 514 TR 4K 22 o 10 3 5 B WOE U B I L
TRk ko BRE K2, TRHEEH Tl BIRERRAHE 7T DAY
PR T2 B BT K SRR TR HUE L, 40K 2k BN, 6 T BT o6
B, BN, X H I R R A AR, 2 TS BT I R 5 2 I
il ky=C/R.

2% b, FATAT AT BILE 4 TR A L2 b o DS [T B 0 26 T 25 B T A48,
S o ) 2 T 5 B FEL 0 R SR E AR 160 77 T, 4 0 2 5 LA
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3.2 MU SUHAREFEHIT
3.2.1 ERMUBMESHENBEH

T EAEL BT B KRN A T, IRXERE N S
AT H B T3 R AR R, RIS EETRNMAHL Y, i
R A A YRS, XEEWREN T e, HERISEE T
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B 3.3 InAs P AR LR EE(103).

Figure 3.3 Schematic of band structure of InAs semiconductor(103).

EJE AR KEA L H BB s 1, E4 I MIERN, &R E H
By kAiEsl. iR T AIE G A d TR, ELANBE RN
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EIRERIERE R, PRIAEHTE InAs - FAAAE TR AN B H B0 B, AT
A DL 2 A LT BRIE 51 B SO B B . 0 B InAs S
Ak, WATR T RE MBS IR B R T 0/ o Bow N, 8 AR B d s
1) Drude BEASRHIR InAs [/ BUH £ Bz, B1(104):
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WU AR .
Figure 3.4 The permittivity of InAs with different doping levels.

(a) The real part permittivity of InAs with different doping level; (b) The imaginary part permittivity
of InAs with different doping level.

XHF H AT AR InAs - FARRIS 2% 05 %, i T ASEILIR 45 2% 5 44 (105)
£ 10" em®, X TRXANEHRMB AL, 7] LAEh 2L BOR SE I 5 B M A2
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PRI AT BLAE InAs = R R0k AR TS5 B 0T .

3.2.2 MM ARLGRAEFHATEMITE
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JIRRZHAR BIGRK LR (1 2R TH A5 BT R o AFR SERR R R, gKE — RS2 A
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Figure 3.5 Mode analysis of surface plasmons in InAs nanowire.

(a) Schematic of the simulation model; (b) The distribution of electric field of surface plasmon.
Scale bar: 100 nm.
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(a) InAs GIK LR 55 BWHUT EHL (D) InAs 92K 43R 11 45 S iUt Ja 186e
Figure 3.6 Surface plasmons in InAs nanowire.

(a) Dispersion of surface plasmons in InAs nanowire; (b) confinement factor of surface plssmon in

InAs nanowire.

AR, A TRST T ARIEIL T, InAs 2 SR gk 28 i) 26 1 25 B oo v
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BT EEOC R o TR FRATTIE T 45 21 26 110 55 B WOt M R 3iRe J1 B A0 /4, - T
3.6(b), FTLAEFBA InAs PR Eex NSHE B G B JRtkae /), HaRmS S
TOHE KL NG 17100 BEAMRATIERE T T A F EAR InAs -S40k
2 PRI BT R, WK 3.7() R, W LAE B A0S BT R
H5EABRERR, GIKERBEARB/NRIERWITE R, RN ik
A, SERFEA T EHE SR 3.7(h), FTLLER], RS EEUCH R S5 EN
MU BRI R R, RFTR A B B s, S BRUT I R R .
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Figure 3.7 Modulation of surface plasmons in InAs nanowire.

(a) Relationship of wavevector of surface plasmons and diameter of InAs nanowire; (b) Relationship

of wavevector of surface plasmons and permittivity of substrate.
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ZRFATCE WIS KU ST HHEY] 7441 InAs PIKE ESCHF—
YL A B WO O AL R . T TR DR ST A BE RS InAs —4ESK I 4F
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Figure 3.8 Experimental schematic of imaging of surface plasmons in InAs nanowire.
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Figure 3.9 Experimental results of surface plasmons in InAs nanowire.

