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Abstract

Gold nanorods are preferred candidates for futdasnmponic applications due to their
synthetically adjustable plasmon energies and pealthon-sensitive optical responses. By
assembling Au nanorods into oligomers and arragscan greatly tune their plasmonic features,
obtain more robust and reliable plasmonic strusturend therefore greatly extend their
applications. In this thesis, | report on my stgd@n the plasmon coupling in Au nanorod
oligomers, the use of graphene to mediate the mastoupling between Au nanocrystals, the
comparison of plasmonic properties between lithplgically-written and chemically-grown Au
nanorods, and the fabrication of macro-scale abdlloAu nanorod arrays and their applications

as refractive index sensors.

First, the plasmonic properties of Au nanorods lsanailored in a wide range by coupling
them with other Au nanocrystals. The unique spéctraracteristics, together with the ability to
concentrate light, of coupled Au nanorod structueeslow them with great potentials in
applications ranging from biosensing and opticsntetamaterials. To fully realize these
potentials requires a thorough understanding ofplaemon coupling behavior. In this regard,
our group has investigated the coupling in Au nabecocligomers and Au nanorod homodimers.
In this thesis, | have further performed systematiadies on the plasmon coupling in

heterodimers composed of two different Au hanomdsne Au nanorod and one Au nanosphere.

Extensive simulations were performed to unravelgl@smon coupling in heterodimers of
nanorods aligned along their length axes. The &ffetthe gap distance, plasmon energy, and
nanorod end shape on the plasmon coupling weretaseal. | found that the plasmon coupling
between two arbitrarily varying Au nanorods carwiadl described using a coupled mechanical
oscillator model. The coupled plasmon energy caredsly, yet accurately predicted with a

universal hyperbolic formula. The nanorod heterasnalso exhibit Fano interference, which



can be adjusted by controlling the gap distancenamdomer plasmon energies.

| have also investigated the coupling between anAnorod and a small Au nanosphere
approaching it. The plasmonic responses of therdditeer, including Fano resonance, are
remarkably sensitive to the nanosphere positionthen nanorod, the gap distance, and the
nanocrystal dimensions. Interestingly, the nanosptipole is found to rotate around the
nanorod dipole to achieve favorable attractiveradteon for the bonding dipotelipole mode.
The sensitive spectral response of the heterodimn#re spatial perturbation of the nanosphere
offers an approach to designing plasmon rulerswaf spatial coordinates for sensing and

high-resolution measurements of distance changes.

Furthermore, the plasmon coupling can be modulayean ultra-thin monolayer graphene.
Coupled plasmonic structures can compress lightggriato an ultra-small region, permitting a
strong lightgraphene interaction. Effective light modulatioreréfore can be realized by the
graphenemetal hybrid plasmonic structures. | have expldieslinteraction between graphene
and two different coupled plasmonic structures,uding Au nanorod dimers and the Au
film-coupled Au nanosphere structures. For nanalioters, no apparent spectral modulation can
be acquired through graphene. By contrast, remégkabdulation on Au nanosphere scattering
can be achieved by adding graphene into the caetyeen the nanosphere and the supporting
film. The graphene-loaded nanosphere antennas iesngnificant resonance redshifts, which
can further be modulated when graphene screeniegtdt varied. This graphene-decorated
plasmonic nanocavity not only pushes the opticabpoase of graphene into the
visible-to-near-infrared (NIR) region but also nailly exemplifies an electro-plasmonic system.
These findings thus open an avenue on effectivpbrating graphene photonic devices in the

visible-to-NIR range and pave a way for electrigalbntrolling light by plasmonic structures.

In the end, practical applications of Au nanorosdsally require their assembly into coupled

or uncoupled macro-scale arrays. | have fabricaded nanorod arrays by electron beam



lithography (EBL) and further developed a methogbitepare macro-scale colloidal nanocrystal
arrays. The plasmonic properties of Au nanorodpamed from these two different methods are
compared. EBL-written Au nanorods suffer from ampplasmonic performance. The chemical
method, on the other hand, can achieve Au nanaisysith excellent plasmonic properties. In
particular, 1 have succeeded in directly depositogjoidal metal nanocrystals onto different
substrates to form arrays. The resultant nanodrgstays are uniform and dense, with the
single-layer absorbance value reaching 0.2 andsthe up to one decimeter square. The
refractive index sensitivities of the obtained Aanorod arrays have also been characterized. The
macro-scale metal nanocrystal arrays can overchm@ador stability of the colloidal solutions
and the high cost of single-particle spectroscampgt thinders the practical applications of
plasmonic nanocrystals for sensing. This methoekgected to greatly facilitate the plasmonic

applications that require the formation of largesametal nanocrystal arrays.

| believe that the improved understanding on thasmlonic response of coupled Au
nanorods, the exploration of using graphene to nadeluhe plasmon coupling, and the efforts
towards the fabrication of macro-scale nanostrestun this thesis are important for designing
and fabricating complex assemblies, hierarchicalcsires, and macroscopic materials out of
noble metal nanocrystal building blocks, much samito the formation of molecules and
macroscopic materials out of atoms, with desireabmlon-derived functions. The results here

will promote the applications of Au nanorods iniopt optoelectronics, and biotechnology.



S

AR EEREL o] DURERF IR BA RS 2 (ORI R i F i T IR0t - HATRER
FMELA RN TERRE iR E My kiR EFiE et ik E - NMEMES
REFAVIEFH AT S - WS ARG TRAGANMRS - 15 Eoo KRR AT AR B S AR B Y R A2
HE ARG o PR HE AR - BT RE ST IEoT Z EAYAE IR
& ARSI A NS S rR i S Ae R M - N5 [ TR
FFEZEE - fEERaR S WAGHIZE T LAty BoTiy R B SRk
REFEETIRUT IR ST SR TR A Se GRS R - TRl T
(BB AR T R LN a7 AR A B o R Y R A S B T Re SRR RV R - 1 Hoae
— AR T R A A P LA & A R R B R T RR Y = 4o R AR R PR 71 -

S B A Y BB YUK RV G > BT DIE R SRR m R T Aot
B RHLEERTE - B A eGP RRERE BB IR SR RO A DR e R 2
fi N - N EMEREYIRREDCEREM RS EEE B A RARHSRREET - K
TR - MR EEREFE TR ST RMETEREER - 8 Xkl
[ > TFTE B N E AR 72 B S 4R 1L T B (R YIS 4ok (R G R 5
HET AR SUE - fEER ST PP W EA [F R o R e — (A o R AT —
{El B8R ERSH RO SRR ARG RSBl TR & AU TR ARIRTSE

B POET TREEEETR - iU S REDT RHEN SArRiE R EGRIR S
BT R GTT Ry o W T RRRIERE . SRRV REFE AR IREEE . DURR BRI ES
NS ERERUTH G - WS > MEEEH SR IE 2 MR SR e S 8UE R LU
— (AR SRR R TR AR A YR - RSBy F - Ae HRAE &8 T DUm A —(d
B A AP UREMES TR - SRRy Bl g8 IR AR (Fano) SHIRE -
H. Fano ik n] DL i 5 $ REHL el BEN BEAGHY SRR BUTRE B2 IR -

BT FABSE T —(E oA — BRI TR RAPRECZ ARV - ST —

\%



T RIH R T R B E S GOR I GO R RV LR - FRIERE ~ DU RS B ARES R
R - AEHYE > BERESE TS ST R - YUK T E SR ke
el > AR 2 TR AR BRUERAVH 5 AR - ISR R AG Ay
VR ESPORERRY 2= BB B 6 - INTTE R 7 —(E P 2 AGG T AN i TR
SRR AT A ERA PR LT -

HE—DH > BRR TR ORGSO RSB ER TR e - R
HFHE AR S T DU CHIRE B G AL — (& /NS > (NI e M AT DA RE P oo
CERIGHAEENER - FIFE B > BT DERER Q2% -H S BHIE YR ERIE
A o AL BT TR R R FRE TR G A5 - AR e
AN NS/ SHPRERE S-S ZMHEEERN - B - SYkE 5
MIASRAHIERRSS - JOTLAEINEBHERYHESE - 8L AHEHY - RO S G 40
KRB R PRI ] LU AR o S5 B R S SO RER B VB 3 - B0 2% A4
KRERR R B AR RV IR - HATRS v] UM B 800 £ 57 WS AR - FelTikatrVE
TS QPRER- O RG-S G A E 1] DU O 20 GHY e SR B R R 2 n] ROC BIITALS MR -
i B e USRS ARG A ks - (EM B R R S e Ray i & - NI - TefMey
BHFERERAE A B B AR v] RO EIAT AL N B A SR e Taaft » 1 H R BUSEH
BIER A FHE T RO B EAVAOR SR TR -

% > REHRSIPRENVEIRER - BMFEEBECEMEERES] - SR8 ]
Ll e 5OE%] (EBL) SE BB AR E] - BAsm Lt s WA R AR EHE
PRI RIESFEETA2EE - EBL SRS 20V e 0 RIRE R Sl T Ae M i
MAEEETT AR LG R A B RREFEE TR R SRk - B — iy A2
{EER/KAR & R R P2 U R A [FIRIRR R _E TP Rk bS] « S AS 2 &
GRS bS] o e A BRI S0 - BRSO (E AT LU 0.2 » HeffIn] DA RAERAGHY
IRFFE Y BR R B —F 057 70 o R AR NSRRI P  » ERAPTHUANGE T B (e 4o R 5 1Yy
HEEREAITRRERUE - REREN BRI a] DU iR B A e e M 2R B



REREERTT AR S HIBES - NI A AR R i T Ae st T e E IR EA -
WM A GIRE AR AL TR ERE AR S B AR Y A s EIR AR 8k A 50T
FYMER -

MM L BRI RA S TS SR AR WO SR
TR O EREEAITTT - DA BRSO KRR B i KRR SRRy AR EL
HEIROR ARG T RS B R BRI SRRSO TR G4SN SR - IEAE TR T
MsHRCABRSE B > MR AR S ok S FE T B B AR E SR Aadt
et ER ISR (BIaErsE) REEARVER) - PGSR RAHESISYURBELE -
JeETEE - URAEYIRA T R HIER -

vi



Acknowledgement

It is my great pleasure to thank many people winede and suggestions are so valuable in

completing this thesis.

First of all, this thesis would not have been passiwithout the valuable guidance, the
always unconditional supports, and the great pedierffered by my dear supervisor, Professor
Jianfang Wang. Thank you so much, | even did nalize how lucky | am when | first entered
the exciting research field of plasmonics underryguidance. In the passing five years
(including my MPhil study), Professor Wang’s chitaidl love for science, infectious enthusiasm
about work, and rigorous attitude towards reseasole deeply impressed me. Many thanks for
the precious opportunities, the valuable suggestiand unconditional supports you have
provided. | feel lucky and proud to be your studémutd | have tried and will try my best in my

career to not let you down.

Also, | want to express my cordial gratitude tofBsgor Hai-Qing Lin. It is his instructions
that made the theoretical model possible in thesith | really learnt a lot from the weekly
discussions with him in the first three years afteame to CUHK. Later, the joint small seminar
with his group, initiated by him, really helped méot, especially in pushing myself to read a lot
of papers in profound topics. Special thanks shaigd be given to Professor Jianbin Xu for his

great help in nanofabrication and the sharing efiimowledge in graphene.

Every project finished in this thesis is based ¢ fclose collaboration with my
collaborators. | want to say thank you to Mr. KdtoCWoo, Ms. Caihong Fang, Dr. Xiaomu
Wang, Mr. Qifeng Ruan, and Dr. Huanjun Chen. Mrt Khoi Woo helped me a lot in doing

FDTD simulations; Ms Caihong Fang did a lot of wankaking single nanostructure scattering

Vi



spectra for me; Dr. Xiaomu Wang is an expert impgemne experiments and the discussion and
joint work with him is quite efficient; Mr. QifendRuan helped me a lot in doing sample
preparation and optical measurements; From Dr. tHu@jhen, | have learnt a lot of experiment

and simulation skills, which is indispensable foy rasearch.

In addition, | want to deliver my thanks to thehmsicians in our department, and all the

ladies in the general office for their kindness affetient help.

Furthermore, | would like to extend my thanks topsmesent and previous group members

in Professor Jianfang Wang’s group. | really ertjog happy time with the whole group.

Finally, | am forever indebted to my parents foeithunderstanding, endless patience and

encouragement whenever it is required.

viii



Contents

Abstract

Acknowledgement

Table of Contents

List of Figures

List of Tables

1

2

Introduction

1.1 Surface Plasmon Resonances of Noble Metals and Nhabstructures

1.2 Gold Nanorods: Promising Candidates for Plasmompigligations
1.3 Coupling between Surface Plasmons

1.4 Outline of Thesis

References

Theoretical Background

2.1 Maxwell's Equations

2.2 Dielectric Functions of Noble Metals

2.3 Mie Theory

2.4 Quasi-Static Approximation

2.5 Theoretical Treatments for Plasmon Coupling

Vii

Xii

Xvii

10

14

15

21

22

25

30

34

38

2.6 Numerical Methods for Simulating the Plasmon ResosaProperties of Metal

Nanostructures
References
Preparation of Gold Nanorods and Characterization Echniques
3.1 Growth of Gold Nanorods by Wet-Chemistry Methods
3.2 Fabrication of Gold Nanorod Arrays by Electron-Beklithography

3.3 Characterization Techniques

45

49

54

54

57

59



References 62

Energy-Resolved Plasmon Coupling in Gold Nanorodsibers 63
4.1 Universal Scaling in The Energy Diagram 56
4.2 Symmetry Breaking Induced Fano Resonances 83
4.3 Summary 89
References 90

Position-Resolved Plasmon Coupling in Gold NanoroeNanosphere Heterodimers
93
5.1 Distinct Plasmonic Manifestation Induced by Spa@atturbation 95

5.2 Hybridized Plasmonic Mode Assignments, Rotatingsilanic Dipole Phenomenon

and Fano Resonances 99
5.3 Potential for Improved Plasmon Rulers 105
5.4 Summary 110
References 111
Graphene-Mediated Plasmon Coupling 113
6.1 Graphene-Covered Gold Nanorod Dimers 116
6.2 Film-Coupled Nanoantennas with Graphene Loading 120
6.3 Summary and Outlook 136
References 138
Plasmonic Properties of Macroscale Gold Nanorod Arys 141

7.1 Comparison of Plasmonic Properties between Lithagcally-Written and

Chemically-Grown Au Nanorods 143
7.2 Deposition of Macroscale Colloidal Noble Metal Nangstals Arrays 145
7.3 Refractive Index-Based Sensing of Gold Nanorod ysra 154
7.4 Summary 161

References 162



8 Conclusions and Outlook 165

References 169

Curriculum Vitae 170

Xi



List of Figures

1.1: Schematic showing the surface plasmon pofesitupported on metal surface and the
localized surface plasmon on metal nanocrystals. 3

1.2: An overview of the research development o$planics since 1857. 3

1.3: Dispersion relations of surface plasmon ptwas, localized surface plasmon, free

space light and light coupled into prism, respejiv 5
1.4: Increase in the number of publications onasigfplasmon since 1956. 6
1.5: Dependence of the plasmonic properties of &wonod on its aspect ratio. 7

1.6: Refractive index dependent-plasmon resonanaed plasmonic photothermal

conversion properties of Au nanorods. 9
1.7: Plasmon coupling in noble metal nanostructures 11
1.8: Applications of coupled plasmonic structures. 13

2.1: Schematic showing the coupled dipole model 2@ coupled harmonic oscillator
model (b), and the resonant-circuit model for tesatiption of plasmon coupling between
metal nanopatrticles. 42

2.2: Schematic showing a standard Cartesian Yéesed for FDTD. 48

3.1: Schematic illustration of the seed-mediatethogtfor the growth of Au nanorods.
56

3.2: Seed-mediated growths of Au nanorods and méueoss. 57

3.3: Schematic illustration of the electron-beatmdgraphy technique for the fabrication of
Au nanostructures. 58

3.4: Au nanostructures fabricated by electron-bétinagraphy technique on ITO substrates.
59

3.5: Pattern-matching method employed to measwesthttering properties of single Au
nanostructures. 61

4.1: Scattering of individual Au nanorods. 67

4.2: Scattering spectra of the plasmon-coupled Aoormod dimers in water. The gaps
between the two nanorods in all three dimers a7 68

Xii



4.3: Energy diagrams of the plasmon coupling betw&a nanorods with hemispherical
ends at a fixed gap distance of 1 nm in water. 69

4.4: Effects of gap distance and medium refradtidex on the rescaled energy diagrams of
the plasmon coupling between nanorods with hemrsgieends. 73

4.5: Effect of nanorod end shape on the plasmoplocwubetween Au nanorods. 76

4.6: Gap-dependent fractional plasmon shifts inhbeodimers of Au nanorods capped

with hemispheres. 82
4.7: Plasmon hybridization in Au nanorod heterodsne 85
4.8: Fano resonances in Au nanorod heterodimers. 86
4.9: Fano profiles calculated at varyibghb, ratios. 87

5.1: Schematic showing the plasmon resonance af aahorod perturbed by the plasmon
resonance of an adjacent small Au nanospheredHatated at different positions around
the nanorod. 94

5.2: Preparation of Au nanorod and nanosphere mermand heterodimers. 96

5.3: Plasmonic responses of four representativeaorodnanosphere heterodimers.
97

5.4: Scattering spectral evolvement and plasmomidiiyation in Au nanorognanosphere
heterodimers. 100

5.5: Electric field intensity enhancement contonlogained from the FDTD calculations for
the nanorod monomer and nanofndnosphere heterodimers with the nanosphere p&ced
different positions. 103

5.6: Coupled harmonic oscillator model for the plagic response of the Au
nanorodnanosphere heterodimer. 105

5.7: Calculated scattering spectra of the Au nasheranosphere heterodimers. 107

5.8: Dependence of the plasmon peak wavelengthhenohtegrated scattering intensity on

the nanosphere spatial coordinates in the Au naroemosphere heterodimers. 109
6.1: Au nanorod dimers. 116
6.2: Characterization of the CVD-grown monolayexgjrene sheets. 118
6.3: Effect of graphene on the plasmon resonanicgsld nanorod dimers. 119

6.4: Electric field intensity enhancement contoaiptained from FDTD calculations for the

Xiii



Au nanorod dimer with an interparticle angle of.70 120
6.5: Graphene-loaded plasmonic nanoantennas woirkithg visible-to-NIR region. 122

6.6: Scattering spectra of the Au nanosphere aatedaposited on H{Z5i in the absence
of the Au film., 123

6.7: Plasmon modes of the film-coupled Au nanosphetennas. 125

6.8: Scattering spectra of the Au film-coupled Aanasphere antennas under p-polarized
excitation. 129

6.9: Annealing-induced change of the scatteringctspen of the Au film-coupled Au
nanosphere antennas in the presence and absegrepbéne. 130

6.10: Au film-coupled Au nanosphere antennas loaaighl different numbers of graphene
layers. 131

6.11: Scattering response of the Au film-coupled #anosphere antennas loaded with
different numbers of graphene layers. 313

6.12: Resonant-circuit model for interpreting thgothr plasmon shifts of the Au
filmcoupled Au nanosphere antenna with loaded geaplat varying screening effect.
135

7.1: Scattering of both the chemically-grown anel BBL-written Au nanorods. 143

7.2: Calculated scattering cross sections of a@orod with a dimension of (9040 x 40)
nm in the absence and presence of Cr adhesivedagéferent thicknesses. 145

7.3: Fabrication of macroscale colloidal noble rmetmocrystal arrays on glass surface.
148

7.4 Extinction spectra of the Au nanorod arraypadted on glass before and after
immersion in ethanol. 148

7.5: The density controlled deposition of the Amorad arrays on glass surface. 150

7.6: Deposition of various colloidal noble metalnoerystals on glass surface to form
macroscale arrays. 151

7.7: Deposition of Au nanorods on mesostructuré€d &nd TiQ films. 154

7.8: Refractive index sensitivity measurement ef #u nanorod arrays deposited on cover
glass. 156

7.9: (a) Dependence of the longitudinal plasmonekength of Au nanorods stabilized by
CTAB in solutions on the solution refractive ind€k,c) Dependence of the longitudinal

Xiv



plasmon shift of Au nanorod arrays on the refractindex change from air to
ethanot-glycerol mixtures. 157

7.10: Refractive index sensing performances ofAtenanorods in solution and deposited
on different substrates. The Au nanorods were doatth CTAB surfactant, modified with
thiol-terminated methoxypoly(ethylene glycol), ancleaned by plasma treatment,
respectively. 158

7.11: Dependence of the longitudinal plasmon gfiifilasma-cleaned Au nanorod arrays on
the refractive index change from air to ethaigbfcerol mixtures. 160

7.12: (a) Dependence of the longitudinal plasmowrelength of Au nanorods stabilized by
MPEG-SH in solutions on the solution refractive exd (b-d) Dependence of the
longitudinal plasmon shift of PEGylated Au nanoardays on the refractive index change
from air to ethaneiglycerol mixtures. 161

XV



List of Tables

4.1: Aspect Ratios and Corresponding Longitudinason Energies (eV) of Au Nanorods
with Hemispherical Ends in water. 66

4.2: Energies (eV) of the Plasmon Coupling betwBga Au Nanorods with Hemispherical
Ends at a Gap Distance of 1 nm in water. 69

4.3: Energies (eV) of the Plasmon Coupling betwBga Au Nanorods with Hemispherical
Ends at a Gap Distance of 3 nm in water. 71

4.4: Energies (eV) of the Plasmon Coupling betwBga Au Nanorods with Hemispherical
Ends at a Gap Distance of 5 nm in water. 72

4.5: Energies (eV) of the Plasmon Coupling betwBga Au Nanorods with Hemispherical
Ends at a Gap Distance of 7 nm in water. 72

4.6: Plasmon Energies (eV) of the Varying Nanoroghbmers and the Nanorod Dimers in
Different Media. 73

4.7: Energies (eV) of the Plasmon Coupling betw@ar Au Nanorod with Its Aspect Ratio
Fixed at 2 Eixeq = 2.016 eV) and the Other Au Nanorod with Varyidgpect Ratios at
Varying Gap Distances. 75

4.8: Plasmon Energies (eV) of One Monomer Nanoritd Marying Aspect Ratios and the
Energies (eV) of the Plasmon Coupling between OneNanorod with Its Aspect Ratio
Fixed at 3 Esxes = 1.601 eV) and the Other Au Nanorod with Varyikgpect Ratios.

77

4.9: Plasmon Energies (eV) of One Monomer Nanoriid Marying Aspect Ratios and the
Energies (eV) of the Plasmon Coupling between OoeNanorod with Its Aspect Ratio
Fixed at 3 Esixeq = 1.764 eV) and the Other Au Nanorod with Varyikgpect Ratios.

78

4.10: Parameters Obtained from Fitting the Scaiterbpectra of Different Nanorod
Heterodimers at a Fixed Gap Distance with the Pimemological Model. 88

4.11:Parameters Obtained from Fitting the Scatje8pectra of a Nanorod Heterodimer at
Varying Gap Distances with the Phenomenological &lod 88

XVi



Chapter 1

Introduction

| would like to start this thesis from a brief oview on the plasmonic properties of noble
metal and their nanostructures. Plasmonics is wiflbing research field. Although theoretical
descriptions for the basic concepts have been destéloped for a long time, new experimental
surprises are being found almost day by day anelrepplications of plasmonic structures are
continuously being proposed, ranging from solarrgyneharvesting to cancer photothermal
therapy. In this chapter, | will first briefly prest the basic knowledge of the surface plasmon
resonance supported by metals and their nanostesc{8ection 1.1). Then | will focus on one of
the most promising plasmonic structures, gold nad®rin Section 1.2. The preparation,
plasmonic properties and applications of gold nadsrwill be summarized. Further, | will put
emphasis on plasmon coupling in Section 1.3, whschhe interaction between plasmonic
structures. It is the importance in the fundamentalerstanding of plasmon coupling and the
great potential of coupled plasmonic structureapplications that motivated me to carry out my
thesis research. A brief outline of the thesishisréafter presented at the end of this chapter

(Section 1.4).

1.1 Surface Plasmon Resonances of Noble Metals and Tihidanostructures

Noble metals are resistant to corrosion and oxadat: moist air and therefore they tend to
be precious. Among noble metals, silver, gold,iplah, and palladium are especially important.
They are also called precious metals and have biggis of wealth after their first extraction.