(a)-(e) The topography of different diameters of InAs nanowire; (f)-(j) Surface plasmons imaging
in different diameters of InAs nanowire in (a)-(e). Frequency of incident light: 950 cm™; (k)
Dispersion of surface plasmons in different diameters of InAs nanowire; (1) The confinement factor

of surface plasmons in different diameters of InAs nanowire. Scale bar: lum.
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LK BEAT LEAL, WA 3.10(d)Por, W LAE BIBIE R 5cia s R — 2, Btk
BT SRR T K 2 EIUR R 2R 80T s — 4RI AR B Hoc R TP A R .
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Figure 3.10 Comparsion of experimental and simulation result.
(a) The topography of InAs nanowire with diameter of 104 nm; (b) Imaging of surface plasmons in

nanowire at the frequency of 901 cm'®; (¢) Simulation result of surface plasmon in nanowire. (d)

The normalized intensity of electric field profile extracted from (b) and (c). Scale bar: 1 um.
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YN K B i S UK IS5 BT E 5, RIS AR A i Sk UK 145 BT I 520 o 7]
IE S, 9KR&r iR E R BonmA 7 # 8y~ = 22, FRRMEENT &/
GIKRL(y™t = 10)(107) 1 —4EA7 S0 (v~ ~ 10)(8, 108)H iR I B BT % 1 451
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Figure 3.11 The damping of surface plasmons in InAs nanowire.
(a) The propagation fitting of surface plasmons in InAs nanowire; (b) Dispersion of surface
plasmons in InAs nanowire with diameter of 135 nm on SiO, and Si substrate, respectively; (c) The

damping of surface plasmons in InAs nanowire with diameter of 135 nm on SiO; and Si substrate,
respectively.
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Figure 4.1 Dispersion of graphene surface plasmons with different doping levels.
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Figure 4.2 The localized electric field E, of graphene surface plasmons 10 nm above the

graphene excited by a dipole, excite frequency: 1000 cm™.
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Figure 4.3 Near field infrared imaging of graphene plasmons on SiC substrate.
(a) The schematic diagram of s-SNOM experiment. (b) AFM topography image of graphene

wrinkles on SiC substrate. (c) The corresponding infrared near field amplitude image of (b) at the

frequency of 1000 cm-1. The scale bar is 500 nm.
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Figure 4.4 The Raman spectroscopy of epitaxial monolayer graphene on SiC substrate.

(a) Raman spectra of graphene and SiC substrate, respectively. (b) Raman spectra of monolayer
graphene on SiC after subtracting the SiC background. The inset is Lorentz fitting of 2D band.

4.4(a) 52 SIC _FAMEAK A SRR SIC 1512 ik (1 () F1 SiC 4 1)
P2k (R ). JEIdEdE SIC ARMBLZ(E S, WE 44b0)FR, BAIGET
ARG RLE 6. FTUUE R, £ 80 2D 185 G gt Ly /I; ~ 5, [FIE 2D
P iy 23.25 ecm™, UER] JAMNE AR KA S AR AL BRI A SR (120-122)
ST, ERLEEEE R R ATIEA E BB R D W (~ 1350 cm)E S, EB T
HNIEAE A IR A S50 HAT LA I dR A% B (120, 123), RMIANEA S50 0 R
FI AL B RTINS RS S5, AT SR A R e O R A T A
AR R R B e .

70



4 B YRGBT T

—

Height/nm o

~—

10 nm

H :

0 nm

-
N O N
T

S3.G)
arb. unit

=L2r Ao/2
-1.[1%«4\/\/\.7&VJ\J*«

=TS
—200 0 200
Position z/nm

(S3

(d) 800
— theory

Max
600 m data

400

Ap/nm

200

Min

0 " . .
950 1000 1050 1100
wo/cm~!

B 45SiC #E EASEREFEBTER.

(@) K 4.3b 1 1*1um? X IR ESN; (b) (@) IXIBEIH L sbitg, NS 1025 cm?;
(c) (@) (b)H RELHR 7> FI iR FE i 2k ; (d) A s) RIS BOT O, WAL FRIIRE R,
ORI A R . IR 200 nm.

Figure 4.5 The dispersion of graphene plasmons on SiC substrate.
(a) Topography image of a 1*1 um? area in Fig. 4.3b. (b) The infrared near field imaging of (a) at
the frequency of 1025 cm™. (c) Topography height (upper) and normalized near field amplitude
(lower) of line profiles taken along the white dash lines in (a) and (b). (d) Relationship of graphene

plasmons wavelength and incident frequency. The blue curve and black square represent the

theoretical result and experimental data, respectively. The scale bar is 200 nm.
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Figure 4.6 The simulation of graphene plasmons reflected by the wrinkle.
(a) The schematic of simulation model. (b) Comparison of experimental data (black square) and

simulation results (solid line) with different variation of Fermi energy. (c), (d) The spatial

distribution of |Ez| corresponding to different variation of Fermi energy.
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Figure 4.7 Comparison of experimental data and simulation results.

Comparison of experimental data (black square) and simulation results (red line) with 1025 cm*

and 985 cm™ in (a) and (b), respectively.
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Figure 4.8 Graphene plasmon reflection by different height of graphene wrinkles on SiC

substrate.

(a)The AFM topography image of graphene on SiC substrate. (b)The corresponding infrared near
field amplitude image of (a) at the frequency of 1000 cm-1. (c)The topography height line profiles
taken along the white lines from 1-7 in (a). (c)The normalized near field amplitude line profiles

taken along the white lines from 1-7 in (b).
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Figure 4.9 Dispersion of volume confined phonon polaritons in a 50 nm thickness suspended
hBN
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Figure 4.10 Volume confined phonon polaritons excited by hBN wrinkle.

(a) Schematic of experiment; (b) The ratio between the distance of adjacent fringe at the wrinkle
and edge; (c), (i) Topography of hBN wrinkle on the sample; (f), (I) (c) The line profile extracted
from the dashed line in (c) and (i), respectively; (d), (j) The experimental infrared near-field image
of the wrinkle; (g) (m) The line profile extracted from the dashed line in (d) and (j), respectively;

(e), (K) Simulation results of volume confined phonon polaritons excited by hBN wrinkle; (h) (n)
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The line profile extracted from the dashed line in (e) and (k), respectively. Incident frequency: 1550
cm, Scale bar: 1 um.
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Figure 4.11 The hBN phonon polaritons at the edge of sample.
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(a) and (d) Topography of 77 nm-hBN and 115 nm-hBN sample; (b) and (e) The corresponding
near-field images of hBN shown in (a) and (d); The AFM (black line) and near-field amplitude (red
line) line profile along the white dashed line in (a), (b), (d) and (e). Incident frequency: 1550 cm™,
Scale bar: 1 um.
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Figure 4.12 Dispersion of different thickness of hBN on SiO, substrate.
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(a) The imaginary part of reflectivity of a 77 nm hBN sample on SiO; substrate; (b) The imaginary
part of reflectivity of a 115 nm hBN sample on SiO, substrate. The yellow dots represent
experimental data, the black dashed line is the theoretical results.
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Figure 4.13 Simulation results of the propagation of volume confined phonon polaritons.

(a) Propagation of volume confined phonon polaritons in 77 nm-thickness hBN with or without a
62.7 nm height wrinkles; (b) Propagation of volume confined phonon polaritons in 115 nm-

thickness hBN with or without a 90 nm height wrinkles. Incident frequency: 1550 cm™.
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Figure 4.14 The propagation losses of volume confined phonon polaritons in different hBN

sample.

(a) The propagation losses of volume confined phonon polaritons on a 62.7 height wrinkle of hBN

sample; (a) The propagation losses of volume confined phonon polaritons on a 90 height wrinkle of
hBN sample. Incident frequency: 1550 cm™.
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Figure 6.1 Schematic of graphene on a semi-infinite substrate.
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