The noble metals can support collective oscillaioh their conduction band electrons on their
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surfaces, which are referred to as surface plasndoiss as water ripples travel along the surface
of a pond after a stone is thrown into it, surfataasmons can be produced on metal-dielectric
interface and propagate along the interface (Figut® Such propagating surface plasmons on
metal surfaces are mixtures of the conduction elactscillations and the accompanied
oscillating electromagnetic fields.[1,2] They alscacalled surface plasmon polaritons. Under
general conditions, surface plasmon polaritons t&n explained in terms of classical
electromagnetism. The history of the ‘plasmonieddfhas been more than a hundred years
(Figure 1.2). Theoretical efforts to treat surfgtasmon polaritons can be dated back to year
1899 A. C, when Sommerfeld and Zenneck published tivorks on electromagnetic surface
waves on metal surfaces with finite conductivity]3n 1941, Fano related [5] these theoretical
explanations with previous observations on Woodsnaalies (1902) [6] and Lord Rayleigh’s
work on diffractions of metal gratings (1907).[M& bands of abnormally high or low intensities
in the light diffracted by reflection metal grateigan therefore be related with surface plasmon

polaritons on metal surfaces.

After being divided into fragments of sizes reaghttown to ~100 nm, the precious metals
become more ‘precious’, since their electronidcapand catalytic properties are very different
from their bulk counterparts. Most of these diffezes originate from the large surface
area-to-volume ratio and the spatial confinemerheffree electrons of noble metal nanocrystals
(Figure 1.1).[8,9] In as early as 1847, Michaeldgay prepared such noble metal nanostructures,
using phosphorus in GSto reduce chloroaurate (Aul) to obtain colloidal gold
nanoparticles.[10] The colloidal nanoparticle simatexhibits a red color, quite different from
that of bulk gold. Such unique optical responsesalifie metal nanoparticles was not understood
until 1908, when Mie published the analytical smntof Maxwell's equations for the scattering
of electromagnetic radiation by spherical partiql@so called Mie scattering).[11] Later, Gans
extended the solution to the case of spheroidaicpes under the electrostatic approximation.[12]

By combining Mie or Gans solutions with noble medadlectric functions described by Drude



model,[13] one can easily obtain the optical resgoof metal nanopatrticles. Specifically, if the
metal has dispersive dielectric properties, electrgnetic resonances will occur at some certain
frequencies, giving rise to scattering or absorptimaxima and different colors of the
nanoparticles. | will discuss these calculationdetails later in this thesis (Chapter 2). Intexdst

readers can also refer to some text books for mnéwemation.[14,15]

Metal

Metal film nanocrystal

Surface plasmon polaritons Localized surface plasmon

Figure 1.1 Schematic showing the surface plasmon polaritapparted on a metal surface and
the localized surface plasmon on a metal nanodrysta
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Au, Ag, Cu dielectric functions extraordinary light transmission 2009,plasmonic nanoantenna
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t
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Figure 1.2An overview of the research development of plaso®since 1857.
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Compared with their propagating counterparts, sweface plasmon polaritons, localized
surface plasmon resonances have some unique feafins, the localized nature of this type of
resonances provides an effective way to directlyvea far-field signals into near-field ones for
light concentration and vice versa, to convert +iedal energies into far-field radiations for
characterizations and tests. The flat dispersioriooélized surface plasmons supported by
metallic nanoparticles (Figure 1.3) allows for thexcitation by incident light over a wide range
of angles.[14,16,17] Surface plasmon polaritonswehe@r, cannot be excited directly by
free-space light, since their dispersion relatigk) lies below that of free-space light (Figure
1.3). External setups are needed to overcome theemtim mismatches between free space
light and surface plasmon polaritons. There areethmain techniques to provide the missing
momentum, including the use of prisms, the addibbmopological defects on the surface, and
the use of a periodic corrugation on the metalasm@{18] Second, coupled localized surface
plasmons supported by metal nanostructures card @&bmic losses resulting from resistive
heating.[19] The Ohmnic loss is a severe problenthe propagation of surface plasmon
polaritons.[2,19] Using gain media can partly sothies problem but will make the structure
more complex.[2223] Metal nanostructures, on the other hand, canmize the metal volume
and therefore their localized surface plasmons sulbstantially suppress the Ohmic loss.[8]
Third, the localized surface plasmon wavelengthsnoble metal nanocrystals are highly
dependent on their shapes, sizes, compositions,ganthetrical configurations. As a result,
localized surface plasmon energies can be eagigdtwver a wide range, from the violet to
near-infrared regions.[8,24,25] Fourth, excitatmhlocalized surface plasmons can extremely
compress light into an ultrasmall vicinity of metahnostructures, leading to a remarkable
enhancement of near fields.[26] The accordinglyatfyeincreased optical density of states
enables strong lightnatter interactions and boosts the developmentsa ofrariety of
plasmon-enhanced spectroscopies;f{ plasmonic lasers,[31,32] and plasmon-driven

nonlinear effects.[33,34]
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Figure 1.3 Dispersion relations of surface plasmon polaritocalized surface plasmon, free
space light and light coupled into a prism, respebt.

Since 1990s, the research in the field of plasnsohias been expanding significantly.
Figure 1.4 shows the increasing numbers of puldicaton plasmonics.[35] The rapid growth of
the investigations in this field can be attributedthe following reasons. First, the progress in
fabrication techniques enables scientists to peepagtal nanostructures with high resolutions
and finely controlled morphologies. State-of-the-@ectron-beam lithography (EBL) methods
developed from semiconductor-integrated circuitustdes can achieve nanostructures with at
least 20-nm resolution from 1990 (Figure 1.2). Fraround 2003, various types of
wet-chemistry methods have been developed to syzth@oble metal nanocrystals of different
geometries. Here 1 list gold and silver nanostieguthat can be readily produced by
wet-chemistry approaches as examples. For goldmiclaé methods can already produce
high-purity nanospheres, nanorods, nanoplates, codées, nanoshells, and anisotropic
nanostructures with various protrusions.[8] Fovesil chemical methods can yield high-purity
nanospheres, nanocubes, tetrahedron nanocrystaighedron nanocrystals, nanobars,
nanospheroids, right nanobipyramids, decahedrooangstals, nanorods, nanoplates, branched
and hollow nanostructures.[24] Second, variousgygfehigh-sensitivity optical characterization
techniques have been developed for measuring thempinic properties of noble metal
nanostructures. Especially, single-particle daekdfi scattering spectroscopy combined with
SEM imaging is a powerful tool for investigatingetiplasmonic responses of individual metal

-5-



nanostructures.[36] Third, the development of nucakrmethods for simulating surface
plasmons, and the rapid advance in computing p@mer speed have provided us powerful
modeling tools to understand the plasmonic propertof metal nanostructures. The
well-developed fabrication approaches, the improwdracterization techniques, and the
powerful modeling tools pave the way for studyimg tplasmonic properties of noble metal
nanostructures. Most importantly, the wide rangeaiential applications drives more and more
researchers to join in this research field. The8198per by Ebbesest al. on the extraordinary
transmission of light through metallic nhanoholeagsr [37] triggered many to enter the field
(Figure 1.2). Nowadays, localized surface plasmesomances are proposed to be applied in
high-efficiency thin-film solar cells,[38] high-rekition microscopy,[39] drug delivery,[9]
high-density optical data storage,[40] environmkntenitoring,[41] biosensing,[9] optical
metamaterials,[42] photodynamic cancer cell treat;jé3] optical nanoantennas,[446] and

surface plasmon-enhanced infrared photodetect@is.[4

‘Surface plasmon’ in title
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Figure 1.4 Increase in the number of publications on surfdasmon since 1956.

1.2 Gold Nanorods: Promising Candidates for Plasmoniépplications

One intriguing feature of Au nanocrystals is thHsdit localized surface plasmon resonance



(LSPR) properties can be tailored by syntheticlhyjng their sizes and shapes.[8] Compared to
other nanocrystals, Au nanorods offer significatitamtages in this aspect. Au nanorods can
support two plasmon modes. One is the longitudif#fPR mode associated with the electron
oscillations along the length axis, and the otlsethe transverse LSPR mode excited by light
polarized along the transverse direction of theonaah[8,48] The plasmon wavelength of the
longitudinal mode can be synthetically tuned acie$soad spectral range, covering the visible
and near-infrared regions, by tailoring the aspato, that is, the ratio between the length and
diameter (Figure 1.5&). In the spectral regions far from the interb#madisitions of gold, which
are below ~590 nm, the plasmon damping is veryIsialnanorods can therefore exhibit huge
electric field enhancements under resonant exoitafirigure 1.5€f).[49] Such enhancements
are mainly located in the regions around the twdseof the nanorods. Their magnitudes and
distributions can also be tailored by varying tleadh shape. Furthermore, Au nanorods can be
assembled into a number of superstructures inrdiffegeometries,[8,5G6] which results in
even richer plasmonic properties owing to the arogac nature of Au nanorods. As a result, the

LSPRs in Au nanorods have been vigorously pursuedglthe last decade.[8,9,48]
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Figure 1.5 Dependence of the plasmonic properties of Au ra®on the aspect ratio.[8] (a)
Schematic showing Au nanorods with a fixed diamdbet different aspect ratios. (b)
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Dependence of the extinction spectra on the agspéot under the longitudinal excitation. The
aspect ratio of the nanorod is changed from 1&Gwdile its diameter is fixed at 5 nm. In (a) and
(b), the arrows indicate the increasing directionthie aspect ratio. (c) Dependence of the
longitudinal plasmon wavelength on the aspect rétipElectric field enhancement contour [49]
of a nanorod with an aspect ratio of 2. (e) Eledield enhancement contour [49] of a nanorod
with an aspect ratio of 3. (f) Maximum electriclieenhancement as a function of the aspect
ratio at the longitudinal plasmon resonance.[49]tAé results shown here are calculated with
Gans theory, where the Au nanorod is modeled wipteeroid. The details of Gans theory will
be introduced in Chapter 2.

The LSPR wavelength of Au nanorods is highly seresito the surrounding dielectric
environment. Increase of the dielectric constamttf® refractive index) of the surrounding
nanoenvironment can induce more polarization clza@eund the nanorod. Under external
electromagnetic excitations, there will be an iased screening of the Coulombic restoring
force that acts on the free electrons in the nah@Figure 1.6a). The reduced restoring force
therefore results in a red shift in the plasmoromesice. From Figure 1.6b, we can clearly see
that both the longitudinal and transverse plasmades red-shift as the refractive index is
increased. The longitudinal plasmon shift followBnear relationship with the refractive index
(Figure 1.6c¢).[8] This linear relationship can beptoyed to design ultrasensitive biomedical
sensors. The sensing performance can be reflegtédebrefractive index sensitivity, which is
defined as the plasmon shift per refractive indeit (RIU). Both the polarizability (defined as
the dipole moment of the entire particle, see Gira@t for the calculation details of the
polarizability) and the shape of metal nanocryspddsy important roles in the index sensitivity,

as it is shown in Figure 1.6d.[57]
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Figure 1.6 Refractive index dependent-plasmon resonances @asimonic photothermal
conversion properties of Au nanorods.[8] (a) Schient a Au nanorod immersed in a solution.
(b) Calculated extinction spectra of a Au nanonodolutions with different refractive indices.
The nanorod has an aspect ratio of 3. The refraatidex of the solution is increased from 1.3 to
1.7 at a step of 0.1. (c) Dependence of the lodgial plasmon shift on the refractive index of
the solution. (d) Refractive index sensitivity asfunction of the product between the
polarizability and the end curvature of elongatadrfanocrystals with different end shapes.[57]
(e) Schematic showing the plasmonic photothermaVversion of a Au nanorod. (f) Dependence
of the end temperature on the nanorod longitugedmon wavelength.[61] (g) Dependence of
the measured and calculated photothermal conveediimiencies on the effective particle radius
of Au nanorods.[61] (h) Effect of the Au nanorodncentration on the gradient of the
temperature increase along the depth of the mintatgye tube containing Au nanorods.[62]

The extremely large absorption cross sections ohAmorods at their LSPR wavelengths
make them a promising material for photothermaleosion. The underneath mechanism is that
decay of the plasmon resonances in Au nanorodsighréhermalization with the lattice will
generate heat, which can thereby cause temperatasein the surrounding environment (Figure
1.6e). The excellent photothermal conversion cdgyabif Au nanorods enables them to be used
for killing cancer cells,[58] controllably releagingene[59] and delivering drugs.[60] The
photothermal conversion of Au nanorods is govermgdhe competition between the radiative
and non-radiative decays of their plasmon resorsartceill be the highest for Au nanorods with

longitudinal plasmon wavelengths very close toitteedent laser wavelength (Figure 1.6f).[61]
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Au nanorods with smaller volumes have reduced tadialecay, and therefore exhibit higher
photothermal conversion efficiencies (Figure 1J&d). In real applications, the photothermal
conversion performance is also dependent on theradrconcentrations (Figure 1.6h).[62] The
dose of Au nanorods, as well as the laser powerldhbe considered to achieve optimal

curative effects in clinic applications.

1.3 Coupling between Surface Plasmons

When metallic nanocrystals are in close proximityeir localized surface plasmons will
interact with each other and lead to intriguinggexies such as spectral shifts and large electric
field enhancements.[26] The interaction betweerallped surface plasmons is accompanied
with the formation of new collective plasmon modeismon coupling can be well understood
and predicted by the hybridization model raised2003,[63] similar to the case for the
hybridization theory of molecular orbitals (Figutéra). The details of the hybridizatiom model
will be discussed in Chapter 2 of this thesis. Afiesmon coupling, lower-energy bonding and
higher-energy antibonding hybridized plasmon modéksbe formed (Figure 1.7ec).[64-66]
Furthermore, near-field interactions enable theitatton of new plasmon modes, such as
high-order electric multipolar and magnetic dipodasmon modes (Figure 1.7d).[67,68] The
interferences between different plasmon modes dlfftere result in several fascinating
phenomena in coupled metal nanostructures, suckpeastral splitting,[69] plasmonic Fano
resonance (Figure 1.7e,f),[67,68,70] and electromeigally induced transparency (Figure
1.8a,b).[42,71] Symmerty plays an important rol¢hi@ excitation of the new high-order electric
multipolar and magnetic dipolar plasmon modes.&@mple, in the plasmon coupling between
two identical metal nanocrystals in a homodimeuyally only dipole-dipole bonding plasmon
modes are active under light excitation. The dipdipole antibonding plasmon modes are 'dark’
modes, since the net dipole of the entire systemeiie and they can not be directly excited by

electromagnetic plane waves. If the symmetry ikémo such plasmon modes can be excited,
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enabling their interaction with the bright plasnmmiodes. For example, considering a nanoring
structure composed of four coupled Au nanosphéhnesnanoring can support both electric and
magnetic dipolar plasmon modes.[68] The two modesat interfere for symmetric nanorings

(Figure 1.7e). After slight symmetry-breaking israduced by using Au nanospheres of different
sizes, interference between the electric dipolat mmagnetic dipolar modes can be achieved,

giving rise to a pronounced Fano resonance indagesing spectrum (Figure 1.7f).
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Figure 1.7 Plasmon coupling in noble metal nanostructuresc)(@lasmon coupling in Au
nanorod dimers. (a) Electromagnetic analogy to oudé orbital theory: hybridization model
showing the basic picture of the coupled longitatiplasmon modes of end-to-end and
side-by-side assembled Au nanorod homodimers.[@A{alculated electric field enhancement
contours (upper) and charge distributions (lowdrhrear end-to-end nanorod homodimers at
the antibonding mode, the bonding mode, the comduatoupled bonding mode, and the
conductive coupled charge-transfer plasmon modg(€66Plasmon coupling in Au nanorod
homodimers with the nanorod angle at %3Bcattering spectrum of an individual dimer was
measured.[65] The two scattering peaks reveal enadtion of the antibonding and bonding
plasmon modes. {d) lllustration of the scattering response of plasms nanorings.[68] (d)
Scatteirng cross-section (SGS) of a four-particéaning system excited by a time-varying
electric field (left) and by a time-varying magmefield (right). Ei,c and Hi,c represent the
incident electric and magnetic fields, respectivélglours indicate the charge distribution inside
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each nanoparticle. (e,f) Scattering response ofyrangetric nanoring (e) and when small
asymmetries are introduced (f). Symmetry-breakimguces interference between the electric
dipolar (p) and magnetic dipolar (m) modes, whicteg rise to a pronounced Fano resonance in
the scattering spectrum.

It is quite intriguing that we can observe Fandfipgs in purely plasmonic systems,[72—77]
since Fano profiles are typical spectral featuresrg from the coupling of a discrete state with
a continuum.[78] When the plasmon modes of metabicocrystals interact with each other, the
newly formed hybridized plasmon modes may havegneverlap and the interference between
them can occur. The energy of the bright mode (Wwlsen be excited directly by light) will be
transferred to the dark mode (which cannot be edcdirectly by light) at their overlapped
resoancne frequencies, leading to the asymmetoitigoin the scattering or extinction spectra
and a dip in the scatting spectrum. Apart fromrth@idamental importance, Fano resonances in
plasmonic media are of considerable interest iralibed surface plasmon resonance sensing
applications because they are extraordinarily sigasio their local dielectric environment. The
low scattering intensities associated with Fan@masces are potentially useful for plasmonic
waveguide applications. Fano interference is alesety related to the electromagnetically

induced transparency in plasmonic nanostructungsi(& 1.8a,b).[70,71]

Slight perturbation in coupled plasmonic structucas give rise to rich changes on light
scattering and absorption spectra.[8] As showniguré 1.8e-h, the small change of the three
dimensional displacement of the central Au nananoa coupled plasmonic structure will bring
distinct spectral variations.[79] As a result, theupled plasmonic structures can act as
colormetric biosensing components,[80] plasmonlerréor nanometer measurements,[79] and

electromagnetically-induced transparency matef#s/1]

Besides their unique spectral features, the plasooupling between metal nanocrystals
can significantly increase the near field in thedion (Figure 1.7b, 1.8a).[8,26,65,66,71].
Intensity enhancements up to®Have been theoretically predicted. The couplingvben noble

metal nanocrystals has therefore been employedefdrancing optical signals, including
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second-harmonic generation (Figure 1.8i),[33] Ramseattering(Figure 1.8)),[28,81,82]
fluorescence,[83] and two-photon photoluminescg&dgand applied in photolithography,[85]

two-photon polymerization,[86] and nanometric ogtitweezers (Figure 1.8k).[889]

Closely spaced metallic nanorods can function dEamanoantennas to link propagating
radiation with confined optical fields [447,90,91]. The optical antenna can boost the efiicy
of light—-matter interactions and enable control of photoayprocesses on the nanoscale. This
has many foreseeable applications, such as higidte&sy microscopy and spectroscopy,

photovoltaics and photocatalysis, and solid-sigteihg [92,93].

o
o
X

o
)
1

3
[z}
=
[}
1Y
7]
®

Transmittance/
Reflectance
o
H

1 prmssttmsains, g 0.2
0.8 f 0‘; . -
@ 07 = 1 —
% 0.6 _ g 806 Resonan(:il/./
E 3 06 g,/
€ S e £c v
] 0.4 = 8 0.4 £ 80_4_ o s —_—
2 02 £E3 g AR
- < '50.2 = ]
g = 0.2-./ h
0 WV 0 ‘ Res'onar]cell‘ :
300 400 500 600 120 160 200 0 10 20 30 40
Frequency (THz) Frequency (THz) Displacement S (nm)
[ J o remnoanedeins k
Input pulse

Figure 1.8 Applications of coupled plasmonic structures:nleMetamaterials of distinct spectral
responses made of Au nanorods. (a) Electromagfigat distributions of an uncoupled Au
nanorod (left) and the building unit of the metaenial (right) at the frequency of the
transmission window.[71] (b) Transimission specivd the metamaterials showing the
electromagnetically induced transparency.[71] (c,Halse-color SEM images of the
metamaterials made of Au nanorods. The scale bar2@ nm.[79] (e,f) Transmittance and
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reflectance spectra of the corresponding structahesvn in (c) and (d), respectively.[79] (g)
Schematic showing the three-dimensional plasmaunier.f79] (h) Evolution of the plasmonic
resonances as a function of the displacement ofmildelle nanorod.[79] fik) Applications of
coupled plasmonic structures by utilizing their reriely large near-field enhancements. (i)
Plasmon field enhancement for high-harmonic gemer§83] (j) Surface-enhanced Raman
scattering of coupled plasmonic nanostructuresifogle-molecule detection.[28] (k) Plasmonic
nano-optical tweezers for positioning single emitt@ith nanoscale accuracy.[89]

There are so many applications based on the plasooupling of noble metal
nanostructures that | cannot list all of them héméerested readers can refer to some excellent

reviews.[8,26]

1.4 Outline of Thesis

As stated above, the plasmonic properties of Awrais and their coupled structures are
not only of fundamental importance, but also hawéeptial applications in many areas. My
research mainly focuses on the plasmonic propedfesoupled Au nanostructures and Au
nanocrystal arrays. In this thesis, | will studg flasmon coupling in Au nanorod heterodimers
and Au nanorogAu nanosphere heterodimers, the modulation of pdasmoupling in Au
nanostructures with graphene, and the methodsili latge-area Au nanocrystal arrays for their

practical applications. The contents are organaefbllows.

Chapter 2 will give an overview of the theoretidalckground of the localized surface
plasmon resonances in noble metal nanocrystals thant coupling, including Maxwell
electrodynamics, the solid state theory for desugilihe dielectric properties of noble metal
nanostructures, analytical approaches for calawate scattering/absorption responses of metal
nanostructures, and several numerical techniquesdizulating the plasmonic properties of

noble metal nanostructures.

Experimental preparation methods, including botkneical and lithographical means, of
Au nanostructures (mainly Au nanorods) will be prégsd in Chapter 3. Characterizaiton

methods for measuring the plasmonic properties ablen metal nanostructures are also
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described.

Chapter 4 and Chapter 5 give the details of myareseon the plasmon coupling in Au
nanorod-based oligomers, including Au nanrod helierers (Chapter 4) and Au nanorad
nanosphere heterodimers (Chapter 5). The couptidgeied spectral variation, plasmonic Fano

resonance, and the potential applications of tesetures are discussed in detalil.

In Chapter 6, | will introduce my efforts to useaghene to mediate the plasmonic
properties of coupled Au nanorod dimers and Au -timupled Au nanosphere antennas. The
interaction between graphene and Au nanorod dingefsund to be very weak due to the
difficulty in placing graphene into the near-figidt spots. On the other hand, Au film-coupled
Au nanosphere can effectively squeeze light intalgnasmall cavity to promote lighggraphene
interactions. Significant spectral tuning of thienficoupled nanoantennas has been achieved by

graphene.

Chapter 7 introduces my efforts to fabricate lasigea plasmonic Au nanorood arrays. The
plasmonic properties of Au nanorods fabricated By. Bnd chemical growth methods are first
compared and discussed. To overcome the poor prasnperformance of EBL-written Au
nanorods, | further developed a method to dired#yposit colloidal metal nanocrystals onto
different substrates to form uniform, dense arrdyee refractive index sensing performance of

the obtained Au nanorod arrays is characterized.

Finally, conclusion will be given in Chapter 8.
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Chapter 2

Theoretical Background

Surface plasmons are described as quanta of ¢edleetectron oscillations in quantum
mechanics. To fully obtain the optical responsesafface plasmons, the quantization of
electromagnetic fields and investigation of electelectron, electrorphoton interactions are
required.[1] However, very recent reports pointeat that we need to consider quantum
mechanical effects only for metal nanoparticleshvdimensions smaller than 10 nm [2,3] and
for metal nanoparticle pairs with an interpartidistance smaller than 0.5 nm.[4,5] In most cases,
the interaction of metals with electromagneticdgelcan be firmly understood in a classical
framework based on Maxwell's equations.[6] In dlzdselectromagnetism theory, surface
plasmons are surface waves confined at méiglectric interfaces, just as water ripples travel
along the surface of a pond after a stone is throvm it. The optical responses of metallic
structures are fully determined by the dielectnioperties of the metal and the dielectric, the
boundary conditions of the interfaces, and the @riigs of the excitation light source. In this
thesis, | will not extend my study to the quantwegime and all discussions will be restricted in
the classical electromagnetism theory. As a resuli|l first give a brief review on Maxwell's
equations and the solid state theory for describegdielectric properties of metals (Section 2.1
and 2.2) in this chapter. The electrodynamic thefmny calculating the optical response of
spherical nanoparticles and the quasi-static apmabon approach will be given in the second
part (Section 2.3). For coupled plasmonic strustuseme simple models can provide intuitive
physical pictures for understanding the complesmplanic interactions. | will discuss theoretical

models for treating coupled plasmonic structuresshsas metal nanocrystal oligomers and
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plasmonic arrays, in Section 2.4. However, thegserttical models are either only suitable for
the calculation of some simplest coupled systems&able to give quantitative description.
Numerical methods are usually required. | therefwi® discuss the numerical methods for
calculating the plasmonic properties of metal n&mootures, especially the finite-difference

time-domain method, in the last section of thisptba(Section 2.5).

2.1 Maxwell's Equations
As the basis for describing the electrodynamic @sses in macroscopic systems (where

quantum effects can be neglected), Maxwell's equstican be written as (the differential

form):[7]
O =p, (2.2).
OmB=0 (2.2).
mez—a_B (2.3).
ot
. dD
OxH=j, +— 2.4).
Jt ot (2.4)

The electric field E) and the magnetic fielB) are related by the above four partial differdntia
equations, wherg; andj; are free charge density and free current denggpectively. In the
case of the interaction between light and nobleahretnoparticles, the external (free) charge and
current densitieps = 0 andj; = 0. The electric displacemer®) and the magnetizing fieldH(
are determined by the polarization and magnetiagiroperties of the system,
D=¢gE+P (2.5)
B=g,H+M (2.6)
whereP andM are polarization (defined as the electric dipolerment per unit volume) and
magnetization (defined as the magnetic dipole marpenunit volume), respectivelg, andug
are the permittivity and permeability of vacuunspectively. In most cases we will discuss, the

response of the system is linear #andM can be written as,
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P=¢&x.E (2.7)
M = xuH (2.8)
wherex. is the dielectric susceptibility, describing tiweehr relationship betwedhandE. v is

the magnetic susceptibility and describes the timekationship betweeM andH. For linear,

isotropic, and nonmagnetic media, equations (28)(2.6) therefore become
D=¢gE+P=¢¢&E (2.9)
B=yH+M =y uH (2.10)
whereg andy;, are the relative permittivity and permeabilitygpectively. They are defined as:
£ =1+ ), (2.11)
U =1+ x,, (2.12)
& and u, are phenomenological parameters and are frequigegndent. By combining

equations (2.3), (2.4), (2.9) and (2.10), we cataiobthe following equations describing the

electromagnetic waves propagating in a linear media

(DR )~ 0 )+ o 0 (R D] =0 (2.13)
m(m(r,t))-DZH(r,t)-gO%[m < (e (rE(r 1) =0 (2.14)

Given the spatially dependeafr), t4(r), the boundary conditions, and the initial coradis, the
electric and magnetic components of the electromiggnvave in the system therefore can be

fully determined by solving equations (2.13) and.{2.

Another form of Maxwell's equations is based on #hectric potentiakp and magnetic
potentialA. ¢ andA are related witlie andB in the following manner:

E(r,t)= —D¢(r,t)—w (2.15)

B(r,t)=0xA(r,t) (2.16)

Maxwell's equations turn out to be
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Tol )+ S ()= a) @17)

A0 (ot ()20 of Dm0+, s (022 ) = 0 -0

(2.18)
in the Lorentz gauge, when

D)+ e, (o) 220 =0 2.19)

Maxwell's equations (2.17) and (2.18) turn out écakbeautiful form

(DZ — &8, (r ) o, (r)ijﬂf t)=-

ot

e (r.t) (2.20)
(0= ot 1) 3 I 0)= =t 0 )

o(r, t) andA(r, t) can be obtained by solving the above equatiors &(r), 4( r), the boundary

(2.21)

conditions, and the initial conditions are providéée can extradg(r, t) andB(r, t) after solving

o(r, t) andA(r, t). Equations (2.17), (2.18), (2.20), and (2.21) quée useful for solving the
electromagnetic radiation problems.

In particular, if a system is homogeneous and hladree charges, Maxwell's equations
(2.13) and (2.14) are reduced to,

2
OE(r ) - 06, it (9

2.22
ot’ (2.22)
2
OH(r )~ ot bt gt(zr Yo (2.23)

The Maxwell's equations are linear and have a gérsaiution in the form of sum of many

harmonic components. We assume that the time-hacrsolutions of equations (2.22) and (2.23)

have a dependence on time as exj-i

E(r,t)=e™ E(r) (2.24)

H(r,t)=e ™ H(r)

(2.25)
Equations (2.22) and (2.23) become
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OE(r) + &€, ot PE(r) = 0 (2.26)
O2H(r ) + £,6, o1t aPH(r) = 0 (2.27)

In the frame of classical electrodynamics, surfplesmon resonance-related problems of
different metal nanostructures can be regarded has sblutions of Maxwell's equations
(2.13)(2.14) or (2.173(2.18) with different dielectric properties, on fdilent boundary
conditions and under different excitation condifio8ince noble metals (Au, Ag, Pd, and Pt) are
nonmagnetic, their relative permittivities are ihtamportant for their plasmonic performances.

| then therefore will focus og of noble metals in the following part.

2.2 Dielectric Functions of Noble Metals

At metallic interfaces, external stimuli will indecboth internal charge densigy and

current density. pis closely related with the polarizatién

OP=-p (2.28)
Charge conservation requires

Olj=-0p/ot (2.29)

The internal charge and current densities are fimeréinkedvia

. _ 0P
= 2.30
: ot ( )

From the definition of the conductivity we have
j=0lE (2.31)
By incorporating equations (2.282.31) into Maxwell's equations, the complex

permittivity of nonmagnetic metals (from now onledlthe dielectric function) can be written as

£ _14;90@) (2.32)
EyW
At high frequencies, we have
g=0'+g" (2.33)
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The dielectric function becomes

£ :1+iM:(1— J"(w)Jﬂ (@) _ i (2.34)
£y £y £y

The dissipation mechanisms resulting from the ieduinternal currents and the non-zero
resistivity of metals are all included in the invaaiy parte’. The modulus ok determines the
magnitude of the polarization while the phase;okflects the phase lag of the metal’s response
to the external field. For semiconductors or metidle responses of the bound valence electrons
are lumped into the static dielectric constdntwhile the responses of the conduction electrons
are represented bg' (or 0'). As a result, a full description &f and &' requires the use of
quantum theories for solids, where the many-bodgctedrr-electron interaction and
electrorlattice interaction should be taken into consideratAt optical frequenciess of a
specific material can also be experimentally deteech by measuring the complex refractive

index n («) defined as
n=n+ik (2.35)
The refractive indexh and the extinction coefficiert of thin films can be obtained from the

reflectivity spectra measurement by ellipsometrge Tomplex dielectric functios therefore

can be calculated by

£ =i’ (2.36)

=

2.2.1. Free Electron Drude Model

The full description of the dielectric functions wifetals by quantum theories is difficult.
However, a plasma model (Drude Model) can succkgsfiescribe the optical properties of
metals over a wide frequency range in a very siny@dg.[8-10] In this model the conduction
electrons are treated as free electron gas. Thex mgainst a fixed background of positive ion
cores. An effective mass of each electron is used to take the band-streatorrection into

consideration.[11] The electrons oscillate in res@oto the applied electromagnetic field. Their

-26 -



motion is damped via collisions with the latticehish occur with a characteristic frequency
1k, t is known as the relaxation time of the free etmttrgas. The electreelectron

collision-induced interactions are neglected is thiodel.

The equation of motion for an electron subjectedrt@xternal electric field is,
mi' + myr = —eE = —eE e (2.37)

wherer is the displacement of the electranjs the frequency of light anf, is its amplitude. A

typical time-harmonic steady-state solution of #gsiation is
r(t)=ree™ (2.38)
Equation 2.37 turns out to be
- masr, —imayr, = —€eE, (2.39)

The solution is

ek

The microscopic polarizatioR = -ner, wheren is the number of electrons per unit volume. The

electric displacement

_ )
D—EOE+P—£O(1 W)E (241)

a)§=£ is defined as the volume plasma frequency of tiee flectron gas. Hence, the
EM

relative dielectric function of the free electraasgoecomes:

9
£(w)=1 P (2.42)

W = }E (2.43)
£m

2.2.2. Real Metals

For real metals, such as gold and silver, whichiraportant in the field of plasmonics, the
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free electron Drude model should be adjusted byngakito account the following two aspects.

First, the conduction electrons are dominated leyedtectrons in the band of the noble

metals. In addition to the behavior of freelectrons, the contribution of the bound electrisns

not negligible, especially at high frequenciesX> w, ) [6]. The filledd band close to the Fermi

surface under an external electric field causesghlyh polarized environment. This residual
polarization due to the positive background of thwe cores can be described by adding the

microscopic polarization to the following terR); =£0(£w —1)E, thus the electric displacement

becomes

D=cE+P +P = _—af E 2.44
gO f oo 60(800 a)2+|ya)) ( )

The dielectric function is thus transformed into

.G
£(w)=c¢, T (2.45)

The background dielectric constafnt the effective masm), and the relaxation constapt
can be acquired by fitting the Drude model to thpegimentally determined dielectric data of
metals.[1+13] The values of the parameters for Au, Ag, anddBuld be found in a related
thesis.[14] The validity of the Drude model canoale examined by comparing the calculated
and measured dielectric functions. For Au, the Brudodel agrees excellently with the

experimentally obtained dielectric function in tbev-energy (below ~2 eV) part.

Second, when photon energies reach the threshdlamditions between electronic bands,
the validity of the Drude model breaks down. Fatamce, the interband transition frakiband
below the Fermi surface 8p-band becomes important for gold when photon easrgie higher
than 1.8 eV. [10] Indeed, the energy thresholdXorinterband transitions lies at ~2.4 eV and is
preceded by an absorption tail starting at aboBt V. The main consequences of these
processes are an increased damping and compehitiween the two excitations at visible

frequencies.

The interband transitions can be described usiegclaissical picture of a bound electron
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with resonance frequency,. A Lorentz oscillator model, which is usually empdd for
describing resonance absorption, can be appliecacount for the interband transition
contribution. The equation of motion of an electtoms out to be

mi' + my,F +mafr = —eE (2.46)

The solution therefore will be modified by adding@entz oscillator term:[15,16]

e ()=c, ~— A

°°_a)2+iya)+af—a)2—iyLa)

(2.47)

Usually more than one interband transitions existrdal metals. These interband transitions
involve different energy bands. To modgl) accurately, a number of equations in the form of
equation (2.46) have to be solved, leading to tihditean of Lorentz-oscillator terms to the

dielectric function deducted in the Drude modele Hielectric function becomes

e ()=c, ~— A

_ P
® a)z+iya)+zi:a),2—a)2—iyia) (2.48)

Mathematically, a sum over an infinite number ofrémtz functions can reproduce any
well-behaved function that obeys the Kram&onig relation, e.g. the dielectric function of
metals.[17] It has been proven that the additiohwaf to five Lorentz-oscillator terms € 2~5)

are enough to well reproduce the dielectric fumtiof Au and Ag.[1619]

2.2.3. Noble Metal Nanostructures

All the models presented above are for bulk madteri/hen the dimension decreases to
nanoscale, size-dependent effect must be takeragtdount.[20] When the sizes of noble metal
nanocrystals are comparable to the electron meam path, which is 38 nm for gold,[21]
electrons would be strongly scattered by the darsarface, resulting in the increment of the
electron relaxation rate in the Drude model:[22]

y(R)=y, + Au. IR (2.49)
whereyy is the free electron relaxation rate,is the Fermi velocity of the electrons in the rheta
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(1-2 nm/fs for most of metals at room temperature),R1s the effective radius of the particle
(defined as the radius of a sphere having the saphéme with the nanoparticle), andl
represents the loss of coherence due to the sogttirat is related to the surface chemistry.
Typical values forA range from 0.1 to 0.7. For the Lorentz terms, thegount for the bound
electrons in the metal, which will not undergo theface scattering. Therefore the relaxation

rates in the Lorentz terms will not change.

When particles become smaller than 10 nm, espgaidden their sizes are less than 2 nm,
the energy spacing in the energy band caused hytigaaon and splitting exceeds the thermal
energy of 26 meV at room temperature [2,3,23]. Assallt, quantum theory should be applied to
rigorously describe the electron behavior. Theediglc function of noble metals must further be
modified by including the contributions from thansitions between different quantum energy

levels.

After obtaining the dielectric functions, the plasmc performance of noble metal
nanostructures can be predicted by solving Maxsvedfuations under specific boundary

conditions and initial conditions.

2.3 Mie Theory

Gustav Mie worked out the exact analytical solutfon calculating the electrodynamic
response of particles with a spherical shape.[24g $olutions take the form of an analytical
infinite series of vector spherical harmonics. Mali® equations (2.26) and (2.27), and their
boundary conditions are linear. As a result onlg fhndamental vector spherical harmonics
solutions are considered. The general solutions lanobtained by superposing these
fundamental solutions. Consider that a plane waiie avspecific frequency and polarization is
incident on a homogeneous, isotropic sphere olusaliand refractive indexs. The sphere is
surrounded by a homogeneous medium with refradhdex n,. The standard approach for

searching for the solution to equations (2.26) §a@7) is by first expanding the incident
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electromagnetic field, the scattered field, and fiekel inside the sphere into infinite series of
vector spherical harmonics with unknown coefficeenfThese coefficients can then be
determined by fulfilling the boundary conditions tre surface of the sphere. Thereafter the
near-field distribution, the far-field distributipand the angular distribution of the scattering ca

be obtained.
In detail, solving Maxwell's equation (2.26) is eglent to solving the following equations
of a vector functiorM :[10,15]
0°M +k°M =0 (2.50)
OIM =0 (2.51)
wherel? = «f & Lot The vector functioM can be constructed by a scalar functipand an
arbitrary constant vectar
M =Ox(cy) (2.52)
The definition ofM by equation (2.52) naturally satisfies equatio®12, since the divergence of

the curl of any vector function vanishes. From idhentification ofM by equation (2.52), we

have:
0?M +k?M =D x|c(0% + K| (2.53)

Therefore M satisfies the vector wave function (2.5.0)4fs a solution to the following scalar
wave function:

0% + Kk =0 (2.54)
SinceE andH are not independent in Maxwell's equations:

OxE =iag p,H (2.55)

OxH = -iae g, E (2.56)
Once we obtain the solution Bf we can calculatel. Accordingly we can define another vector

functionN:
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OxM
k

N

(2.57)

The problem of solving Maxwell's equations turng tmibe the problem of finding the vector
functionsM andN, which therefore is the simpler problem of findieglutions to the scalar
wave equation (2.54)/ can be called the generating function for the selsarmonicdv andN.

The choice ofy is dictated by whatever symmetry might exist ie groblem. Here we
discuss the calculation of the electrodynamic raspoof a spherical particle. We as a result
choosey that satisfies equation (2.54) in spherical potardinatesr( 8, ¢. If we choose

M =0x(ry) (2.58)
wherer is the radius vector, thevl is a solution to the vector wave function (2.5Ie scalar

wave equation (2.54) in spherical polar coording&es

2
( awj 1 a( ne‘wj L O ey =0 (2.59)
r2or\ ar ) rZsing a8 08 ) r’sinfog

The solutions to equation (2.59) are as follows:

Wema = COSMPRY" (COSO) Z, (kr) (2.60)
Womn = SiNM@PY" (cosB) Z, (kr) (2.61)

P"(cosd) are the associated Legendre functions of theKirst of degree and ordem, where

n=m, m+1, ...[25]z, is any of the four spherical Bessel functipnsgn, h.'”, orh,?. Because of
the completeness of the functions rogs sifmg P™(cosd), and zj(kr), any function that

satisfies the scalar wave equation can be expaasleh infinite series of equations (2.60) and
(2.61). The vector harmonidd emn, Momn, Nemn @andNomn can therefore be acquired frogmn

and ¢mn A plane wave can be expanded in spherical harwsa@s follows:

2n+1 .
E = Enzl n+l( O _iN® ) (2.62)

The superscript (1) of the vector spherical harr®m and N denotes that the radial

dependence functian is jn. The expansions of the internal and the scattieetts are
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© 2n+1
:EOZI n::l( oln Ianeln

n=1

E _EOZ 2n+ 1( n oln bnl\/leln)

=" n(n+1)

(2.63)

(2.64)

respectively. The superscript (3) of the vectoresmal harmonicdM and N denotes that the

radial dependence functianis h,". an, bn, ¢, andd, are unknown coefficients to be calculated

from the boundary conditions, andb, are the most important, from which we can deteemin

the scattering properties of the sphere. The tweffictents are obtained according to the

following expressions:

where

m=n,/n,
Un and &, are Riccati-Bessel functions and are expresses as

v.(p)=p0,(0)

()= o (p)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

After obtaining the electric and magnetic fieldsaimd outside the sphere, we can calculate

the absorption cross sectio@,f), the scattering cross sectio@s{), and the extinction cross

section Cex) as follows:[10,15,24]

00

C.u= 23 (o0 +1)fa " + )

n=1

Cou =27 2 (2 +)Rela, +b)

n=1

Cabs = Cext - Cs

ca

(2.71)

(2.72)

(2.73)

In practical calculations, the infinite summatioms equations (2.71) and (2.72) are usually
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truncated to a particularvalue, which is dependent on the radius of thesph

In 1908, when Mie wrote his classic paper, he wasrésted in explaining the colorful
features of colloidal gold solutions. To date, thierest in Mie theory becomes much broader,
ranging from interstellar dust, near-field optiasdaplasmonics to engineering subjects like
optical particle characterization.[26] Mie theory still being applied in many areas. Similar
methods to analytically solve Maxwell's equatioasénbeen successfully developed for multiple
spheres, coreshell spherical structures, and infinite cylind@®] The calculation based on Mie
theory is exact and time-efficient. The Mie codesFortran, Matlab, C++, Mathematica, and
even on-line Java application can be easily fouhd therefore quite convenient to use such

codes to calculate the plasmonic responses of ispharetal nanopatrticles.

2.4 Quasi-Static Approximation

Mie theory is applicable for spherical particlesr Ron-spherical particles, the solutions for
equations (2.26) and (2.27) are very complicated. &halytical solutions without any
approximations have been worked out. However, waegparticle is much smaller than the
wavelength of light in the surrounding medium, astatic approximation is effective for
calculating the optical response of particles.[Ib]this case, the phase of the harmonically
oscillating light field is practically constant avéhe enitire particle volume. As a result, the
spatial field distribution can be solved by consiag the simplified problem of a particle in an
electrostatic field. The harmonic time dependenee then be added to the solution by

multiplying a phase term. Maxwell's equations &entchanged into Laplace's equations
0%E(r)=0 (2.74)

02H(r)

0 (2.75)

Small particles can therefore be treated as diptéstheir scattering and absorption can be
calculated. Considering a spherical particles, gngmalysis shows that its dipole moment

(also called polarizability in plasmonics), absapt and scattering cross sections can be

-34-



expressed as functions of the rada[40,15]

3 ES_E

a=4m p +2: (2.76)
E.—-&
C..=kim(a)=47ka®Im| ==—"m_ 2.77
abs ( ) (gs_l_zgmj ( )
4 _ 2
C...(«w) k—|a|2:§ 4g01 s " bm (2.78)
6 3 &t 28,

where & and &, are the dielectric functions of the sphere and dlweounding medium. The
obtained absorption and scattering cross sectioms §uasi-static approximation have the same
expressions as those for the cross sections greem the first terms in Mie theory (equations
(2.71)-(2.73)). This agreement in turn verifies the effemtiess of quasi-static approximation.
For small nanoparticles, the first term dominatee summations in equations (2.71) and
(2.72).[14]

Most metal nanocrystals employed in experimentsnarespherical. Gans has investigated
the scattering characteristics of ellipsoidal, unithg both oblate and prolate spheroidal particles,
by solving Laplace's equations in the ellipsoidalordinate system under quasi-static
approximation.[15,27] The dipole moment, absorptamd scattering cross sections of an

ellipsoidal object can be expressed as follows

£.-& .
=4 S m = 2.7
a, zzatbcsgm N gm),(j X,Y,2) (2.79)
Caps; = kIm(a,) (2.80)
_ kg
Cscaj(a))—&‘aj‘ (2.81)

a, b, andc are the three semiaxes of the ellipsoid. We asdhate&n > b > c. The parametegr
stands for the different axes, the paramdteis the depolarization factor, which can be

calculatedvia,
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_abce dg . o
HE 2 '[0 (aj? +CI){(CHaz)(q+b2)(q+cz)}1/2'(J Se)as, —a,b,c) (2.82)

For spheroids, a special class of ellipsoids tlatehtwo axes of an equal length, can be

written in the following analytical expressions:

For prolate spheroid (cigar-shaped, b =c):

A2
L, =28 (—1+2iln—1+ej (2.83)
€ e —-e
L, =L =01-L)/2 (2.84)
2
e’ =1—% (2.85)

For oblate spheroid (pancake-shaped,b > c):

(] g g’(e)
L =L, = o [E—tan 1g(e)}— 5 (2.86)
L, =1-2L, (2.87)
1_e2 1/2

g(e){ ; ] (2.88)

e

2
e =1—% (2.89)

We always have

L +L,+L, =1 (2.90)

The extinction cross sections can be calculatedubyr@ng up the absorption and the scattering

Cross sections:

Ceti =Cus; tC

ext, ] abs,j sca,j

(2.91)

Spherical particles are a special case for ellgsqgyarticles, wherey =L, = L, =1/3. Equations
(2.79)(2.81) and (2.91) have been widely used in theutations of the plasmonic properties of

Au and Ag nanorods and nanodisks., which can betettleas prolate and oblate spheroids,
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respectively.
According to equation (2.79), we can plot the absoValue and phase aefagainstw. The
polarizability o experiences a resonant enhancement under thetioonttat ‘em +1 (e —em)‘

is a minimum, which for the case of small or slowbrying Imkg (the imaginary part of)

around the resonance simplifies to

1-L,
&

L,

Rde(0)]= -

(2.92)

This relationship is called the Frohlich conditiordahe associated mode (in an oscillating field)
is called the dipolar surface plasmon of a metabparticle. For spherical particles, the Fréhlich
condition turns out to be:
R, (w)] = -2¢, (2.93)
In conclusion, the optical response of a small thetaanopatrticle (sphere or ellipsoid) can

be described by its polarizabilityunder quasi-static approximation:

_ (6.~ £n)
a=(1+ K)govm (2.94)

whereV is the volume of the particle ards a shape factor that incorporates the dependsfince
the polarizability on the geometry. The localizedfate plasmon resonance occurs wilen

becomes maximal at the frequenay, at which:

Rele, (a)sp)) = —KE, (2.95)

When the dielectric function is expressed by thadermodel (equation (2.45)), the resonance

frequency can then be calculated:

= |ty (2.96)

since y<<a,,
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_ |4
“%= £, +KE, (2.97)

From equation (2.95), we can see that the realqgfatte metal dielectric function governs the
frequency position of the electron oscillation mmoce. The imaginary part determines the
broadening and absorptive dissipation of the resomaue to the damping and dephasing of the

electron oscillations[28].

The above solution for spheroids is usually callzahs theorysince Richard Gans first
published the solution for gold particles in 192Z] Nanorods, though having a cylindrical
shape, are often treated as prolate spheroids. theugptical responses of gold nanorods in our
experiments can be evaluated by analytical exgressMost metal nanocrystals we encountered
during experiments have dimensions below 100 nm ared much smaller than the light
wavelength. Quasi-static approximation thereforen give satisfactory results for these
nanocrystals illuminated with visible/near-infranedliations.[6]For larger particles, quasi-static
approximation is not valid since the phase charfghedriving field over the particle volume

cannot be neglected. As a result, Maxwell's eqoatghould be solved rigorously.

2.5 Theoretical Treatments for Plasmon Coupling

When two metal nanocrystals are placed in a closgimpity to, but not in contact with
each other, the plasmon resonances carried bythadnocrystals will interact to form different
collective plasmon modes.[293] The optical responses of coupled nanostructanestrongly
affected by the interparticle interactions and illguarge electric field enhancements can occur
[28,34]. As a simple prototypical model system fhe study of localized surface plasmon
coupling, nanoparticle dimers are often studied.tHis section, | will discuss the usually
employed theoretical approaches for treating plasooupling between two metal nanocrystals.
First | will briefly introduce an analytical modehe hybridization model, which works under

quasi-static approximation. Then | will present saimaplified models that | will employ in this
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thesis. In the end, | will talk about a coupledaligpmodel for collective plasmons in periodic

plasmonic arrays.

2.5.1 Hybridization Model

The interaction between plasmons supported by pestiof arbitrary shapes cannot be
easily solved. For small particles separated fayugh, their interactions are essentially of a
dipolar nature. In a first approximation, such gégtensembles can be treated as an ensemble of
interacting dipoles. However, when the interpagtighp distance is small compared with the
particle size, the dipolar approximation breaks d¢85] Peter Nordlandest al. have developed
a plasmon hybridization method to solve the plaseaupling problem for complex plasmonic
structures since 2003.[29,31;38] It is an analytical theoretical method that gaovide an
intuitive physical picture of coupled plasmons iomplex nanostructures, such as metal
nanocrystal oligomers. In the hybridization modéhe plasmon modes of a complex
nanostructure can be written in terms of the imgras between the plasmons of each
elementary metal component. The formation of theridgation plasmon modes in a coupled
plasmonic structure is in rigorous analogy with thelecular orbital generation in the molecular
orbital theory. The latter has been thoroughly stddiguantum mechanically from the

hybridization of individual atomic wave functions.

In the plasmon hybridization model, the oscillatmfnelectrons can be solved by assuming
the electron gas as an incompressible, irrotatithaial of uniform electron densitg,. The 'fluid’
is confined to a uniform positive background havanglielectric permittivitye,.. The electron
fluid deformations can be described by its velodigyd v(r) representing the velocity of a
volume element at position. Incompressible deformation fields can be expiksse the
gradients of scalar potentials that satisfy Laplageation, since the deformation fields are
passive (incompressible). Given the geometry ofistem, one can trivially find a complete set

of such scalar potentials, denoted @& ), where 7 is an index that labels individual basis
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functions. For exampley would be equal to the multipolar indices 1) for a sphere and
parallel wave vector for a planar surface.ib|is referred to as a primitive plasmon mode on

nanoparticle with an associated velocity fielg(r)
v, (r)=Dg,(r) (2.98)
an arbitrary deformation of the incompressible tacfluid can as a result be written as
v(r)= %%Aﬂ(t)ﬂqqﬂ(r) (2.99)

A (1) describes the spatial displacement of the primiplasmoni}s. Since the electron liquid
is incompressible, the deformations only resulsumface charges. The surface charges induced

by primitive plasmon modéy> can be determined from the continuity equation:
a,(st) = -neA,0¢,(s) &, (2.100)

sis a point on the metal surface amds its normal unit vector pointing to the outwadthe
metal surface. In the presence of metallic backgglquolarizabilities and any other background
dielectrics (e.g. embedding media, dielectric plet/layers), the primitive plasmon mode>|

will induce extra screening charges on the metakstire surface. The screened surface charge
has a distributiorm; (r).

In a complex geometry like nanoparticle oligomersaonanoparticle with disconnected
surfaces, the primitive plasmon modes interact widbh other through the Coulomb potential.
They are no longer the eigenmodes of the systemintdtactions are assumed to be linear. To
obtain the normal modes, one further assumes thatoales have harmonic motions and looks
for self-sustained solutions, which are finite aitopple modes that exist without external applied
fields. The kinetic and potential energies of thiengiive plasmonsi}~ can be calculated from
their velocity fieldsvi,(r) and screened charge distributiofgr). The potential energy of the
coupled system will contain nondiagonal elements wuthe coupling of differenti> brought
by Coulomb interactions. By constructing and diajamng the Lagrangian for the coupled

system, one can determine the new eigenmodes, \@héchuperpositions of the individugl.
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When external electric fields are applied, the équaof motion for the system can be written,
from which the optical absorption of the complexugled nanostructure can be directly

calculated.

This hybridization method provides a simple and epteally straightforward
understanding of how the plasmon resonances in la-component structure arise from the
plasmon modes of their individual components. Thipraach has now been successfully
utilized for the analysis of plasmonic systems vgiplecific geometries, such as metal nanosphere
dimers,[31,39] nanoshells and their dimers,[29 d&pospheroid dimers,[37] substrate-coupled

nanospheres,[36] and nanostars.[41]

2.5.2 Simplified Models for Coupled Plasmonic Nanagstal Dimers

The aforementioned intuitive hybridization model canalytically solve the plasmon
coupling problem. However, its calculation is qudifficult for nanostructures that do not have
specific geometries. Fortunately, some very sinmptelels can also give good qualitative, even

semi-quantitative descriptions for the plasmon ¢ogetween metal nanopatrticles.

The first simple model is the coupled dipole modehlvhich each nanoparticle is treated as
a dipole under quasi-static approximation.[32,4@] & nanoparticle dimer, the simplified model
can be seen in Figure 2.1. Under an externallyiegpplectric fieldEo, the electric dipole
moment of each nanoparticle is given by

P, = &E,0 LE, (2.101)

In equation (2.101)y; is the polarizability matrix of the nanopartiglewvhich can be expressed
analytically for nanoparticles having some speg@ometries, as we have introduced in section
2.4. E; is the total electric field applied on the nandisde i. It is a sum ofEy and the field

contributed from the electric dipole of the othanaparticle. It can be expressed by

3(p. [e..)e.. -p. L
E =E,+y—L IT0_T1 0 #j (2.102)
° arE £, d°
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whered is the center-to-center distance between the tamoparticlesg; is the unit vector
pointing from the center of the nanoparti¢léo the center of the nanopartidleand y is a
coefficient introduced to modify the dipeléipole interaction. The introduction of the modifgin
coefficient is to account for the substrate eff@ctltipolar contribution, finite-size effect, and
charge redistribution. The latter three factorsallpubecome considerable as the spacing
between metal nanocrystals is very small.[32,35J4%] dipole moment of each nanoparticle can
thereafter be calculated by solving equations (@.18nd (2.102). Summing up the dipole
moment components of the two nanoparticles yieldas dipole moment of the entire dimer
system. We can then therefore obtain the absor@ah scattering responses of the coupled

plasmonic system from the total dipole moment.
a b c

P, P, o, Vv, o L &

Figure 2.1 Schematic showing the coupled dipole model (&, dbupled harmonic oscillator
model (b), and the resonant-circuit model for tesaidiption of plasmon coupling between metal
nanoparticles.

The second simple model is the coupled harmonidlaei model (Figure 2.1b). This
model can be used to understand the coupled plasmodes in Au nanoparticle dimers,[44,45]
electromagnetically induced transparency,[46] amatho-resonance in Au nanopartietdica
layer-Au layer coreshellshell nanostructures.[47] In the coupled harmorscillator model,
the plasmon coupling in nanoparticle dimers is nedleas the interaction between two
oscillators. The primitive plasmon modes of the tvemoparticles before coupling are treated as
two mechanical oscillators with frequenci@sand a, respectively. The two oscillators interact
through one spring with an interacting strength(or a coupling constart,). When the coupled
plasmonic system is driven by an external electgmatc fieldE, we can accordingly describe
the driven stimuli with a periodic harmonic for&gt) = FE“ in the interacting mechanical
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oscillator model. Assume that the oscillator wittergy of ay is driven byF(t), the equations of

motion of the two oscillators are

X, + Y X + X + VX, = Fe (2.103)

X, + YoXo + CEX, + V% =0 (2.104)
wherex; specifies the displacement from the respectivalibgqum position of the oscillators
and y represents the friction coefficient accounting ttee energy dissipation of each oscillator.
The equations can be solved in the forme cie™ and the scattering power of the system is
expressed bP(a) = [¢1+ %,°. As a result, the scattering spectra of the caliplasmonic system
can be calculated from the interacting oscillatadei. The resonance energies of the coupled
plasmonic system can thereafter be determined thenscattering spectrum. We can also obtain
the resonance energies more easily by describiegctiupled-oscillator system using the

LagrangiarL. In the absence of dissipation,
L:T—V:%Xf+%x§—%afxf—%wfx§+aoxlx2 (2.105)

whereT andV denote the kinetic and potential energies. The diigesent the time derivatives

of the displacements. The Lagrangian equations ¢iomare given as [48]:

g(a—l_‘j—izo (2.106)
dt{ox ) 0x

The solutions of equation (2.106) are in the forrfirafar combinations of harmonie§”, where

the eigenoscillation frequenci€sare given by the determination equation:

af—(f -4, |_
de{ _a, ag—Qz:|_O (2.107)

The determination equation has two solutions

2 _ 2 _ 2 2
o2 = W+ @) 1+[ai C‘%j 12\/[@ “%J . (2.108)
4 g+ y+w) (g+w)

These two solutions indicate the energies of thelsal plasmon modes. The coupling constant
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ao (Or Vi) usually cannot be known in advance and shouldebermined from fitting.

The third simple model is the resonant-circuit mdéegure 2.1c). In this model, a simplest
L-C circuit consisting of one inductor and one camacis used to model the coupled
nanoparticle pairs. The dielectric gap with a safian ofd between the two metal nanoparticles
has a capacitance @ The inductance of the entire structure is assutadaelL. C andL are
both functions of the gap distana®,(the dielectric functions of the mediug,] and the metal
(&). As a result they are both frequency-dependent:

c(A)=c(d,e,,&(4)) (2.109)

L(A)=L(d,&,,& (1)) (2.110)

The function forms are dependent on the geometrg. rfésonance wavelength, denoted,am

the resonant circuit model can be expressed as,

A =2 JL(1,)c(1,) (2.111)

wherec is the vacuum speed of light. By solving equati¢h409)-(2.111), we can deduce that
at the resonance wavelengths of the coupled steydhe following equation yields:
£(1)=F(1) (2.112)

F(A) can be determined from equation (2.111). As altdsy plotting the curves a(A) andF(A)
versus A in the same graph, we can easily locate the resenavavelengths of coupled

plasmonic structures.

2.5.3 Coupled Dipole Model for Collective Plasmonsf Periodic Plasmonic Arrays

The collective plasmons of periodic arrays can éscdbed using the coupled dipole model
as[49]

1
1/a-S

(2.113)

where a* and a are the polarizabilities of the collective plasmand each nanoparticle,

respectivelySis expressed as
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(2.114)

3
n#m r'mn rmn

: iKr'n R TKT
- (L-ikr, )3cog 4, -1 LKsin’ 6, }

wherer mn (frm= [Fmnl) is the vector from theth to nth particle, &y, is the angle betweean,, and
the polarization of the incident light.is the wave vector. The coupled dipole model isable

for arrays composed of highly symmetric buildingtsiunder normal incidence. For units with
complex shapes and multiple nanoparticles, theee ray analytical expressions for their
polarizabilities. In addition, the model fails whéime nanoparticle size approaches the light
wavelength, where multipoles have to be taken iatwount. In these cases, numerical

techniques are required to acquire the plasmosporeses of particle arrays.

2.6 Numerical Methods for Simulating the Plasmon Reonance Properties of

Metal Nanostructures

Mie theory and its extension can give analyticdlisons for spheres, spheroids, ceskell
spherical particles, and infinite cylinders. Maxlgelequations for metal nanostructures with
arbitrary shapes cannot be solved. Since metalpaatides are often assembled together for
building plasmonic devices, accurate descriptiothefr plasmonic properties is very important
for their applications. Although the exact Mie the@an be extended to multiple spheres, it
cannot help for nanostructures of other geometilibs. analytical hybridization model can give
quantitative description of coupled plasmonic nammsures but is limited to specific structure
geometries and usually requires quasi-static apmation. The simplified models mentioned
above can give us simple physical pictures for wstdading the complicated plasmon coupling
in real plasmonic structures. But they cannot gtevquantitative descriptions. As a result, other
than analytical approaches, numerical methodseapained, since the latter can provide powerful
tools for calculating the optical response of otgewith arbitrary shapes and the coupled

plasmonic features in complicated metal nanostrastu

Two main types of numerical methods are usually adyga for electrodynamic
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calculations. One is carried out in the frequenagndin. Discrete dipole approximation (DDA)
and the coupled dipole method (CDM) are two typiegamples of this type [50,51] In these
methods, an arbitrarily shaped particle is treai®ed three-dimensional assembly of dipoles on a
cubic grid located at positiong ( = 1, ... , M). Each dipole cell is assigned a complex
polarizabilitya. a can be computed from the complex dielectric fuorcof the bulk material and
the number of dipoles in a unit volume. The elaui@gnetic scattering problem is then solved on
the basis of this array of the point dipoles. Edigiole has a polarizatio®=a,E;, whereE; is the
total electric field ar;. It consists of the incident wave plus the conifitn of the otheM-1
dipoles, which means that it is a functionR{l # j). We then therefore construdtlinear vector
equations with M unknown vectorsP{. By solving the M linear equations, all thé/
polarizations can be obtained and the scatteripgpration, and extinction cross sections of the
object can be evaluated accordingly. The basic idkaiscrete dipole approximation was
introduced by DeVoe in 1964.[52] The retardatiofe@f caused by the phase difference at
different points is naturally included in the abarelysis of the electric field atcontributed by
other dipoles. The open source codes are avaifablé¢his calculation. However, the major
drawback of this method is that it rely on linedgedora. Redundant calculations have to be
performed to find the inverse of tiex M matrix. The computational complexity becomes more
pronounced when one tries to improve the accurdcyhe calculations by increasing the
numbers of the dipoles employed to approximateiconin target objects. Typically, there are
10° electromagnetic unknowns.[13] Other frequency danmmaethods include the T-matrix
method,[53] finite element method (FEM),[54] andubdary element method (BEM).[55,56]
Interested readers may refer to some excellenewes{b7,58] to find more details about these

methods.

The other type of numerical methods is performedath the time and frequency domains.
The finite-difference time-domain (FDTD) method tke most widely used one of this

type.[13,59,60] FDTD was first developed by Yeel®66.[61] It is an explicit time marching
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algorithm used to solve Maxwell's curl equations ardiscretized spatial grid. The FDTD
method is so powerful that it can be used for shglyboth the near- and far-field
electromagnetic responses of heterogeneous matefiarbitrary geometries. The approach has

successfully been applied to many nanosystemseipdhkt.[13,16,6265]

When Maxwell's differential equations are examinedan be seen that the change in the
E-field in time depends on the change inthdield across space. This results in the basic FDTD
time-stepping relation that, at any point in spabe, updated value of the-field in time is
dependent on the stored value of Biéeld and the numerical curl of the local distriloun of the
H-field in space. Similarly, at any point in spatke updated value of thd-field in time
depends on the stored value of Hhdield and the numerical curl of the local distriilaun of the
E-field in space. lterating the updates of b&handH results in a marching-in-time process
wherein sampled-data analogs of the continuoustreteegnetic waves under consideration

propagate in a numerical grid stored in the compumory.

The key point in the FDTD method is to replacetladl derivatives in Maxwell's equations
with finite discrete grids. The Yee cell is the iocaglement of an interlocked Cartesian
computational grid. In a rectangular unit of theeMattice, eaclE-field vector component is
located midway between a pair ldtfield vector components, and conversely. FiguBshows
a typical Yee cell, withi( j, k) representing a specific grid point in the spadeerefore eaclt
and H are offset in both the space and time, allowing tm use the central differences and
making the algorithm second-order accurate. Fomgka, the one-dimensional discrete form of

Maxwell's equations can be expressed as,

e(k)EM (k) = e(k)ED (K) —%[H ;*”{k +%j -H ;WZ(k —%ﬂ (2.115)

/J(k +%j|—| ;‘*{k +%J = /J(k +%j|—| ;‘*’{k +%j —%[EQ (k+1)-E" (k) (2.116)

wherek is the spatial coordinate and the superserigeénotes time. From equations (2.115) and

(2.116), it is straightforward to obtath andH iteratively. TheE-field andH-field updates are
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staggered so thaE-field updates are conducted midway during eache tistep between
successived-field updates, and conversely. We can therefoquiiae theE andH distributions

in the simulation region at any time step. The sohs to Maxwell's equations are then obtained.
The frequency-related properties such as the sicagt@bsorption, and extinction spectra can be
further calculated through Fourier transformatibf,p0,66] The Yee lattice has proven to be
very robust and remains at the core of many curiiiD software constructs. The explicit
time-stepping scheme avoids the need to solve tamebus equations. Usually many thousands

of time steps are required to complete a simulation
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Figure 2.2 Schematic showing a standard Cartesian Yee oetl feg FDTD. The distribution of
electric and magnetic field vector components caedsily observed.

In practical calculations, the simulation regiodimited. A perfectly matched layer (PML)
technique is usually employed to model the propagadf electromagnetic waves in infinite
space. Numerically, the PML technique is to pladmandary around the simulated object. This

boundary can totally absorb the electromagneticggne

FDTD techniques have emerged as a primary meansofoputationally modeling many

scientific and engineering problems that deal whininteraction between electromagnetic waves
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and material structures. It is preferred for theestigation of the temporal response of an object
and also powerful in the simulations of complicatstluctures. The accuracy of FDTD
calculations is determined by the size of the grid the time step. The use of a smaller grid size
and time step can improve the calculation, but wdlhsume much more calculation time and
memories. However, compared with other numericghnegues, FDTD has at least the
following three advantages: (1) We do not needeiaved a geometry-specific equation for every
new system we want to investigate. Modeling themeduced to grid generation. Previously
uninvestigated and potentially complex geometresot require new formalisms. (2) The time
marching aspect of FDTD allows one to make dirdideovations of both near- and far-field
values of the electromagnetic fields and at anyetiduring the simulation. The ability to
visualize the time evolution of electromagnetiddseprovides new insight into the dynamics of
the system under study. (3) Although usually ug@electromagnetic unknowns are involved
in the calculations,[13] the method is easily pdatalable due to the local nature of finite
differences. Calculations of large and complex cigjean be achieved by employing powerful

clusters containing many different computers ieasonable time.

Several excellent commercial packages can be féeamBDTD technique-based numerical
calculations of electrodynamic processes:[8Y Convenient use of such well-developed
softwares has not only greatly facilitated us totHfer our understanding on the plasmonic
features of noble metal nanostructures, but algaifgtantly promoted the design of novel
photonic and plasmonic devices. In my thesis refedradopted Lumerical Solutions software
FDTD Solutions 8.5 to perform all electrodynamimslations, to help in understanding the

novel physical phenomena in coupled plasmonic siras.
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Chapter 3

Preparation of Gold Nanorods and Characterization

Techniques

The samples used in this thesis research includle tlmemically grown colloidal Au
nanorod solutions and electron-beam lithographjicédbricated Au nanorod structures. Au
nanospheres of different sizes synthesized by Wetnestry methods have also been employed.
In this chapter, | will first present the descriptiof the seed-mediated wet-chemistry method for
growing Au nanorods as well as nanospheres (Secid). Then | will introduce the
electron-beam lithography technique for fabricathagnanostructures in Section 3.2. In Section
3.3, 1 will briefly review the experimental methofitls examining the morphology and plasmonic
properties of Au nanostructures. The charactedratechniques include electron microscopies,
UV-visible-NIR spectrophotometry, and single-nanostructure ttestag imaging and

spectroscopy.

3.1 Growth of Gold Nanorods by Wet-Chemistry Method

A detailed description of the methods for the dirgowth and shape/size tuning of Au
nanorods can be found in our recent review.[1] Gahe two growth approaches, bottom-up
and top-down methods, are utilized to obtain Auamads. For bottom-up methods, Au
nanocrystals are obtained by reducing aqueous Asl wé&h reducing agents, such as sodium
borohydride, ascorbic acid, and small Au clustergjer different external stimuli. To acquire
elongated Au nanorods, one has to resort to a smplhe template serves to confine the

growth of Au along one direction during the redancti People have developed techniques for
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growing colloidal Au nanorods in solutions in thegence of various surfactants, among which
cetyltrimethylammonium bromide (CTAB) is the mosbnumon. Surfactants serve as the
stabilizing agents to prevent the aggregation ef ianorods. They can also form micelles to
direct the longitudinal growth of Au nanorods. Téesicelles are referred to as ‘soft templates’.

The exact roles of surfactants in the formatiodofanorods are still unknown.

Seed-mediated growth is the most commonly emplagethod utilizing ‘soft templates’
for growing Au nanorods (Figure 3.1). It was depeld independently by Murphst al. and
El-Sayedet al][2-4] Nearly monodisperse Au nanorods with very higids and uniformity can
be obtained using the seed-mediated growth methaal typical growth, small Au nanoparticle
seeds with a size ~1.5 nm are first prepared byaiad chloroauric acid with sodium
borohydride (NaBh) in an aqueous CTAB solution. A certain amounthed seed solution is
then added into the growth solution, which is aledi by reducing Au(lll) complex ions to Au(l)
complex ions with ascorbic acid in an aqueous CTZdution. The added seeds thereafter
catalyze the further reduction of Au(l) complex soto form Au nanorods. The yields of the
nanorods from the seed-mediated growth method eanpbto 99%. In addition, the size and
shape of acquired Au nanorods can be tailored Bfudéy adjusting the growth conditions, such
as the composition of the surfactant, the pH ofgtmvth solution, the amounts of the reagents,
the growth temperature, and the structure of tleelsen the seed-mediated growth process. Au

nanospheres can be obtained in a similar way.

For the growth of Au nanorods in this thesis, teedssolution was made by injecting a
freshly prepared, ice-cold aqueous NaBidlution (0.01 M, 0.6 mL) into an aqueous mixture
composed of HAuGI (0.01 M, 0.25 mL) and CTAB (0.1 M, 9.75 mL), foked by rapid
inversion mixing for 2 min. The resultant seed soluwas kept at room temperature for more
than 2 hours before use. The growth solution waden®y the sequential addition of aqueous
HAuCl, (0.01 M, 2 mL), AgNQ@ (0.01 M, 0.4 mL), HCI (1.0 M, 0.8 mL), and ascarlaicid (0.1

M, 0.32 mL) solutions into an aqueous CTAB (0.1 40, mL) solution. The resultant solution
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was mixed by swirling for 30 s. The seed solutiaswliluted by 10 times with deionized water
and 0.040.12 mL of the diluted seed solution was injectatb ithe growth solution. The

resultant reaction solution was gently mixed byersion for 2 min and then left undisturbed
overnight. The obtained nanorods had a longitudplasmon resonance wavelength (LPRW)
ranging from 681 to 715 nm.[5] Figure 3.2 a andhbves the TEM image and the extinction

spectrum of the Au nanorods grown from 0.1 mL @itlseed solution.

CTAB: /\/\/\/\/\/\/\/\N{ B L@

S~

Seeds

% :,,j, =
Au(l) Ascofb‘c Act Riar

Figure 3.1 Schematic illustration of the seed-mediated metbothe growth of Au nanorods.

Au nanospheres were prepared following a simil@dseediated procedure. Specifically,
the seed solution was made by injecting a frestdpared, ice-cold NaBjsolution (0.01 M, 0.6
mL) into an aqueous mixture composed of HAu@L.01 M, 0.25 mL) and CTAB (0.1 M, 9.75
mL) under stirring. Stirring was continued for 3un®. The resultant seed solution was brown.
The growth solution was made by adding aqueous HA(@X01 M, 4 mL) and deionized water
(190 mL) into an aqueous CTAB (0.1 M, 9.75 mL) $mln. The resultant growth solution was
mixed by swirling for 30 s. Ascorbic acid (0.1 M5 InL) and the seed solution (0.12 mL)
obtained in the first step were sequentially adaed the growth solution under vigorously
stirring. The resultant reaction solution was left undistdrider 5-8 hours. The obtained
nanospheres had a diameter ~24 nm and can bedtapbfe than 6 months. For the synthesis of
larger Au nanospheres, the acquired 24-nm nanosgwdution was employed as the new seed

for a second-step growth. The new growth soluti@as \wrepared by adding agueous HAuCI
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(0.01 M, 15 mL) into an aqueous cetyltrimethylamimaom chloride (CTAC, 0.1 M, 300 mL)
solution. Ascorbic acid (0.1 M, 7.5 mL) and the@#-nanosphere solution of different volumes
were sequentially added into the new growth sofutiader vigorously stirring at 4%C. After
~2-hour reaction under stirring, Au polyhedronshwdifferent diameters were obtained. The size
of the Au polyhedrons was determined by the 24-esdsamount. The addition of 4 mL of the
24-nm seed solution would result in 326.5 mL of 6<him Au polyhedron solution. Au
nanospheres with a ~160-nm diameter therefore doeldbtained by adding aqueous HAUCI
(0.01 M, 2 mL) into the 170-nm Au polyhedrons smnt(326.5 mL) to slightly oxidize the

polyhedrons to round their edges. Figure 3.2 basldow the extinction spectrum and the SEM

image of the as-grown ~160-nm Au nanospheres.

500 700 900 1100
Wavelength (nm)

Figure 3.2 Seed-mediated growths of Au nanorods and nanospha) TEM image of Au
nanorods with a dimension of (1#17) nmx (50 = 4) nm. The Au nanorods were grown from
0.1-mL diluted seed solutions. b) Extinction spaaif the as-grown Au nanorods (red) and Au
nanospheres (blue) shown in (a) and (c) respegtieglSEM image of Au nanospheres with a
diameter of (15% 9) nm.

3.2 Fabrication of Gold Nanorod Arrays by ElectronBeam Lithography

Although the bottom-up wet-chemistry methods care gnonodisperse Au nanorods with
high uniformity, they suffer from several disadwages that hinder their potential device
applications.[1] First, selective placement of Aanarods at desired locations on substrates by
bottom-up methods has been very difficult owinghe random nature of the reduction of Au

ions and the deposition of Au atoms in reactiorutsmhs. Second, the shape and size of Au
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nanorods vary among different batches, even thahghgrowths follow the same procedures.
This variation will affect their optical and cattty properties and applications. Third, there are
extreme difficulties in placing Au nanorods intada-area, ordered arrays with bottom-up
methods. Top-down approaches are therefore dewklagea complementary means to the
preparation of Au nanorods. Top-down methods hheenterit of producing homogeneous Au
nanorods with controlled particle geometries amglla inter-particle arrangements, which is

valuable for quantitative characterization as asldevice applications.

The electron-beam lithography (EBL) technique i @f the most popular top-down
methods for the fabrication of nanostructures.[lGpmpared with traditional optical
lithographical techniques, EBL is able to creaté&remmely fine structures. The electron beam
spot size is much smaller than the diffraction fiofilight and as a result a very high resolution
can be achieved. Currently, the EBL technique idelyi used for photo-mask production and
research into quantum effects and other novel phygshenomena at very small dimensions.
When fabricating Au nanostructures, EBL writingeisiployed to make masks (Figure 3.3). A
layer of gold is then deposited on the substrad¢ it covered with the mask through physical
methods, such as thermal, electron-beam evaporairogputtering. Au nanorods are obtained

after the lift-off process.

| Au
LT 47 ,
*J*’J - . //

spin coating e-beam writing development Au evaporation lift-off

ITO / PMMA
> >

Glass

Figure 3.3 Schematic illustration of the electron-beam littegahy technique for the fabrication
of Au nanostructures.

As shown in Figure 3.3, in our experiments, polyifmpemethacrylate) (PMMA, 2% 950K
PMMA in anisole) was first spin-coated on cleanedl @rebaked (150C, 30 min) ITO
substrates at a speed of 1600 rpm for 40 s to &oa@0-nm thick resist layer. After a post bake

(200°C, 2 min), the 100-nm PMMA coated substrates waieue-beam exposure in an Elionix
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ELS7800 electron-beam lithography system at a dos&d 000uC/cnt (80 kV, 100 pA). The
exposed samples were developed in 1:3 (v/v) MIBK:HRixture solution £18 °C) for 60 s and
rinsed in IPA (room temperature) for another 30lse masks therefore were obtained. In the
end, an adhesive Cr layer (4.5 nm) and Au layemi@d were thermally evaporated at a speed of
0.4 nnitin™ onto the PMMA/ITO substrate sequentially. Aftem@ving the PMMA layers by
acetone, Au nanostructures with designed pattermre wbtained on the ITO substrates. By
utilizing the EBL technique, | have successfullpriaated Au nanorods, nanodisk, and cross

antenna patterns on ITO substrates (Figure 3.4).

@ ®mwwmOD O EEN EwB e D >

e )

B % E®DeBa e man e .

Figure 3.4 Au nanostructures fabricated by the electron-bé#rography technique on ITO
substrates. a) SEM image of Au nanorod array petdy) Zoomed-in SEM image of the Au
nanorod array. ¢) SEM image of Au nanodisks. d) Silslge of Au cross nanoantennas.

The sizes of the nanorods fabricated using the EBthods are limited by the resolution of
the lithography technique. Nowadays, state-of-ttieetectron-beam lithography systems can
produce Au nanorods of diameters ranging from ~f&0ta several hundred nanometers.[7]
However, the top-down EBL method is usually time&saming and has high costs, which makes
it impractical for the fabrication of Au nanorodrigttures on large scales. In addition, the
nanorods obtained from vacuum deposition techniguesusually composed of polycrystalline
nanoparticles, which will degrade their plasmonioperties due to electron scattering at grain
boundaries. These shortcomings prevent top-dowinadstfrom practical device applications

and limit them mostly to fundamental research.

3.3 Characterization Techniques
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The experimental methods employed for the charnaetgsn of the geometric and optical
properties of Au nanostructures are described Hére.optical properties of the Au nanocrystal
colloidal solutions were studied by measuring tledtinction spectra. The measurements were
performed on a Hitachi U-3501 UV-visi mble/NIR spephotometer with 1 cm quartz cuvettes.
Specifically, the extinction of nanostructure enbéa can be determined by the measurement of

the transmissivityl:[8]

T= II_ =exp(-Nal) (3.1)

0

Wherel andlg are the transmitted power and the incident poiNas, the particle concentration
of the nanostructureseyis the extinction cross section of a single nanmstire, and is the

interaction length. The UV/visible/NIR spectrophoieter can measure directly the extinction:

Extinction=-log,, il = NGl =nlkd (3.2)
l,) In(10)

n is the molar concentration of nanostructures ansl the molar extinction coefficient. The
values ofe for some nanostructures have ready been repaitedcan also calculatefrom the
value of the extinction cross section obtained framalytical calculations or simulations.

Therefore, the molar concentration of nanocrystatsbe known from their extinction spectra.

Scanning electron microscopy (SEM), low- and highgmification transmission electron
microscopy (TEM) were used to characterize the g#ooal properties of Au nanocrystals.
SEM images were taken on an FEI Quanta 400 FEGosuope. Low-magnification TEM
imaging was performed on an FEI CM120 microscope 180 kV. High-resolution
characterization was carried out on an FEI Tecg@aimicroscope.

The optical properties of each single Au nanostmectvere investigated with the help of a
home-built single-particle scattering imaging apecroscopy system.[8] All samples are first
deposited on conductive ITO substrate, which ersatile characterization of Au nanostructures

with both SEM and dark-field imaging. The scattgrproperties of individual Au nanostructures
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were then measured on a dark-field optical micrpscOlympus BX60) that was integrated
with a quartz—tungsten—halogen lamp (100 W), a mbramator (Acton SpectraPro 2300i), and
a charge-coupled device camera (Princeton Instrtsnéhxis 512B). The camera was
thermoelectrically cooled to-70 °C during measurements. A dark-field objective (4,00
numerical aperture: 0.80) was employed for bothmihating ITO substrates with the white
excitation light and collecting the scattered lighthe scattered light from individual
nanostructures was corrected by first subtractiegbiackground spectra taken from the adjacent
regions without Au nanocrystals and then dividingnh with the calibrated response curve of the
entire optical system. A pattern-matching methodettgoed by Chemet al[9,10] was utilized to
locate the same nanostructures on their scattaaimy SEM images so that the scattering
spectrum of each nanostructure could be correhaittdits geometrical structure (Figure 3.5).
This method is illustrated by comparing the SEMgmahown in Figure 3.5b and the scattering
image shown in Figure 3.5c. The spatial distrimgiof the features in both images are nearly
the same, except that there are some extra bpgit$ saused by the scattering of dust particles
in the dark-field image. Considering there are mben 20 spots in both images, the geometry

and the scattering spectrum of the same nanosteucan be unambiguously characterized by

SEM and dark-field spectroscopy, respectively.
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Figure 3.5 Pattern-matching method employed to measureddttesing properties of single Au

nanostructures. (a) Enlarged SEM image showin@Ath@anostructure indicated by the capital
letter 'A" in (b). (b) SEM image of the Au nanostwres on an ITO substrate. (c) Dark-field
scattering image taken from the same area asdppPdrk-field scattering spectrum of the Au
nanostructure shown in (a).
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Chapter 4

Energy-Resolved Plasmon Coupling in Gold Nanorod

Dimers

As | have introduced in Chapter 1, when two metahatrystals are placed in a close
proximity, the properties of their surface plasmohange dramatically.[1-6] Up to now, a great
number of intensive investigations have been madederstand,[4;723] and engineer [24,25]
the coupling between plasmonic nanocrystals. Intnodsthe previous works, the research
emphasis has focused on the role of the spatiahgement, especially the inter-particle spacing,
on the plasmon coupling. Specifically, for the nemystal homodimers comprising two identical
components, the fractional plasmon wavelengthshitve been found by either experimental or
computational means to decay nearly exponentiailly the gap separation.[4,12,13] The decay
length is found to be around 6@3 times the characteristic size of isolated neystal and will
not change with the nanocrystal size, shape, mgialor medium dielectric constant.

Heterodimers of metal nanocrystals exhibit richéasmon coupling behaviors than
homodimers because their symmetry breaking leadhedormation of new plasmon modes.
The interaction between broad superradiant “brighlismon modes and narrow subradiant
“dark” modes, can give rise to Fano-like interferen in asymmetric plasmonic
nanostructures.[26,27] When plasmonic Fano res@accurs, an asymmetrical Fano profile
with a clear Fano minimum that results from a dedive interference appears on the spectral
responses. This plasmonic Fano interference phemamean not only further our understanding
on light-matter interactions at the nanoscale below ligldifraction limit but also offer

tremendous potential for developing various plasmdevices. Fano resonance has so far been
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observed in several types of metal nanocrystalrbéitmers.[2830] The symmetry breaking in

heterodimers plays an important role in the germrabf Fano interference. The unique
properties of Fano resonance have been utilizedrating nanoscale sensors with improved
performance,[31] fabricating metamaterials with ywerarrow and nearly full-transparency
windows,[32] and realizing various active operasiorsuch as optical switching[30] and

electro-optical modulation.[33]

Gold nanorods are preferred candidates for futdasnponic applications. Controllable
plasmonic coupling between Au nanorods can proadjastable resonance frequencies as well
as remarkable optical field concentration and tweiie highly desirable for the development of
high-efficiency optical antennas,[34] ultrasengtiviosensors, and high-performance quantum
emitters. Tuning the plasmon coupling can be redlieither by varying the inter-particle
spacing or by adjusting the plasmon energies oh#morod components in the dimer. The latter
can result in tunable coupled-plasmon energy wihiégegap distance remains unchanged. This
controllability will be advantageous to applicatotihat require simultaneously large local field
enhancements and variable plasmon energies. Asu#i, rihere exists a strong need to evaluate
the coupled plasmon energies in the design of masmstructures and devices out of
plasmon-coupled Au nanorods. The plasmon-hybrigiratnodel has been developed for the
determination of the coupled plasmon energies dh dwmo- and heterodimers of metal
nanorods,[6,16] but it only works in the quasistdimit, as | have introduced in Chapter 2 of
this thesis. In a recent study, the effect of §yrametry breaking on the plasmon coupling in Au
nanorod dimers has been examined.[35] At a maithigap distance, the coupled plasmon
energy has been found to be strongly dependenthenptasmon energy of each nanorod
monomer. During my MPhil study, | have also meadutes coupled plasmon energies of the
dimers composed of mismatched Au nanorods.[5,36] ahticrossing behavior has been
observed in the plasmon coupling energy diagranspde these previous efforts and in contrast

to the occurrence of a number of studies on theantie dependence of the plasmon coupling,
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simple and reliable means have not been foundhierdietermination of the coupled plasmon
energies of Au nanorod dimers. The coupled plasmoargies of Au nanorod dimers are
strongly dependent on both the plasmon energiesdfthe gap distance between the nanorod
monomers. The interplay of these two dependencégsrthe accurate prediction of the coupled
plasmon energies rather challenging.

In this chapter, | will present my systematic stualythe energy diagrams of the plasmon
coupling between Au nanorods that are aligned atbai length axes using the finite-difference
time-domain (FDTD) simulation method. The coupléglsmon energy has been investigated as
a function of the plasmon energy of the nanorod anuer, the nanorod end shape, and the gap
distance between the nanorod monomers. | have fthatdall of the coupling energy diagrams
can be collapsed onto one universal scaling curitether employed a theoretical model based
on two interacting mechanical oscillators to untierd the plasmon coupling in Au nanorod
dimers. The universal scaling behavior in the epeliggrams of coupled Au nanorods will be
discussed in detail in Section 4.1. Moreover, thranetric nanorod heterodimers are found to
exhibit Fano resonance. The parameters obtained fithing the scattering spectra with the
Fano profile are dependent on the relative plaserergies of the nanorod monomers and the
interparticle gap distance. The symmetry breakinuyced Fano resonances will be discussed in

Section 4.2. All the contents of this chapter hbgen published iIACS Nanadn 2011.[37]

4.1 Universal Scaling in the Energy Diagram

During the simulations, Au nanorods were modeleaydmders with differently shaped
end-caps. Each Au nanorod had a radRusf 10 nm. The total length of the nanorbdwvas
varied from 20 to 100 nm. The aspect ratio L/(2Rswherefore varied from 1 to 5. Such sizes
are typical for chemically synthesized colloidal Aanorods.[38] The nanorods were placed in a
linear end-to-end configuration to form dimers, dese colloidal Au nanorods tend to assemble

in a linear end-to-end manner in liquids.f8%] The gap distance between the two nanorods was
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also variable. The dielectric function of gold wiesscribed by the Drude model with parameters
chosen to match the experimental dielectric datease as possible. The refractive index of the
surrounding medium was first set to be 1.33, whichhe refractive index of water. For our

simulations, 0.5 nm spatial discretization was usdtie gap region and 1 nm grids were applied
in other regions. The excitation light was polatizéong the length axis of the nanorod, which is
also the axis of rotational symmetry of the dimgstem. The transverse polarized light was not
taken into account, since the plasmon resonanciedxoy such polarization is very weak in

comparison to the longitudinal plasmon resonancéyfucally sized Au nanorods.[5,35] Figure

4.1a shows the calculated scattering spectra of Awananorod monomers as examples. The
nanorods are capped with hemispheres at their didsaspect ratios of the two nanorods are
3.5 and 5, respectively. Their scattering specthibét sharp peaks at 781 and 956 nm,

respectively, which are ascribed to the longitubipiasmon resonance wavelengths of the
nanorods. The calculated longitudinal plasmon wenvgths exhibit a linear dependence on the
aspect ratios of the nanorods (Figure 4.1b). Thear dependence is in agreement with previous
experimental findings.[5,17,46] | have also listbe longitudinal plasmon energies of the au
nanorods with varying aspect ratios in Table 4.2 ®¥dn then vary the longitudinal plasmon

energy of the Au nanorod by changing the aspeict. et addition, because maximum scattering
occurs when the localized plasmon resonances adlmahocrystals are resonantly excited, the
plasmon energies were obtained from the peak wagtie of the calculated scattering spectra

of the Au nanorod monomers and dimers in our study.

Table 4.1 Aspect Ratios and Corresponding Longitudinal Plasnikmergies (eV) of Au
Nanorods with Hemispherical Ends in water

aspectratio 1 15 2 2.5 3 3.5 4 4.5 5

plasmon
energy

2466 2.251 2016 1860 1.715 1587 1477 1.381 1.297
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Figure 4.1 Scattering of individual Au nanorods. (a) Scaitgrspectra of two differently sized
Au nanorods with hemispherical ends in water. Tépeat ratios of the nanorods 1 and 2 are 3.5
and 5, respectively. (b) Longitudinal plasmon reswe wavelength versus the aspect ratio of
the nanorod monomers with hemispherical ends. iflgei$ a linear fitting. The inset gives the
parameters obtained from the fitting.

Figure 4.2 shows the calculated scattering speditrthe plasmon-coupled Au nanorod
dimers. There are two homodimers and one heterodipmgure 4.2, inset). The gap distances in
all of the dimers are set dt= 7 nm. When the homodimers are formed from therads with
aspect ratios of 3.5 and 5, the plasmon resonaee&spred-shift to 845 and 1047 nm,
respectively, due to the capacitive attraction leetwthe two nanorods. The plasmon coupling
between two identical nanorods can be well undedston the basis of the hybridization
model.[6,16] The red-shifted hybridized plasmon madthe nanorod homodimers is known as
a hybridized bonding mode. Owning to the symmetfythe structure, the corresponding
antibonding one cannot be excited by far-field fighis known as a “dark” mode. When the two
different nanorods are placed together to formhbegrodimer, a weak scattering peak in the
shorter-wavelength region, in addition to the sfratattering peak in the longer-wavelength
region, is produced. The two scattering peaks asitipned at 770 and 989 nm, respectively.
The higher-energy peak is induced by the symmetteaking in the heterodimer. A detailed
discussion about it will be presented later in tlisapter. | first examined how the
coupled-plasmon energy of the bonding mode is didgr@non the nanorod monomers. In my

previous experimental study,[5,36] an anticrosddegavior has been observed in the plasmon
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coupling energy diagram of Au nanorod dimers. Du¢hte experimental limitations, only one
coupling energy diagram at a particular gap distdras been obtained. FDTD simulations allow
the parameters involved in the plasmon couplinggwaried over a large parameter space. My
coworkers and | therefore carried out systematid@ B¥imulations in order to gain a deeper

understanding on the plasmon coupling behaviorimanorod dimers.
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Figure 4.2 Scattering spectra of the plasmon-coupled Au rahalimers in water. The gaps
between the two nanorods in all three dimers amam/ The inset shows schematically the
heterodimer.

In our simulations, we fixed the plasmon energpmé nanorod and varied that of the other.
For Au nanorods with hemispherical ends, the plas®ergy of a nanorod monomer varies
from 2.466 to 1.297 eV when the aspect ratio isigkd from 1 to 5 (Table 4.2). An aspect ratio
of 1 for a nanorod with hemispherical ends corragigato a nanosphere. A plasmon coupling
energy diagram for a representative nanorod dimgivien in Figure 4.3a. For this example, the
plasmon energ\Esixed, Of ONe nanorod is fixed at 1.715 eV (red circl@$)e gap distance is set
atd = 1 nm. As the plasmon energy of the other nansatadually increased (black circles),
the coupled-plasmon energy of the dimer also irsgedblue circles). It is always smaller than
the plasmon energies of the two nanorod monomens. ificrease saturates asymptotically
toward the plasmon energy of the fixed nanorod. ddheling energy diagram therefore exhibits
an anticrossing behavior. This anticrossing behaamaintained whelksyeq is varied from

1.297 to 2.466 eV, as shown in Figure 4.3b. Tharaaon limit of the coupled-plasmon energy
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gets larger with increasirgixq. The numerical values of the coupled-plasmon eeeffgr all of

the dimers are supplied in Table 4.2.

Table 4.2 Energies (eV) of the Plasmon Coupling between Two Nanorods with
Hemispherical Ends at a Gap Distance of 1 nm irewat

12 15 2 2.5 3 3.5 4 4.5 5

1° 2036 1973 1.877 1.752 1.639 1523 1422 1.335 1.259
15 1.973 1903 1.813 1.706 1.599 1.491 1.399 1.315 1.242
2 1.877 1.813 1.738 1.657 1.558 1.462 1.375 1.297 1.225
2.5 1.752 1.706 1.657 1.584 1.506 1.425 1.349 1.274 1.207
3 1.639 1.599 1.558 1506 1.451 1.384 1.317 1.251 1.187
3.5 1523 1.491 1.462 1.425 1.384 1.335 1.283 1.225 1.167
4 1422 1.399 1375 1.349 1317 1.283 1.239 1.193 1.144
4.5 1.335 1.315 1.297 1274 1251 1.225 1.193 1.155 1.115

S 1.259 1242 1.225 1207 1.187 1.167 1.144 1.115 1.083

3In the topmost row are the aspect ratios for oneorwl in the dimer’In the
leftmost column are the aspect ratios for the otterorod in the dimer. This is
also applicable for Tables 4.3.5.
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Figure 4.3 Energy diagrams of the plasmon coupling betweema&aorods with hemispherical
ends at a fixed gap distance of 1 nm in waterP{@a$mon coupling between one nanorod with a
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fixed aspect ratio and another nanorod with vargsgect ratios. The blue, black, and red circles
represent the coupled plasmon energy, plasmon erm#rthe varying nanorod, and plasmon
energy of the fixed nanorod, respectively. The géhemergies are plotted as functions of the
plasmon energy of the varying nanorod. (b) Couplledmon energy curves obtained when the
aspect ratio of the fixed nanorod is set at difienealues. The corresponding plasmon energies
of the fixed nanorods are given in the inset. Thezontal lines for the fixed nanorods are
omitted for clarity. (c) Rescaled energy diagramtloé plasmon coupling between variously
sized nanorods from (b). The coefficient of deteration for the fitting is R= 0.9996.

One of our aims in this study is to find out whetaed how the plasmon coupling between
variously sized Au nanorods can be unified withnapse scaling relationship. Interestingly, we
found that all of the anticrossing energy diagrawmitapse into one if both the plasmon energies
of the nanorod monomers and the coupled-plasmorgieseare divided by their corresponding
Erxea (Figure 4.3c). The universal rescaled energy dimgmight result from the fact that the
plasmon coupling strength is mainly determined gy gap distance. Once a gap distance is
given, the strength of the electromagnetic intéoadbetween the nanorods will be fixed. Figure
4.3c shows that the universal diagram has two asyteg One is the inclined line with a slope
of 1 (dashed line), and the other is the horizokited (black line). We therefore utilized a
hyperbolic function to describe the rescaled cadyplasmon energies

y = 05(x+1)- 05,/(x-1)° +a? (4.1)
In equation (4.1)x andy are the rescaled energy values on the horizomiglvertical axis,
respectively. There is only one fitting parameter,in the equation. Whemr = 0.30, the
hyperbolic equation fits very well the universalesgy diagram, with a coefficient of
determination oR” = 0.9996.

The effect of the inter-particle gap distance om plasmon coupling between Au nanorods
was next considered. We performed the FDTD calcudatof the Au nanorod dimers with the
two monomers having varying plasmon energies aratesp apart atd = 3, 5, and 7 nm,
respectively. The calculated coupled-plasmon eneafjyes are listed in Tables 4.3, 4.4, and 4.5.

At each gap distance, all of the coupling energygdims are collapsed onto one (Figure 4.4a).
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In addition, we also calculated the coupled-plasmpergies of the nanorod dimers with a gap
distance of 7 nm immersed in media having varyaftactive indices. The results (Table 4.6 and
Figure 4.4b) show that the plasmon coupling eneliggrams obtained for different refractive
indices also collapse universally onto one curvkher&fore, the effect of the index of the
surrounding medium can also be included in thegnerscaling. In this study, we focus on the
plasmon coupling behavior of the nanorod dimersvater. The rescaled anticrossing energy
diagrams can be well fitted with the hyperbolic dtian given above. The parameter
alcoefficient of determinatiod?? obtained from the fitting are 0.20/0.9998, 0.189@8, and
0.14/0.9999 fod = 3, 5, and 7 nm, respectively.is seen to decrease @ss increased. A close
examination of Figure 4.3c and Figure 4.4a indgdtet the coupling-induced plasmon shift
also decreases with increasing gap distances. €beeased plasmon shift is attributed to the
reduced capacitive coupling between the nanorodsthatefore reason that the fitting parameter

a is dependent on the plasmon coupling strength.

Table 4.3 Energies (eV) of the Plasmon Coupling between Two KNanorods with
Hemispherical Ends at a Gap Distance of 3 nm irewat

1 15 2 2.5 3 3.5 4 4.5 5

1 2.283 2.147 1976 1816 1.680 1.558 1.451 1.358 1.277

15 2147 2.068 1941 1.790 1.662 1.544 1.436 1.346 1.268

2 1976 1941 1860 1.747 1.636 1.523 1422 1.335 1.257

2.5 1.816 1.790 1.747 1.686 1.596 1.497 1404 1.323 1.248

3 1.680 1.662 1.636 1596 1.538 1.462 1.381 1.306 1.233

3.5 1.558 1.544 1523 1.497 1.462 1410 1.349 1.286 1.219

4 1451 1436 1422 1404 1381 1.349 1309 1.257 1.199

4.5 1.358 1.346 1.335 1.323 1.306 1.286 1.257 1.219 1.172

5 1.277 1268 1.257 1248 1.233 1.219 1.199 1.172 1.141
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Table 4.4 Energies (eV) of the Plasmon Coupling between Two KNanorods with
Hemispherical Ends at a Gap Distance of 5 nm irewat

1 15 2 2.5 3 3.5 4 4.5 5

1 2338 2.187 199 1.831 1.691 1.570 1.460 1.367 1.286

15 2187 2.103 1970 1.813 1.680 1.558 1.451 1.358 1.277

2 1996 1970 1909 1.784 1.662 1546 1.439 1.349 1.271

2.5 1.831 1.813 1.784 1.720 1.633 1523 1425 1.341 1.262

3 1691 1.680 1.662 1.633 1.573 1.494 1.407 1.326 1.254

3.5 1.570 1.558 1.546 1.523 1.494 1.445 1381 1.309 1.239

4 1460 1.451 1.439 1425 1407 1381 1.338 1.286 1.225

4.5 1.367 1.358 1.349 1.341 1.326 1.309 1.286 1.248 1.199

5 1286 1.277 1.271 1262 1.254 1.239 1.225 1.199 1.167

Table 4.5 Energies (eV) of the Plasmon Coupling between Two KWanorods with
Hemispherical Ends at a Gap Distance of 7 nm irewat

1 15 2 2.5 3 3.5 4 4.5 5

1 2373 2205 2.007 1839 1.700 1573 1.465 1.370 1.288

15 2205 2.152 1.987 1.825 1.689 1.567 1.460 1.364 1.283

2 2.007 1987 1935 1.805 1.677 1.558 1.451 1.358 1.277

2.5 1.839 1.825 1.805 1.744 1.651 1544 1439 1.349 1.271

3 1.700 1.689 1.677 1651 1.596 1512 1425 1.341 1.262

3.5 1573 1.567 1558 1.544 1512 1.468 1399 1.326 1.254

4 1465 1.460 1.451 1.439 1425 1399 1.358 1.303 1.239

4.5 1.370 1.364 1.358 1.349 1.341 1.326 1.303 1.265 1.216

5 1.288 1.283 1.277 1271 1.262 1.254 1.239 1.216 1.184
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Table 4.6 Plasmon Energies (eV) of the Varying Nanorod Mon@and the Nanorod Dimers
in Different Medid

aspect monomer dimer monomer dimer monomer dimer monomer dimer
raio n=1 n=1 n=12 n=12 n=14 n=14 n=16 n=16

1 - 2.029 - 1.824 2.424 1.648 2.319 1.495

15 2.466 2.018 2.323 1.814 2.184 1.638 2.047 1.485
2 2.314 2.004 2.143 1.799 1.979 1.621 1.830 1.468
2.5 2.170 1.977 1.977 1.770 1.803 1.590 1.652 1.439
3 2.043 1.927 1.840 1.720 1.663 1.542 1.509 1.391
3.5 1.917 1.847 1.708 1.638 1.532 1.460 1.381 1.313
4 1.803 1.751 1.592 1.540 1.416 1.367 1.271 1.226
4.5 1.704 1.666 1.495 1.458 1.325 1.290 1.186 1.151

5 1.623 1.584 1.416 1.377 1.249 1.213 1.114 1.081

®The ends of the nanorods are hemispherical. Thedigagnce is 7 nm. The aspect ratio
of the fixed nanorod is 3n represents the refractive index of the surroundieglium.

a n =1.33 (water), d is varying. b d=7 nm, nis varing
AE = Efixed _Ehomodimer O n=1.0 ’,’
- On=1.2 Vs
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Figure 4.4 Effects of gap distance and medium refractive xnole the rescaled energy diagrams
of the plasmon coupling between nanorods with hegh@scal ends. (a) flll) Rescaled energy
diagrams of the plasmon coupling between nanoratlts emispherical ends at different gap
distances in waten(= 1.33). The coefficients of determination for fitngs are 0.9998, 0.9998,
and 0.9999, respectively. (V) Fitting parameteas a function of the fractional plasmon energy
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shift AE/Eqxeq. The coefficient of determination for the lineitifig is R = 0.9963. (b) Rescaled
energy diagrams of the plasmon coupling betweennAnorods with hemispherical ends in
different media. The fixed Au nanorod has an aspaat of 3, and the gap distance is fixed at 7
nm.

The fractional plasmon shift is directly relatedthe plasmon coupling strength. In order to
ascertain howr changes with the fractional plasmon shift, weiedrout the FDTD simulations
on Au nanorod dimers with the gap distance betvileertwo nanorods varied from 2 to 24 nm at
a step of 2 nm. For each gap distance, since tdtseabove have shown that all of the coupling
energy diagrams can be rescaled onto a universag,cwe fixed the plasmon energy of one
nanorod aEsxeq = 2.016 eV and changed the plasmon energy of titer manorod. All of the
as-calculated coupled-plasmon energies are listd@ble 4.7. They were thereafter subjected to
the rescaling and hyperbolic fitting so thatcould be determined. We then plottedas a
function of AE/Esxeq (Figure 4.41V), whereAE is the difference betweeksxq and the
coupled-plasmon energy of the corresponding homedirRmodimer FOr the data points shown
in Figures 4.3c and 4 4lll, there are many differerxeq Values. If all of the energy diagrams
at each gap distance follows exactly the univelngakerbolic equation, theBhomodimelEfixeda @and
therefore AE/Efixed = 1 — EnomodimefEfixed are fixed for differentEsyeq values.a is seen to be
proportional toAE/Esxeq. A linear fitting gave a proportionality constaot k = 2.06 and a
coefficient of determination o = 0.9963. The proportional relationship betwegnand
AE/Esixeq SUpPpPOrts our above argument tlmatan be interpreted as a measure of the plasmon

coupling strength of Au nanorod dimers.
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Table 4.7 Energies (eV) of the Plasmon Coupling between OneNanorod with Its Aspect
Ratio Fixed at 2Hsxeq = 2.016 eV) and the Other Au Nanorod with Varyilgpect Ratios at
Varying Gap Distancés

gap

b 4 6 8 10 12 14 16 18 20 22 24
(nm)

1°  1.955 1.990 2.004 2.011 2.014 2.017 2.021 2.021 2.024 2.024 2.024 2.024
2 1.821 1.890 1.924 1.941 1.955 1.966 1.97/3 1.979 1.983 1.990 1.993 1.997
3 1.613 1.651 1.672 1.682 1.689 1.693 1.696 1.700 1.703 1.703 1.707 1.707
4 1.406 1.434 1.444 1.455 1.458 1.465 1.465 1.468 1.468 1.472 1.472 1.472

5 1.247 1.265 1.27/5 1.281 1.284 1.287 1.290 1.291 1.291 1.293 1.293 1.294

*The ends of the nanorods are hemispheritalthe topmost row are the gap distances between
the two nanorods in the dimer8n the leftmost column are the aspect ratios of theed
nanorod in the dimers.

We also studied how the end shape of Au nanorddstafthe plasmon coupling between
Au nanorods. Previous studies have shown that tite cairvature affects the longitudinal
plasmon energy of Au nanorods.[5] Au nanorods Wldh (Figure 4.5a, inset) and sharp ends
(Figure 4.5b, inset) were considered. The sharpveasimodeled with a hemi-prolate spheroid,
with the length of the major axis being twice tlb&the minor axis. The major axis is aligned
along the length axis of the nanorod. For both $yplethe nanorods, the gap distances were set
to be 1, 3, 5, and 7 nm, and the aspect ratio efr@morod monomer was kept at 3 to reduce the
computational load. The plasmon energies of th@mahmonomers and dimers are provided in
Tables 4.8 and 4.9 for the flat and sharp endpeiely. Figure 4.5a and b show the rescaled
energy diagrams when the gap distance is 1 nmembryy diagrams can also be well fitted with
equation (4.1). The obtained values farare 0.46 and 0.27 for the flat and sharp ends,
respectively. Taken together with tkevalue of 0.30 for the nanorods with hemispherezads
atd = 1 nm (Figure 4.3c), the results indicate thanbdr ends leads to larger plasmon shifts for

a given inter-particle gap distance. This is und@dable because the capacitive coupling
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between Au nanorods with blunter ends is stron§enilar to the case of the nanorods with
hemispherical endsy also varies in proportion tAE/Esixeq for both types of the end shapes as
the gap distance is changed (Figure 4.5c,d). Thpgptionality constants obtained from linear
fitting are both 1.95. These results reveal thathiaperbolic function described by equation 4.1
is suitable for predicting the coupled-plasmon giesr of the dimers of Au nanorods with
different end shapes. The fitting parameteris directly proportional toAE/Efixeq. The

proportionality constant is approximately equal 2p irrespective of the end shape of Au

nanorods.

-
N
L |
-—
N

) d=1 nm/' 3 |
1.0 —— | 51.0
c r' 4 [
(] '0 ) 3
So08F e £0.8
s | E I
&’0.6- ¥ =046 50.6.
0.6 03 1.0 1.2 6 0.
Rescaled plasmon energy
[ d
0.25}
0.20[
N
0.15[
1 2 | " 1 » 1 0-10- L 1 A 1
0.1 0.15 0.2 0.25 0.05 01 015
AE/Efixed AE/Efixed

Figure 4.5 Effect of nanorod end shape on the plasmon cogigigtween Au nanorods. (a,b)
Rescaled energy diagrams of the plasmon couplihgda® nanorods with flat and sharp ends,
respectively. The insets show schematically the tiypes of dimers. The gap distances are both
1 nm. The coefficients of determination for the tfittngs are 0.9999 and 0.9989. (c,d) Fitting
parametera as a function oAE/Esxeq for the flat and sharp nanorod dimers, respegctivEhe
coefficients of determination for the fittings @&®999 and 0.9988, respectively.
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Table 4.8Plasmon Energies (eV) of One Monomer Nanorod winying Aspect Ratios and the
Energies (eV) of the Plasmon Coupling between OaéAnorod with Its Aspect Ratio Fixed at
3 (Efixed = 1.601 eV) and the Other Au Nanorod with Varykgpect Ratio%

aspect monomer

_ dimer dimer dimer dimer
ratio 1 nnf 3 nn? 5 nn? 7 nn?

2 1.872 1.339 1.438 1.488 1.518
2.2 1.812 1.315 1.418 1.472 1.505
24 1.755 1.291 1.398 1.454 1.489
2.6 1.701 1.267 1.377 1.434 1471
2.8 1.650 1.244 1.355 1.413 1.451

3 1.601 1.221 1.332 1.390 1.428
3.2 1.555 1.198 1.308 1.366 1.403
3.4 1.512 1.176 1.284 1.341 1.377
3.6 1471 1.154 1.261 1.316 1.350
3.8 1.432 1.133 1.237 1.290 1.323

4 1.394 1.112 1.213 1.264 1.296
4.2 1.358 1.092 1.190 1.239 1.269
4.4 1.324 1.072 1.167 1.214 1.242
4.6 1.293 1.053 1.145 1.189 1.216
4.8 1.263 1.035 1.123 1.165 1.190

5 1.233 1.017 1.102 1.142 1.166
5.2 1.205 0.999 1.081 1.120 1.142
5.4 1.179 0.982 1.061 1.098 1.119
5.6 1.153 0.965 1.042 1.077 1.098
5.8 1.129 0.950 1.023 1.057 1.076

6 1.106 0.934 1.005 1.037 1.055

*The ends of the nanorods are fffthe numbers indicate the gap
distances.
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Table 4.9Plasmon Energies (eV) of One Monomer Nanorod winying Aspect Ratios and the
Energies (eV) of the Plasmon Coupling between OaéAnorod with Its Aspect Ratio Fixed at
3 (Efixed = 1.764 eV) and the Other Au Nanorod with Varykgpect Ratio$

aspect monomer

_ dimer dimer dimer dimer
ratio 1 nnf 3 nn? 5 nn? 7 nn?

2 2.007 1.610 1.693 1.720 1.737
2.2 1.972 1.592 1.682 1.710 1.728
24 1.925 1.573 1.669 1.698 1.717
2.6 1.872 1.555 1.652 1.685 1.703
2.8 1.818 1.536 1.631 1.668 1.687

3 1.764 1.515 1.606 1.642 1.665
3.2 1.712 1.492 1.574 1.613 1.634
3.4 1.662 1.465 1.545 1.575 1.596
3.6 1.614 1.438 1.515 1.542 1.557
3.8 1.568 1.411 1.481 1.507 1.522

4 1.525 1.383 1.445 1.469 1.484
4.2 1.483 1.356 1.412 1.433 1.445
4.4 1.444 1.328 1.380 1.398 1.409
4.6 1.406 1.301 1.348 1.366 1.375
4.8 1.371 1.273 1.317 1.333 1.342

5 1.337 1.247 1.287 1.302 1.311
5.2 1.304 1.221 1.258 1.272 1.280
5.4 1.273 1.196 1.230 1.243 1.251
5.6 1.244 1.171 1.204 1.216 1.223
5.8 1.215 1.148 1.178 1.189 1.196

6 1.188 1.125 1.153 1.164 1.170

*The ends of the nanorods are shifire numbers indicate the gap
distances.
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Equation (4.1) is purely mathematical. We triedramslate the rescaled energies back into
the physical parameters involved in the plasmormpliog in the Au nanorod dimers in order to
gain the underlying physics. H; andE; are used to represent the plasmon energies dixtok
and varying nanorod monomers, respectively, theleadplasmon energl¢;, can be obtained

from equation (4.1) as

E. Z%(El + Ez)_%\/(El - Ez)2 +[2(E1 - EM)]2 (4.2)

whereE;; is the coupled-plasmon energy of the homodimerposad of the fixed nanorods.
The termE; — E;; in equation (4.2) represents the contribution fitw plasmon coupling. Due
to the exchangeability between the two nanorod mmate in a dimer, the second term under the
square root in equation (4.2) can be replaced [&{f, — E»,)]°. However, the plasmon coupling
strength is also affected by the size and shapthefnanorod although it is predominantly
determined by the gap distance, as revealed byFBID simulations. The rescaled energy
diagrams are seen to deviate slightly from the Hygle curve. As a result, the coupled-plasmon
energyE;, values calculated fromg; — E;; andE, — E,, are not exactly the same. To reduce the

error, we replace the terl — Ej; with the average d&; — E;; andE; — E», which gives

E :%(El + EZ)_%\/(El - Ez)2 +[(E1 - E11)+ (Ez - Ezz)]2 (4.3)

The largest error in the coupled-plasmon energi@sutated with equation (4.3) in
comparison with the FDTD simulation results is 3.8%guation (4.3) therefore provides an
analytical expression for the evaluation of the ped-plasmon energy between any two Au
nanorods that are placed adjacently in a linearterehd manner, once the plasmon energies of
the corresponding nanorod monomers and homodinmatshiave the same gap distance are
obtained in the same dielectric environment. Theckguand reliable estimation of the
coupled-plasmon energies between Au nanorods adilifate the plasmonic applications of Au
nanorods in biotechnology and optics.

We further employed a theoretical model based am daupled mechanical oscillators to

help in understanding the plasmon coupling in Auanad dimers. The model has been
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introduced in Chapter 2. In this study, the cougde&asmon modes of Au nanorod dimers can be
modeled as two mechanical oscillators with freqieshay and ap. The two oscillators interact
through one spring with a coupling constant af. In the absence of dissipation, the

coupled-oscillator system can be described by Hgrangian

L=T-V __X1 t Xz wlle (‘lzzxzz TA XX, (4.4)
whereT andV denote the kinetic and potential energiesandx, are the displacements from the
equilibrium positions of the oscillators in a onednsional system, and the dots represent the

time derivatives of the displacements. The Lagramgiquations of motion are given as

E[G—.Lj—a—L -0 (4.5)
dt\ ox ) Ox

The solutions to equation (4.5) are in the formaofinear combination of harmonics. A
determinant equation can be generated by insdthimgolutions into equation (5). Two solutions
for the eigen oscillation frequen€y are obtained by solving the determinant equaB@tause
the lower-energy coupled-plasmon mode was considémeour above discussion of the
coupled-plasmon energies, the smaller eigen freqyusolution is taken. It is given by

2
2 _ 2 2 2
02 :(wl +4w2) 1_\/[“’14_‘”2] + 4a, o - 4a, - (4.6)
g+w,) (@rw) | (@+e)

By using Taylor expansion, the eigen frequency haf toupled-oscillator syste2 can be

expressed as

_gtw 1J . 4a
Q=412 2 y-wf+ "0 -5 (4.7)
2 2 (@ +aw)

The first two terms in equation (4.7) have neahg same form as equation (4.3), which was
obtained through the hyperbolic fitting. The secéman under the square root in equation (4.7)
involves the coupling constarty, of the spring connecting the two oscillatorsepresents the

perturbation of the coupling to the total energythed coupled-oscillator system. In the nanorod
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dimer system, the term bringing the plasmon cogpimo the total energy is represented i [(

— E11) + (E2 - E2»)]% The coupling strength between the two nanorodseigefore related to the
difference in the plasmon energies of the nanorodamers and the corresponding homodimers.
If we let the corresponding terms in equations)(4rgl (4.7) be equivalent to each oth@f in
equation (4.7) is estimated to the first order froomn FDTD simulation data to be smaller than
3.5%. As a result, th& term in the coupled-plasmon energy of the Au nadodimer is
neglected. The above reasoning indicates the umesfsll of the coupled-oscillator model in
understanding the coupled-plasmon energy betweemaAarods.

Equation (4.3) can be employed to calculate theplealiplasmon energies between
variously sized Au nanorods if the plasmon energésthe nanorod monomers and the
corresponding homodimers having the same gap distare known. The longitudinal plasmon
energies of Au nanorod monomers can be determiileer spectroscopically or from the linear
dependence of the longitudinal plasmon wavelengttihe nanorod aspect ratio.[5,17,46] We
then need to find out the coupled-plasmon enefiéso identical Au nanorods that are aligned
linearly. Previous studies[4,12,13] have shown that coupled-plasmon wavelength between

two identical metal nanopatrticles can be descrimdg an empirical universal scaling law

M
A

where A is the plasmon wavelength of the individual metahoparticle A4 is the plasmon

,Be_[f) (4.8)

wavelength shift arising from the plasmon couplidgs the gap distanc® is the diameter of
the nanoparticler is the decay constant, agtis the maximum fractional plasmon wavelength
shift. The decay constamthas been found to be within 623, irrespective of the metal type,
the nanoparticle size and shape, and the surrogndedium. This empirical scaling law has
also been applied to Au nanorods that are lineatigned.[17,21] However, due to the
geometrical anisotropy of nanorods, the fittinglod data points for Au nanorods with equation

(4.8) is not as well as that for Au and Ag nandpkas.
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We performed the FDTD calculations to determineglasmon shifdA/A as a function of
the gap distancd for homodimers of Au nanorods that have hemisphéends and different
aspect ratios (Figure 4.6). We first used equatib8) to fit the obtained data points, with the
nanorod length treated as the characteristic biaaiever, for the aspect ratio from 1 to 4, fhe
and r values obtained from the fitting vary in the rasmgef 0.13-0.16 and 0.180.28,
respectively. These results suggest that equatdld) {s not good enough for predicting the
coupled-plasmon wavelengths of various Au nanorothddimers. In order to have a more
universal equation, we reasoned that the coupleshpbn energy is determined by the
competition between the inter-particle near-fietdderaction and the intra-particle Coulombic
restoring force on the displaced electron cloud.[lMe therefore replaced the terdiD in
equation (4.8) With\(ga,{Vnanoroal’3, whereVyap andVhanoregdenote the volumes of the gap region
and nanorod, respectively. Because the volume m@pproximately equal td/L, with L being

the nanorod length, the exponential equation can be expressed as

0.2 0.2r 0.2 0.2

501 1:1 2:2 o1 3:3 o 4:4
<U.1F Ar . .

> k 0.1

0.0f 0.0 0.0 0.0

0 10 20 30 0 10 20 30 ©0 10 20 30 0 10 20 30
Gap distance (nm)

Figure 4.6 Gap-dependent fractional plasmon shifts in the ddimers of Au nanorods capped
with hemispheres. The aspect ratios of the nanoavds(a) 1, (b) 2, (c) 3, and (d) 4. The
coefficients of determination for the fittings a@9305, 0.9630, 0.9932, and 0.9859,
respectively.

Figure 4.6 displays the calculated fractional plasmhift as a function of the gap distance
for different nanorod homodimers and the curvesiokd from the fitting with equation (4.9).
The coefficients of determination for all of thétihgs are comparable to those for the fittings

with equation (4.8). More importantly, all of thigtihgs give one set gf andrat 0.67 and 0.22,
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respectively. The decay constanis very close to the values obtained previously rfeetal
nanoparticles and nanorods.[4,12,13,17,21]

With equation (4.9), we can calculate the coupliedipon energies of Au nanorod
homodimers, and subsequently estimate the coupdstrpn energies of heterodimers

composed of arbitrarily sized Au nanorods usinghtyygerbolic formula given in equation (4.3).

4.2 Symmetry Breaking Induced Fano Resonances

Figure 4.2 shows a blue-shifted weak scatterind p@aaddition to the red-shifted strong
peak, for the nanorod heterodimer. The weak saoagtgreak does not exhibit an anticrossing
behavior in the plasmon coupling energy diagranmeré&his also a dip, which is located at the
lower-energy side of the weak scattering peak. Whak scattering peak and the dip must arise
from the symmetry breaking in the heterodimer bseanone of Au nanorod homodimers
exhibits such features. The appearance of theesajtpeak agrees with previous experimental
findings observed by us[5] and others.[35] The peatk the calculated scattering spectra of the
heterodimers have an asymmetric line shape, whgghfies the Fano resonance.[27] The Fano
resonance typically involves a broadband excitaligit source, a superradiant and a subradiant
mode. The Fano profile is generated from the deswa interference between the two
modes.[27]

In plasmonics, different coupled plasmon modes lbanidentified from corresponding
spatial charge distributions. We therefore firskcatated the charge distributions at different
scattering energies for a heterodimer of Au nam®radth hemispherical ends in order to
ascertain the coupled-plasmon modes that are iaddlvthe Fano resoannce. The two nanorods
have aspect ratios of 3.5 and 5. When they aree@ldcgether to form a heterodimer, the
calculated scattering spectrum exhibits a weak p¢dk610 eV (i), a dip at 1.533 eV (ii), and a
strong peak at 1.254 eV (iii, Figure 4.7a). In camgon, the longitudinal plasmon energies of

the two nanorod monomers are 1.587 and 1.297 epeotively (Figures la and 4.7b). The
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calculated charge distributions (Figure 4.7c) révbat the strong scattering peak (iii) is
contributed by the dipotalipole bonding plasmon mode. At the positions efweak scattering
peak (i) and the dip (ii), the electron oscillationthe longer nanorod is mainly quadrupolar and
slightly dipolar, and that in the shorter nanoreddipolar. In order to obtain the hybridization
energy diagram for the nanorod heterodimer, we eddculated the energies of the dipolar and
quadrupolar plasmon modes of the longer nanoro@rbgloying a dipole instead of a plane
wave as the excitation source. The dipole sourgeiges a non-uniform electromagnetic field. It
can excite both the bright dipolar mode and the& dpradrupolar mode in the nanorod. Two
peaks are seen on the obtained absorption speofrtira longer nanorod (Figure 4.7b, red). The
charge distributions (Figure 4.7c) at these twdkpesdnow that the lower- (II) and higher-energy
peaks (I) arise from the dipolar and quadrupolasiplon mode, respectively. These two modes
hybridize with the dipolar mode of the shorter mab to give the dipoledipole and
dipole-quadrupole bonding modes, as shown by the hybtidiz@anergy diagram in Figure 4.7a.
The entire heterodimer therefore possesses a raixtuthe hybridized dipotalipole bonding
and dipole-quadrupole bonding modes. The dipalgole bonding mode is superradiant. Its
spectral profile extends to the energy region pbli-quadrupole bonding mode, as revealed by
the charge distributions. The dipetpiadrupole bonding mode is subradiant. The destrict
interference between the superradiant and subrtadiades gives rise to the asymmetric Fano
profile of the scattering spectrum. The weak scatjepeak in the nanorod heterodimers arises
from the Fano resonance instead of the digdijgole antibonding mode. Therefore it does not

exhibit an anticrossing behavior in the plasmonptiog energy diagram.
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Figure 4.7 Plasmon hybridization in Au nanorod heterodiméa$.Scattering spectrum and the

plasmon hybridization diagram for a nanorod hetiened. The nanorods have hemispherical
ends. Their aspect ratios are 3.5 and 5. The gstardie is 7 nm. (i) and (iii) indicate the

wavelengths of the two peaks, and (ii) indicatesuhlley between them. (b) Scattering spectrum
of the shorter nanorod monomer (black) excited ipjaae wave and the absorption spectrum of
the longer nanorod monomer (red) excited by a dipolurce. The absorption spectrum of the
longer nanorod was calculated by replacing thetesharanorod in the heterodimer with the

dipole source at the center. In this way, bothghadrupolar (I) and dipolar (II) modes of the

longer nanorod can be excited. (c) Charge disiobstof the plasmon modes of the longer
nanorod and hybridized plasmon modes in the hetaeydon the central cross sections of the
nanorods.

The asymmetric profiles of the calculated scattespectra of the nanorod heterodimers

can be well fitted by a phenomenological modehia form[4750]

2

—bl‘e

+
* ,ZL:Zha) E, +il,

Cocel) =

(4.10)

whereCgcarepresents the scattering signais the angular frequencg; denotes the background
contribution, by, I, ¢, andE; represent the amplitude, line width, phase, arerggnof each
eigenmode, respectively, ahds the Planck's constant divided bx 2n our study, we consider
only two plasmonic eigenmodes. One is the dipdigole bonding mode (denoted by the
subscript 1), and the other is the dip@eadrupole bonding mode (denoted by the subscyipt 2
The Fano profile is strongly dependent on the ptasranergy difference and the gap
distance between the two nanorod monomers. FigB8eeshows the calculated scattering spectra
of four representative nanorod heterodimers with dlspect ratio of one nanorod fixed at 5.

Figure 4.8b shows the four representative speetaden the nanorods with aspect ratios of 3.5
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and 5 at varying gap distances. In Figure 4.8athasaspect ratio of the varying nanorod
becomes smaller and thus the dipolar plasmon er@r¢jye nanorod becomes larger, both the
dipole-dipole and dipolequadrupole bonding modes shift to higher energi¢she same time,
the intensity of the higher-energy scattering pesdétive to that of the lower-energy one first
grows larger and then gets smaller. In Figure 4a8hthe gap distance is gradually reduced, the

higher-energy scattering peak gets weaker relébivke lower-energy one.

O|FDTD
— Fano fit

b : 4.5

FDTD
Fano fit

=7hm J| \

lQlO

Intensity (a.u.)
Intensity (a.u.)
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Figure 4.8 Fano resonances in Au nanorod heterodimers. @) d-of the normalized scattering
spectra of different Au nanorod heterodimers witd Eano profile. (a) The aspect ratio of one
nanorod is fixed at 5, and that of the other nadasovaried from 1 to 5. The gap between the
two nanorods is 7 nm. (b) The aspect ratios oftivee rods are fixed at 3.5 and 5. The gap is
varied from 1 to 7 nm. The blue and red verticalsbadicate the dipolar and quadrupolar
resonance positions of the longer nanorod, respdgtiand the green ones indicate the dipolar
resonance positions of the shorter nanorods. (tp Rathe amplitudes of the two eigenmodes
obtained from the fitting versus the plasmon enafgihe nanorod with varying aspect ratios. (d)
Ratio of the amplitudes versus the gap distancevdsst the two nanorods. The nanorods have

hemispherical ends.
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We fitted all of the calculated scattering specivdh the phenomenological model
described in equation (4.10). The parameters oddafrom the fitting are provided in Tables
4.10 and 4.11. We found that the amplitude rdiih,, between the two plasmon eigenmodes
can be utilized to describe the Fano interfereimngth. The closer the ratio is to 1, the more
noticeable the asymmetric Fano profile will becoamel thereby the stronger the interference
(Figure 4.9). We therefore extractbglb; and plotted them as a function of the plasmongner
of the varying nanorod in Figure 4.8c and as atfonmf the gap distance in Figure 4.8d. Figure
4.8c reveals that the 5 : 3.5 heterodimer hasatge$t,/b; ratio and therefore the most distinct
Fano resonance. The first increase and then decnedbe amplitude ratio is believed to result
from the shift of the dipolar mode (1.297.466 eV, Table 4.1) of the shorter nanorod from th
red side to the blue side of the quadrupolar madaé eV, Figure 4.7b) of the longer nanorod.
This shift causes the variation in the interferebebavior between the two hybridized modes.
Moreover, for the 5 : 3.5 nanorod heterodimer, Eaao line shape becomes clearer as the gap
distance is gradually increased (Figure 4.8d). b, ratio is essentially determined by the
relative strengths between the dipal@ole and dipolequadrupole bonding modes around their
overlapping spectral region. The relative strengthihie two bonding modes are in turn affected
by the gap distance and the aspect ratios of thernd monomers, the latter of which determine
the energy levels before the hybridization. Theiateims of theb,/b; ratios observed in our

study reflect the interplay of the different facg@n the Fano interference strength.

—b,/b, =019
——by/b, = 0.4
——b,/b, =06
——b,/b, =08
——by/b; = 1.0

Scattering (a.u.)

600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 4.9 Fano profiles calculated at varyingy/b; ratios. The curve for,/b; = 0.19
corresponds to the scattering spectrum of the.5 n&8norod heterodimer shown in Figure 4.8 at
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a gap of 7 nmb, was changed while the other parameters were figeubtain varyingo,/b;
ratios. The spectral region indicated with the leirgshows that the lower-energy peak becomes
more asymmetric as the amplitude ratio gets larger.

Table 4.10 Parameters Obtained from Fitting the ScatteringcBp of Different Nanorod
Heterodimers at a Fixed Gap Distance with the Pimemological Modél

5:48 5:4 5:35 5:3 5:25 5:2 5:15 5:1

a  6.8616 6.1621 -5.5232  -5.0664 -4.9352 -4.2632 &¥51 4.8088
b; 191.08 175.56 161.08 149.95 141.78 135.20 130.46 7.112
¢ 3.0951 3.0926 6.2226 6.2190 6.2413 6.2286 6.2692 2163.
E: 1.2166 1.2388 1.2533 1.2633 1.2707 1.2770 1.2824 2874.
N 0.046210 0.044981 0.043716 0.042764 0.042098 0.041561 0.041270 0.041088
b, 7.9619 21.779 30.378 33.840 25.278 19.041 16.195 9688.
¢  3.6309 3.3321 0.21881 0.23731 0.074298.28980  6.0296 1.9018
E> 1.4392 1.5033 1.5968 1.7057 1.8212 2.0475 2.1794 1234.
N, 0.030074 0.033790 0.036469 0.033727 0.037493 0.038204 0.044354 0.22516

®The ends of the nanorods are hemispherical, andahedistance is 7 nifiln the topmost
row are the aspect ratios of the two nanorods ¢h éaterodimer.

Table 4.11Parameters Obtained from Fitting the Scatteringc8p of a Nanorod Heterodimer
at Varying Gap Distances with the Phenomenologditadef

7 nnf 5 nm 3nm 1 nm

a -5.5232 -5.7462 6.1045 -6.6401
b, 161.08 164.86 169.51 174.99
T2 6.2226 6.2269 3.0905 6.2411
E; 1.2533 1.2402 1.2186 1.1663
M 0.043716 0.043867 0.043900 0.043314
b, 30.378 25.800 19.744 8.8514
@ 0.21881 0.22907 3.3845 0.23152
E, 1.5968 1.5950 1.5902 1.5721
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P 0.036469 0.035021 0.032309 0.022777

®The ends of the nanorods are hemispherical, an@gpect ratios
of the two nanorods in the heterodimer are 3.5 &ndin the
topmost row are the gap distances.

4.3 Summary

In this chapter, we have made a systematic invasig through FDTD calculations on the
plasmon coupling energy diagrams of the dimers whAnorods that have varying aspect ratios
and different capping ends. The nanorods are platedlinear end-to-end manner. Their gap
distance is also varied. All of the energy diagraxisibit an anticrossing behavior. They can be
rescaled into one universal curve and thereby testwith a simple hyperbolic scaling formula.
A model based on two coupled mechanical oscillatoas been employed to assist in
understanding the hyperbolic scaling law. Moreotke symmetry breaking in Au nanorod
heterodimers induces unambiguously a Fano prdiileheir scattering spectra. The calculated
charge distributions reveal that the Fano resonaeselts from the interactions between the
different plasmon eigenmodes in the nanorod hete@d. The spectral position of the obtained
Fano dip and the relative amplitudes between ttexfering plasmon eigenmodes are found to
be dependent on the aspect ratios of the nanorodmmers and the gap distance. From our point
of view, the discovered hyperbolic scaling law wk applicable for the capacitive plasmon
coupling between Au nanorods that have diameters5650 nm and lengths of ~3@00 nm.
Such a range covers the sizes of typical collofalnanorods that are prepared chemically.
Quantum tunneling will take effect when the gaptathse is less than ~1 nm, and phase
retardation will cause the excitation of multipolplasmon modes and the hybridization of
different plasmon modes for larger metal nanoctyst®ur results will be very useful in
predicting the coupled-plasmon energies of Au nathiodimers for their applications in

plasmon-enhanced spectroscopies, biological sensang nanoantennas. In addition, the
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variability of the Fano profiles in Au nanorod hetgimers offers an approach for the design of

the Fano resonance, which can lead to new switelrabtamaterials.
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Chapter 5

Position-Resolved Plasmon Coupling in Gold

Nanorod-Nanosphere Heterodimers

In the previous chapters (Chapter 1 and Chapten 4gve introduced the plasmonic
coupling in metal nanostructures, which has bedanskely explored due to its potentials in
various applications.[1] The near-field interacgdn coupled metallic nanostructures enable the
excitation of new plasmon modes, such as high-oetiectric multipole and magnetic dipole
plasmon modes.[2] The interferences between diffepasmon modes thereafter result in
fascinating phenomena in coupled metal nanostresfsuch as spectral splitting,[3] plasmonic
Fano resonance,[4] and electromagnetically indutedsparency.[5] Due to their unique
plasmonic features, coupled metal nanostructures seave as one- and three-dimensional
plasmon rulers[6,7] owing to the strong dependentethe scattering spectrum on the
interparticle spacing as well as the spatial camfijon. Plasmon coupling-induced spectral
changes and Fano resonances have been employddvieloping ultrasensitive biological and
chemical sensors, optical switches, metamatenasavel optical media.

Heterodimers of metal nanocrystals, as | have meetl in Chapter 4, exhibit richer
plasmon coupling behaviors arising from symmetryaking. In these heterodimers, multipolar
plasmon modes can be excited through near-fieltantions and the Fano interference between
subradiant and superradiant plasmon modes canlybgabbserved. These heterodimers exhibit
light responses that are dependent on the incidieattion [8-10] and possess unique electric
field distributions at different plasmon modes.[Tt]ey therefore have potentials for nanoscale

directional color router[10] and subwavelength imag
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The plasmon coupling in metal nanocrystal heteredsms expected to be dependent not
only on the metal type and the size difference dlsd on the spatial arrangement of the two
components. Nearly all of the plasmonic heterodariavestigated previously are rotationally
symmetric about the interparticle axis, where tpatial symmetry is not completely broken.
Breaking the rotational symmetry will undoubtedisoyide more freedom for controlling the
plasmonic properties of heterodimers. In this caggtwill investigate the plasmon coupling in
the heterodimers made of a large Au nanorod amdadl &\u nanosphere, where the nanosphere
is located at different positions on the nanorodese, as shown schematically in Figure 5.1. Au
nanorods are chosen due to their synthetically ssalple plasmon energies and
polarization-sensitive optical responses. The #@ropa& geometry of the nanorod causes the

rotational symmetry to be broken as the nanospkem®ved around the nanorod.

Figure 5.1 Schematic showing the plasmon resonance of a Aarnd perturbed by the plasmon
resonance of an adjacent small Au nanosphere sHatated at different positions around the
nanorod.

The small spatial perturbation introduced by theasphere can generate dramatic changes
in the scattering spectrum of the heterodimer. Siraimatic spectral variation has already been
presented in my MPhil thesis [12] and will be dgediscussed in Section 5.1 here. My further
investigation indicates that the dipole of the regoieere rotates around that of the nanorod in the
bonding dipoledipole mode when the nanosphere is moved aroundaherod. Like the Au
nanorod heterodimers | have shown in Chapter 4, Athenanoroé¢nanosphere heterodimers
exhibit Fano resonance. The Fano interference gittemas found to be strongly dependent of
the geometrical configuration. Details will be peted in Section 5.2. Compared to more

complex metal nanostructures supporting symmetealing, such as trimers and tetramers, the
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Au nanoro@nanosphere heterodimers are easier to prepareh vehattractive for their practical
applications. In Section 5.3, | will explore thet@atial of the heterodimers for designing
plasmon rulers of two spatial coordinates. All toatents of this chapter have been published in

Nano Lettersn 2012.[13]

5.1 Distinct Plasmonic Manifestation Induced by Sp@al Perturbation

The Au nanorods and nanospheres stabilized witlyltestethylammonium bromide
(CTAB) were synthesized following the growth methattoduced in Chapter 3. The scanning
electron microscopy (SEM) image of the nanorod damgnd the transmission electron
microscopy (TEM) image of the nanosphere samplesa@vn in Figure 5.2a and b. The
nanorod sample exhibits a longitudinal plasmon masoe wavelength of 654 nm in aqueous
solutions and has an average length ot &nm, diameter of 38 4 nm, and aspect ratio of 2.2
+ 0.2. The nanosphere sample has an average diamh@#&t 2 nm, with the plasmon resonance
wavelength at 527 nm in an aqueous environmentthifeoformation of the heterodimers, the two
nanocrystal samples were mixed and dispersed in igum of HO and CHCN.
1,8-octanedithiol, as a link between the nanoradkreanospheres,[14,15] was then added in the
mixture solution. The assembly process in the gmiutvas monitored spectrally (Figure 5.29).
The assembled nanocrystals were deposited on ctweliledium tin oxide (ITO)-coated glass
slides. Figure 5.2ee show the TEM images of representative Au naneradosphere
heterodimers. The position of the nanosphere velaid the nanorod varies among different
heterodimers. The spacing between the two nanadsystas estimated from high-resolution
TEM images (Figure 5.2f) to be ~1 nm, which is gstent with the values obtained in the

previous studies.[14,15]
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Wavelength (nm)

Figure 5.2 Preparation of the Au nanorod and nanosphere mersoamnd heterodimers. (a) SEM
image of the Au nanorods. (b) TEM image of the Aamaspheres. {€) TEM images of three
representative nanoredanosphere heterodimers. (f) High-resolution TEMage of the area
indicated with a dashed box in (e). The image shthespresence of a gap between the two
nanocrystals. (g) Extinction spectra of the Au madenanosphere solution recorded as a
function of time after the addition of the dithigholecules. The arrows indicate the
time-increasing direction. The particle concentmasi of the nanorods and nanospheres in the
solution were ~0.006 and 0.1 nM. The dithiol conicaion was JuM. The interval between two
consecutive spectra was 2 min.

| utilized the pattern-matching methadtroduced in Chapter 3 to correlate the
single-particle dark-field scattering spectrum atle heterodimer with its geometry revealed by
SEM imaging. Figure 5.3 shows the SEM images of f@presentative nanoredanosphere
heterodimers with the nanosphere located at diffeqgositions on the nanorod and the
corresponding scattering spectra. The scatteriegtepare observed to vary systematically as a
function of the position of the nanosphere on taeanod (Figure 5.3e). When the nanosphere is
located at the end of the nanorod, two scattergakg are detected, with the higher-energy one
much weaker than the lower-energy one. In compayriacsingle Au nanorod exhibits only one
strong scattering peak.[12,14] The two scatteriegks of the heterodimer arise from the
plasmon coupling between the nanorod and nanosphéren the nanosphere is moved from the
end through the shoulder to the side of the nanata fixed gap distance, the intensity of the

higher-energy peak gets relatively stronger, amdt®fo peaks become closer spectrally. When

-06 -



the nanosphere is at the exact central side ofidherod, the two scattering peaks coalesce into
one. A small bump is present around 530 nm onhalldcattering spectra. This weak peak is
contributed mainly by the coupling between the togteners and the substrate and excited by

light polarized perpendicular to the substrate @lan

Experiment Simulation
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Figure 5.3 Plasmonic responses of four representative Au nogiroanosphere heterodimers.
(a=d) SEM images. (e) Corresponding experimental egaff spectra. Each spectrum is
normalized and shifted vertically for clarity. @alculated scattering spectra. The red, blue, and
green curves represent the scattering spectra thieezxcitation light is polarized longitudinally,
transversely, and vertically, respectively. Thecklaurves are the sums.

| measured the scattering spectra of more than HE6rodimers. The position of the
nanosphere on the nanorod is statistically randahstyibuted in these heterodimers. More than
80% of the heterodimers with the nanosphere offettact central side of the nanorod show the
two peaks on their scattering spectra. The oveshHipes of the scattering spectra vary

systematically, as described above, although thstipns and relative intensities of the two
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peaks also fluctuate among the heterodimers withsdtime geometrical arrangement under the
SEM imaging resolution. The fluctuations can beaibed to the size distributions of both the Au
nanorod and nanosphere samples and the slighttivarien the gap distance caused by the
flexibility of the linking molecules. To exclude éhconductive coupling between the nanorod
and nanosphere in the heterodimers, | performeoh&ral experiment, where the heterodimers
deposited on the ITO substrates were thermallyteadeaThe scattering spectra of the
heterodimers after the thermal treatment are diaadigt different from those before the
treatment (results are not shown here; please tefdre discussions in my MPhil thesis [12] for
more details). Such spectral changes result franfdimation of conductive contacts caused by
the thermal treatment.[12,14,16,17] The resultmfthis control experiment verify the existence
of a gap in the nanoredanosphere heterodimers. Moreover, in order toalete origin of the
different scattering peaks, | also excited the rdoelieners with polarized white light. The
experiment setup can be found in a related th&8id.9] The polarization measurement reveals
that the two scattering peaks are excited whenvthiee light source is polarized along the length
axis of the Au nanorod (results are not shown hglegse refer to the discussions in my MPhil
thesis [12] for more details). This finding is ctmtent with the previous result for the plasmon
modes in Au nanospheneanoshell heterodimers.[8] The plasmon responskeexby the light
source polarized perpendicular to the length akie@nanorod is too weak to be detected in my
experiments.

Finite-difference time-domain (FDTD) calculationeens carried out to understand the
plasmonic properties of a nanorod perturbed byresghere at varying spatial positions. Our
previous studies have shown that ITO substrateg imduce a weak scattering peak in the
spectral region of 566650 nm for relatively small Au nanostructures.[¥#2156,18,19] The
simulations were therefore performed in a homogesenedium with a refractive index of 1.45
in order to clearly unravel the involved plasmonde®. Both the nanocrystal monomers and

heterodimers were considered. The Au nanorod wadelad as a cylinder capped with a
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hemisphere at each end. The Au nanosphere was edodelan exact sphere. The gap distance
between the nanorod and nanosphere was set at I'mmnanocrystal sizes were adjusted
slightly within the experimentally measured rangeréach a good agreement between the
calculated and measured scattering spectra. Thedires used in the calculations were 79 nm
in length and 42 nm in diameter for the nanorod 2¢hehm in diameter for the nanosphere. The
calculated scattering spectra of the four heteredsmvith their geometrical arrangements shown
in Figure 5.3ad are plotted in Figure 5.3f for different excitatipolarizations. The scattering
for the excitation polarized parallel to the suérand along the nanorod length axis
(longitudinal polarization) is much stronger th&attfor the excitation polarized parallel to the
substrate and along the direction perpendicularthte nanorod length axis (transverse
polarization) and that for the excitation polarizedrpendicular to the substrate (vertical
polarization). The longitudinally polarized lightit excite two scattering peaks, which agrees
with the experimental results. A weak peak is obsgraround 540 nm for both the transversely
and vertically polarized excitation. Taking intocaant of the ITO substrate will only increase
the scattering intensity of this peak under thetieglly polarized excitation owing to the
coupling between the heterodimers and the subgtraj#4,16] The overall variation trend in the
calculated scattering spectra agrees qualitativeith that observed experimentally. The
differences between the measured and calculatectrapare ascribed to the nanocrystal size
distributions and small fluctuation in the interjiee gap distance in the experiments, the use of
a homogeneous dielectric environment in the calicna, and the dissimilar excitation and
collection geometries between the calculations andasurements. In particular, the
higher-energy scattering peaks on the measuredrapge stronger than those on the simulated
spectra. The stronger scattering peaks on the mezhsspectra can be attributed to

smaller-than-1-nm gap distances.

5.2 Hybridized Plasmonic Mode Assignments, Rotating?lasmonic Dipole
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Phenomenon, and Fano Resonance

The distinct plasmonic response of the Au nanenadiosphere heterodimers has been
observed. The plasmonic scattering spectra are geitsitive to the spatial perturbation of the
small Au nanosphere. To further understand thisiphenon, more simulations were carried out
and the results are provided in Figure 5.4a, whiaktrates how the scattering spectrum evolves
as the Au nanosphere is moved from the end to ¢h&al side of the Au nanorod. A vertical
displacementh, was employed to designate the position of theospimere on the nanorold.
equals 0 when the nanosphere is located at the esatral side of the nanorod, and it assumes
the maximal value of 52.5 nm when the nanospherat the end of the nanorod. Only the
longitudinally polarized excitation was considerég.h gradually decreases from 52.5 to 0 nm,
the lower-energy scattering peak blue-shifts frad® o 669 nm, while the higher-energy one

first red-shifts from 616 to 647 nm and then becesigbmerged under the lower-energy peak.
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Figure 5.4 Scattering spectral evolvement and plasmon hyaigin in the Au
nanorodnanosphere heterodimers. (a) Calculated scattspegtra of the heterodimers under
the longitudinally polarized excitation. The insiows the definition of the displacememtof
the nanosphere. The spectral positions of the aipahd quadrupolar plasmon modes of the

naonrod and the dipolar plasmon mode of the namwepare indicated with the downward
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arrows. The blue and red dotted lines indicate dipeand lower-energy peak positions. (b)
Charge distributions on the central cross sectidnise heterodimers for the higher- (Peak 1) and
lower-energy (Peak 2) scattering peaks and théelween them. (c) Schematic elucidating how
the plasmonic dipole of the nanosphere rotatesnardoat of the nanorod as the nanosphere is
moved from the end to the exact central side of fheorod. (d) Electric field intensity
enhancement contours obtained from the FDTD cdiounls for the nanorothanosphere
heterodimer with the nanosphere placed at the érttieonanorod. The excitation light was
polarized along the nanorod length axis. The castaere calculated at the Peak 1, Peak 2 and
the dip wavelength. The enhancement is drawn alotperithmic scale. (e) Plots of the charge
distributions (red, positive; blue, negative) oe ttentral cross section of the heterodimer at the
Peak 1 wavelength. The nanosphere is located antthef the nanorod. The charge distributions
were obtained from the electric field intensity tmurs captured during the FDTD simulation.
The two charge plots were acquired under the samigagon frequency at two different time
points with a corresponding phase difference dof. 9hey exhibit a dipoledipole (left) and
dipole-quadrupole (right) bonding mode. (f) Plasmon hyizatdon diagram for the
nanorod-nanosphere heterodimer.

To assign the hybridized plasmon modes in the béterers, | determined the charge
distributions at different excitation wavelengtierh the calculated electric field contours. The
dipolar plasmon modes of the nanosphere and naram®at 543 nm (2.28 eV) and 659 nm
(1.88 eV), respectively. The wavelength of the qupdlar plasmon mode of the nanorod was
calculated by using a dipole source [20] to be B8 (2.39 eV), following the same method
introduced in Chapter 4. When the nanosphere iatédcat the end of the nanorod, the two
scattering peak wavelengths of the heterodimer wbtained to be 709 nm (1.75 eV) and 616
nm (2.01 eV). The charge distributions (Figure %.4s well as the electric field intensity
enhancement contours (Figure 5.4d), on the cenitogk section of the heterodimer indicate that
the two scattering peaks and the dip in betweeanltré&®m the hybridization of the plasmon
modes of the nanorod and nanosphere. The two ngstalsr exhibit unambiguously an attractive
dipole-dipole interaction at the lower-energy peak, sutyggshe dominance of the bonding
dipole-dipole mode at the lower-energy peak. The charggeilolitions of the nanosphere remain
to be dipolar at both the higher-energy peak aeddip, while those of the nanorod turn out to

contain both dipolar and multipolar characteristigs the dip, the nanorod mainly exhibits a
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quadrupolar charge distribution. At the higher-gyempeak, both dipole-dominated and
guadrupole-dominated charge contours are obtaidedending on the phase angle of the
excitation light wave (Figure 5.4e). The two narystals in the heterodimer, no matter what type
of hybridization behaviors they present, alwayspkdig an attractive manner. Therefore the
heterodimer exhibits a bonding dipetBpole pattern at the lower-energy peak, a bonding
dipole-quadrupole one at the dip, and a mixture of thethehigher-energy peak. Since the Au
nanosphere in the heterodimer is much smaller thannanorod, it exhibits only a dipolar
plasmon mode. Due to the closeness in the plasmergg levels of the monomers, the dipolar
plasmon mode (2.28 eV) of the nanosphere can hybrldrgely with both the dipolar (1.88 eV)
and quadrupolar (2.39 eV) plasmon modes of the noaihndorming the bonding dipotelipole

(~1.75 eV) and dipoteguadrupole (~1.93 eV) hybridized modes, as showkigare 5.4f.

When the nanosphere is moved away from the nanenadand the displacemehtis
reduced, the nanosphere and nanorod both mainkeim dipolar charge patterns at the
lower-energy peak, which blue-shifts gradually (Fg 5.4a). The nanosphere rotates its
plasmonic dipole as it is moved from the end to ¢batral side of the nanorod. At the exact
central side, the dipoles of the nanosphere androdrare oriented oppositely. Throughout the
positional changes of the nanosphere on the nantinediwo dipoles are always in attractive
bonding configurations (Figure 5.4b and c), andehergy of the bonding dipotdipole mode
increases slightly ab is decreased. The rotating plasmonic dipole phemaom is consistent
with the hot spots observed in the electric fieltehsity enhancement contours (Figure 5.5). No
matter where the nanosphere is placed on the ndndhe gap region between the two
nanocrystals always exhibits a large electric fietthancement at the lower-energy scattering
peak, forming a so-called "hot spot" (Figure 5B)is result is different from the reduction in
the electric field in the gap region exhibited by Aanorod dimers.[12,14] At the dip, the

heterodimers always exhibit a bonding dipgjeadrupole mode. The slight red shift of the dip
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on the scattering spectra with decreasingFigure 5.4a) suggests the strengthening of the

attractive interaction between the dipole of theasphere and the quadrupole of the nanorod.
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Figure 5.5 Electric field intensity enhancement contours oiad from the FDTD calculations
for the nanorod monomer and nancfodnosphere heterodimers with the nanosphere pktced
different positions. The excitation light was patad along the nanorod length axis. The contour
for the nanorod monomer was calculated at its todgaal plasmon wavelength. The contours
for the heterodimers were calculated at their retbpe lower-energy scattering peak
wavelengths. The enhancement is drawn at the bgaid scale.

The pronounced dips observed in both the measurédsianulated scattering spectra are
attributed to the Fano interference between theersagiant bonding dipotelipole and the
subradiant bonding dipotguadrupole plasmon modes. The charge contours garé-i5.4b
indicate that the quadrupolar mode of the nanoardle excited through near-field interaction
in the presence of the nanosphere. It can thusdigermwith the dipolar mode of the nanosphere.
Because the energies of the bonding dipdilgole and dipolequadrupole modes are close to
each other and the former mode has a broad linthwtide two modes interfere destructively at
their common frequency. The destructive interfeeepcoduces a Fano resonance, which is

reflected by the dips on the scattering spectra.

The Fano profiles of the calculated scattering spe®of the nanorothanosphere
heterodimers can be well reproduced by the cldsswa-oscillator model that has been
introduced in Chapter 2. The bonding dipalgole and dipolequadrupole plasmon modes are
modeled as two interacting one-dimensional meclamiscillators of energieay and a» with

an interacting strength o#, (Figure 5.6a). The oscillator with an energyw@f corresponding to
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the superradiant mode, is driven by a periodic loaimforceF(t) = Foe'®. The equations of
motion of the two oscillators are described by

X, + X%+ X —V,%, = Fe (5.1)

X, + Y, X, + WEX, =V, % =0 (5.2)
where X specifies the displacement from the equilibriunsipon of the oscillator, ands
represents the friction coefficient accounting foe energy dissipation of the oscillator. The
equations can be solved in the foxme c;e’®. The scattering power of the system is expressed
by P(a) = |1 + %5/%. The scattering spectra calculated from the twoHasor model fit the FDTD
simulation results very well (Figure 5.6b,c). Figu.6a shows the variations @f, a», and vi»
as a function oh. The variation trends afy anda agree well with the FDTD simulation results.
As the nanosphere is moved away from the rod emal,dipole-dipole bonding energyu
increases and the dipelguadrupole bonding energy decreases. | also find that and w
change rapidly after the nanosphere enters inteyhedrical body region of the nanorod £
18.5 nm). In addition, the interaction strengthwesn the two bonding plasmon modes
generally becomes weaker with decreadinghe reduction in thes, can be attributed to the
decrease in the oscillator strengths of the twadbapmodes. The Fano dip disappears when the
nanosphere arrives at the exact central side ohanerod, wheré equals 0. Despite nearly the
same energy of the two bonding plasmon modes atpibsition, the quadrupolar mode of the
nanorod can hardly be excited, owing to the in@eashe symmetry of the system. As a result,
the oscillator strength of the bonding dipadgole mode is much larger than that of the

dipole-quadrupole mode, and the interaction strengtlbecomes very small.
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Figure 5.6 Coupled harmonic oscillator model for the plasmomesponse of the Au
nanorodnanosphere heterodimer. (a) Schematic showing tidenOscillator 1 is driven by a
periodic harmonic force. The eigenenergies of the bscillators,«y and «» (red and blue,
respectively, left axis), and their coupling strémgx, (black, right axis), are plotted against the
displacement of the nanosphere. (b,c) FDTD-simdl&tattering spectra (black solid curves)
that have been shown in Figure 5.4a for the Au rahmanosphere heterodimers and the
fittings (red dashed curves) based on the two-hartnascillator model.

5.3 Potential for Improved Plasmon Rulers

The evolving mechanism of the scattering spectrgna dunction of the position of the
nanosphere on the nanorod has been understood.dboggt studied the effects of the gap
distance and the nanocrystal dimensions on thenplag response of the nanorod perturbed by
the nanosphere by placing the nanosphere at thefahe nanorod. Figure 5.7a shows how the
scattering spectrum of the nanorodnosphere heterodimer changes as the gap distlaisce
varied. At a very smalll value of 0.5 nm, the heterodimer displays a distirano profile on its
scattering spectrum. Agis increased, the higher-energy scattering pe&k\geaker while the
lower-energy peak becomes stronger, indicatinggtiaglual weakening of the destructive Fano
interference between the bonding dipalgole and dipolequadrupole plasmon modes. The
double-peak spectral feature vanishes wihénlarger than 1.5 nm. The gap distance-dependent
result indicates that the perturbation caused byndmosphere is remarkably sensitive to the gap
distance. | then fixed the gap distance at 1 nm emahged the nanorod length The
lower-energy peak increases in intensity and etshdigradual red shift with increasibgwhile
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the higher-energy peak decreases slightly in inemasd red-shifts slightly (Figure 5.7b). The
red shift of the bonding dipotelipole mode is mainly caused by the red shift efldngitudinal
dipolar mode of the nanorod as its aspect ratilneseased. The intensity increase of the
lower-energy peak results from the increase irptiiarizability of the nanorod dsgets larger. |
further fixed the gap distanadk at 1 nm and the nanorod lendthat 79 nm and varied the
nanosphere diamet&. The gradual enlargement of the nanosphere leattsetred shift of its
dipolar plasmon mode and consequently the red shitie bonding dipotedipole mode of the
heterodimer, but the higher-energy scattering peakelength remains nearly unchanged
(Figure 5.7c). Both the lower- and higher-energatiseing peaks increase slightly in intensity
with D due to the increase in the polarizability of trenosphere. Moreover, | examined the
effect of the gap distance on the scattering speatrthe heterodimers with the nanosphere
placed at different vertical displacements. Therktdisplacemerg of the nanosphere, defined
by the distance from the nanosphere center todherod length axis, was increased gradually to
enlarge the gap distandeAs an example, Figure 5.7d shows how the scattespectrum of the
heterodimer changes ass varied while the vertical displacemédnis fixed at 35.5 nm. Similar

to the case shown in Figure 5.7a, the heterodimér displays a distinct Fano profile on its
scattering spectrum at small gap distancess Asincreased, the lower-energy scattering peak
blue-shifts gradually. The double-peak spectraluieavanishes whesreaches 30.5 nm, which
corresponds to a gap distancedof 1.9 nm. The spatial perturbation of the nanosploa the
plasmonic response of the nanorod is thereaftatdda be extraordinarily sensitive to the gap
distance and affected by the nanorod dimensida.léss sensitive to the size of the nanosphere.
These results further explain the origins of thiéedences between our measured and calculated
scattering spectra. In the experiments, the plagrfeatures reflected on the scattering spectra

are affected by the fluctuations in the gap distaaned the nanocrystal sizes.
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Figure 5.7 Calculated scattering spectra of the Au nanenathosphere heterodimers. (a) The
nanosphere is at the end of the nanorod. The gapnded is varied. (b) The nanosphere is at
the end of the nanorod with a gap distance of 1 fine nanorod length is varied. (c) The
nanosphere is at the end of the nanorod with adgagnce of 1 nm. The nanosphere diamBter
is varied. (d) The vertical displaceménis fixed at 35.5 nm. The lateral displacemei#t varied.
The excitation light is longitudinally polarized.h& insets show the schematics of the
heterodimers.

Finally | extracted the scattering peak wavelengihsd intensities from the calculated
scattering spectra and plotted them versus theigosiof the perturbing nanosphere in Figure
5.8. As described above, when the gap distahg¢e fixed at 1 nm, the wavelength of the
lower-energy scattering peak becomes shorter atdfrthe higher-energy one gets longer with
decreasing vertical displacemént(Figure 5.8a). The intensity of the lower-energalp first
decreases as the nanosphere is moved away froemdhef the nanorod and then increases after
the nanosphere enters into the cylindrical bodyiore@f the nanorod. The intensity of the
higher-energy peak, in contrast, exhibits a monotarcrease. | also integrated the scattering
intensity, which is an easy-to-measure quantitymfi500 to 800 nm and plotted it as a function
of the vertical displacemehtof the nanosphere in Figure 5.8b. The integrateehsity exhibits
first a decrease and then an increase as the reresis moved away from the end of the
nanorod. The turning point also occurs when theospinere enters into the cylindrical body of

the nanorod. On the other hand, wieis fixed at 35.5 nm, the wavelength of the loweergy
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scattering peak becomes shorter and thereaftegrdogshe longitudinal plasmon wavelength of
the nanorod as the lateral displacensistincreased (Figure 5.8c). The integrated intgrisst
rises rapidly and then falls down slowlysis increased from 29.5 to 38.5 nm (Figure 5.8t T
rapid intensity increase results from the fast veeakg of the destructive Fano interference
between the two bonding plasmon modes as the gatpnde is increased. The subsequent
decrease of the intensity originates from the rednof the plasmon coupling strength between
the two nanocrystals. The wavelength of the lowesrgy scattering peak and the integrated
scattering intensity of the heterodimer are furtpéstted as functions of both the vertical
displacemenh and the lateral displacemen{Figure 5.8eg). The continuous blue shift of the
peak wavelength indicates the weakening of thenpd&iscoupling as the nanosphere is moved
away from the nanorod. The scattering intensityegalty exhibits a rapid decrease when the
nanosphere gets very close to the nanorod. Thgmndences allow for the determination of the
spatial position of the perturbing nanosphere isddb the nanorod by monitoring the scattering
peak wavelength and the total scattering intendibe Au nanorodghanosphere heterodimers
therefore offer a potential means for measuringonagatric distance changes that are involved in

biological and nanoelectromechanical systems.
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Figure 5.8 Dependence of the plasmon peak wavelength anthtbgrated scattering intensity
on the nanosphere spatial coordinates in the AuomsdAnanosphere heterodimers. (a)
Wavelengths of the two scattering peaks as a fomaif the vertical displacemehtwhen the
gap distancal between the nanorod and nanosphere is fixed ab.1The data were extracted
from the calculated scattering spectra shown iufeigh.4a. The red and blue colors denote the
data points for the lower- and higher-energy peakspectively. (b) Integrated scattering
intensity of the heterodimer versus when d is fixed at 1 nm. (c) Wavelength of the
lower-energy scattering peak as a function of #teral displacemerg whenh is fixed at 35.5
nm. The data were extracted from the calculatettesgag spectra shown in Figure 5.7d. (d)
Integrated scattering intensity of the heterodinensuss whenh is fixed at 35.5 nm. The gray
bars in (ad) represent the corresponding values of a singlen@norod. (e) Schematic of the
coordinate system. (f) Wavelength of the lower-ggescattering peak as a function of béth
ands. (g) Integrated scattering intensity as a funcbbbothh ands. The gray elliptical shadows
in (f) and (g) indicate the positions of the namxoThe excitation light is longitudinally
polarized.

As | have shown, the optical response of the hdierer system varies with both the
vertical and lateral displacements of the nanospHarparticular, it is extremely sensitive to the

movement of the nanosphere when the gap distataede the two nanocrystals is less than ~2
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nm. | therefore expect that the nanotpdnosphere system will offer a useful means for
measuring the transformations of macromoleculesaft-matter systems. Molecules can be
conjugated to small Au nanospheres. Molecular foamsations can then be detected in real time
by monitoring the plasmon coupling between the spheres and Au nanorods deposited or
lithographically fabricated on substrates. A looldgiabase will be needed for determining the
positions of the nanospheres relative to the naisoraccurately. As a result, the distinct
plasmonic manifestations on Au nanorods induced thg spatial perturbations of Au
nanospheres enable the use of dark-field scattespectroscopy to identify the spatial
movements of a metal nanocrystal at nanometricigioec The Au nanorothanosphere

heterodimers can therefore be utilized as a patigoitismon ruler of two spatial coordinates.

5.4 Summary

In summary, | have shown in this chapter that thetial perturbation of a Au nanosphere
attached to a Au nanorod induces distinct varigtiam the scattering spectrum of the
heterodimer. The plasmon resonance of the Au nanstrongly modulated by that of the
small nanosphere. As the nanosphere is moved arnbendanorod, the rotational symmetry of
the Au nanorodnanosphere heterodimer is broken, causing the eduplasmon modes and
their Fano interference to vary. The dipole of tlamosphere rotates around that of the nanorod
and maintains favorable attractive configuratiomsthe bonding dipotedipole mode. The gap
region between the two nanocrystals therefore aweaghibits an electric field "hot spot”. In
addition, the plasmonic responses of the heteradimwe found to be highly sensitive to the gap
distance and affected by the sizes of the consstifuhonomers. The breaking of the rotational
symmetry provides an additional freedom for cotitigl the plasmonic properties of metal
nanocrystal heterodimers. The optical respons&@fheterodimer system strongly depends on
the position of the nanosphere. Therefore the Anora@tnanosphere can be potentially

employed as a plasmon ruler to monitor the moletalesformations in biological systems.
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Chapter 6

Graphene-Mediated Plasmon Coupling

Plasmon coupling between neighboring noble metabstauctures can compress light into
nanoscale regions, where the electromagnetic figkehsity is enhanced by several orders of
magnitude.[1] The greatly enhanced electromagndigtd intensity near the coupled
nanostructures will permit strong ligimhatter interaction. In addition, the plasmon couplis
sensitively dependent on the interparticle spacihg,plasmon energy of each component, the
nanocrystal shape, the spatial arrangement, anduttieunding dielectric environment.[1,2] In
Chapters 4 and 5, | have systematically investdyite plasmon coupling in Au nanorod-based
dimer structures. In these studies, | have fourad #ight perturbation in coupled plasmonic
structures can give rise to rich changes on lighttering and absorption spectra.[2] As a result,
coupled plasmonic structures can act as favorabielidates for ideal light absorbers with
tunable absorption windows,[3] biosensing composigfit and electromagnetically-induced
transparency materials.[5] The high-sensitivitytdiea brought by plasmon coupling enables the
use of slight external driving forces to controtiogl responses of artificial metal nanostructures.
To actively modulate the plasmonic spectral feawfecoupled metal nanostructures can further
facilitate the manipulation of light at the nandscand are strongly desired for future novel
optoelectronic applications.[6]

Graphene is a promising two-dimensional materiah\ailinear band structure with carries
behaving like massless Dirac fermions, which theeefgives rise to many unique physical
phenomena, ranging from anomalous quantum Haltifeiversal optical absorption, chiral

Klein tunneling to fascinating plasmon excitatigi.Jn addition to its impressive exotic band
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structure, its optical interband transitions arersgly carrier-density-dependent.[8,9] Benefiting
from its electrical and chemical adjustability, pinene has been widely studied for optical and
photonic functions, such as optical modulation, tptetection, and tuning of surface plasmon
polaritons.[16-12] Moreover, the gate electric potentials or exdérdoping can be applied to
graphene to adjust the Fermi energy of graphera aama result to introduce the tuning of the
interband transitions in graphene.[9,13] It is #&ter possible to tune the dielectric properties o
graphene, enabling the use of graphene to modilateptical response of photonic and noble
metal-based plasmonic structures§14] However, the one-atomic-layer thickness of geaqe
makes lightgraphene interaction very weak, which results dgistinctive light modulation and
therefore the requirement of sophisticated devieecgires to increase the interaction:$28] It

is still quite difficult to experimentally achiexedeep modulation of the plasmonic responses of
metal nanostructures by graphene. Moreover, cuyrezdlized optical modulations by graphene
are limited at the mid-infrared region. The gatc#ic potentials that can currently be applied to
graphene even through state-of-the-art tkgtielectrics are still insufficient for inducing
interband transitions at high energies.[13] Thigitlion the gate potentials has so far prevented
graphene from being active in the visible-to-nedrared (NIR) range, yet to push the optical
response of graphene to this spectral range, thalgiienging, can further yield myriad

applications, such as in molecular sensing, eneagyesting, and communications.

The key point for pushing graphene to be activhevisible-to-NIR region is to increase
light-graphene interaction. The electromagnetic hot spotshe coupled plasmonic metal
structures, where the electric field intensity denenhanced by up to 2l@mes,[1,2,22] can
provide a strategy for strengthening lighgtaphene interaction at the visible-to-NIR region.
Additionally, since the plasmonic coupling betweeoble metals is quite sensitive to
environmental perturbations, graphene interactiith woupled plasmonic structures is expected
to be able to remarkably modulate plasmonic spefdedures, because the dielectric properties

of graphene can be varied by external stimuli.[14]
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In this chapter, | will describe the use of couplpthsmonic structures to focus
visible-to-NIR light for strengthening lighggraphene interaction and therefore realize
graphene-mediated plasmon coupling. In Section &He scattering responses of
graphene-covered Au nanorod dimers are examinedapggarent change has been observed in
the scattering spectra of the dimers when diffegaté voltages are applied onto the graphene
sheet. The poor tunability might come from the weaatleraction between graphene and the
coupled metal structures, since the graphene shaetot be exactly placed into the
nanorodnanorod gap region where the electromagnetic feelgreatly enhanced. We therefore
propose an improved structure design in Section Mahoantennas composed of colloidal Au
nanospheres and a supporting Au film with sandwdchephene are constructed by loading
graphene into the spheiffidm gap area. The graphene-loaded nanoantennaoespp series of
cavity resonance-like responses at visible-to-NIRavelengths. We show that our
graphenenanoantenna platform offers a great opportunityciosumventing the problems met
in previous lightgraphene interaction investigations. Graphene ifilishe nanocavity formed
between the Au nanosphere and film, where the rel@etgnetic field is greatly concentrated.
The large field enhancement allows visible-to-NIght with frequencies far away from the
interband optical transitions of graphene to beesgad in the nanocavity. As a result, the
interaction between visible-to-NIR light and ultriat, nearly transparent graphene is remarkably
reinforced. Moreover, apart from the interband draon variations at infrared frequencies,
electrical gating or chemical doping of graphene algo cause large changes in the real gajt (
of its dielectric function in the visible-to-NIR g@n, which arises from the intraband transition
variations. This optical response change causdtidyunable screening effect (tunalslg) can
further be amplified by the plasmonic nanoanterxsa result, the reinforced ligkdraphene
interaction together with the tunable screeningcatfbf graphene enables the modulation of the
plasmonic response of the graphene-loaded nangent&nvisible-to-NIR frequencies.[13] A

brief summary will be given in Section 6.3. The tonis in this chapter have not been published.
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6.1 Graphene-Covered Gold Nanorod Dimers

The Au nanorods stabilized with cetyltrimethylamnuon bromide (CTAB) were first
synthesized following the growth method introducedChapter 3.[22] The TEM image of the
nanorod sample are shown in Figure 6.1a. The ageat@gneter, length, and aspect ratio of the
Au nanorods are (32 3) nm, (63 5) nm, and 2.& 0.2, respectively. The Au nanorods were
then dispersed in a mixture of,® and CHCN, and assembled by a linking molecule,
1,8-octanedithiol, to form Au nanorod dimers (Fgub.1b-f). The two Au nanorods are
connected in an end-to-end manner, and the spdmhgeen them was estimated from the
high-resolution TEM images (Figure 6.1e) to be Al hhave employed the same structure to
study the dependence of the plasmon coupling betwee Au nanorods on their interparticle
angles during my MPhil study. Readers can refeteechy MPhil thesis and some published
works for more details about the preparation ofAlienanorod dimers.[224] The formed Au
nanorod dimers in solutions were then depositedrbp-casting onto a HfZ5i substrate. The
HfO,/Si substrate was composed of a highly p-dopedaé¢mand a 16-nm HfCOcoating layer,

which was prepared by atomic layer deposition.
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Figure 6.1 Au nanorod dimers. (a) TEM image of the Au nansrqd-d) TEM images of three
nanorod dimers. The angles between the two nan@@428, 97°, and 58, respectively. (e)

High-resolution TEM image of the area indicatedwatdashed box in (d), showing the presence
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of a gap between the two nanorods. (f) Extinctipecsra of the Au nanorod solution recorded as
a function of time after the addition of the dithinolecules. The particle concentration of the
nanorods in the solution was ~0.02 nM, and theid@ittoncentration was UM. The interval
between two consecutive spectra was 4 min.[22]

Large-area monolayer graphene was provided by allaborators from both The Chinese
University of Hong Kong and Peking University. Tim@nolayer graphene was grown on copper
by chemical vapor deposition (CVD) method. The higfality of the obtained graphene sheets
was verified by micro-Raman spectroscopy and fedfdet transport measurements. A typical
Raman spectrum of a graphene sheet is shown ind=§@a. The joint occurrence of a large
intensity ratio](G")/1(G), and a weak D peak indicates a low doping lewel high quality of the
graphene sheets. The transport curve of a typielal-éffect transistor made of a graphene sheet
with a channel width of 2Qm and length of fm is shown in Figure 6.2b. The details about the
field-effect transport measurements can be found ialated Ph. D thesis.[25] We employed a
phenomenological model to extract the mobility frdre experimental data.[26] The total carrier
densityn in the channel was determined by both the gatelowy and graphene chemical
potential, which can be described by the gate d¢twpee and the quantum capacitance,

respectively. The expression is

e nh
nE +i\/ﬁ = ’Vg ~Voirac

(6.1)

whereC is the gate capacitancg, is the Fermi velocity, is the gate voltage, antirc is the
voltage of Dirac point. Then the total resistaRegis described by
L 1
Rtot = R:ontact+_— (62)
w eu [(nD)Z +n?
In equation (6.2)R.ontactiS the contact resistand®, L, x andn* stand for the channel width and
length, carrier mobility, and the residue carrieneentration induced by impurities. Fitting our

data to this model, we obtained the mobilitiegpf 3715 cn¥/(VIS) andue = 2783 cri/(VS).
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Figure 6.2 Characterization of the CVD-grown monolayer graghsheets. (a) Raman spectrum.
(b) Field-effect transport curve. The inset is taiation of the resistance as a function of the
gate voltage. The red and blue curves are théofitsoles and electrons, respectively.

The large-area graphene sheet was subsequenttyeinad onto the HfQSi substrate with
Au nanorod dimers, following a reported method.[ZRe Au nanorod dimers on the HfSi
substrate were then covered by monolayer grapHéagaré 6.3b,c). The graphene sheet on the
large dielectric-constant HfQayer therefore can be electrically gated, witlo thu contacts
serving as the source and drain (can be both gem)nahd the silicon wafer as the backgate,
following a reported technique (Figure 6.3a).[20,2% then recorded the scattering spectra of
individual Au nanorod dimers using the pattern rhatg method introduced in Chapter 3. The
scattering spectra of one Au nanorod dimer at ngrgate voltages are shown in Figure 6.3d.
For comparison, the same dimer without graphengngpavas also given. Two scattering peaks
are observed, with the lower-energy one (centetee/@0 nm) corresponding to the attractive
bonding plasmon mode and the higher-energy onddashat ~570 nm) corresponding to the
repulsive antibonding plasmon mode, respective?yd2] The bonding and antibonding plasmon

modes are excited under the light polarized pengefad and along the bisector of the angle
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formed by the two nanorods, respectively. After ghephene sheet coating is added, no apparent
spectral changes have been found, indicating teatnteraction between graphene and the Au

nanorod dimers is not strong enough. When diffegaté voltages are applied to the graphene

sheet, we haven't observed any significant speetralution. This observation is consistent with

the experimental results of recently reported wpiks
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Figure 6.3 Effect of graphene on the plasmon resonances afakwrod dimers. (a) Illustration

of a typical device with graphene placed on top &iu nanorod dimers. Grounded Au electrodes
(only one is shown) are placed on graphene, seasniipe source and drain. The Si substrate is
employed as the gate while the 16-nm Kf@yer acts as the highdielectric. Different gate
voltages are applied and the scattering of the Amorod dimergraphene hybrid system is
collected. (b,c) SEM images of two representatiseanod dimers coated with graphene. (d)
Dark-field scattering spectra of the Au nanorod eltrgraphene hybrid system when different
gate voltages are applied. No apparent changeshegreobserved.

The little change of the plasmonic response of grephene-coated Au nanorod dimers
results from insufficient coupling between graphemgtical transitions and the plasmon
resonances of Au nanorod dimers. The gate voltagapplied in our experiments can only shift
the Fermi level of graphene by less than 0.5 e\é pbrmitted graphene optical transition
energies are therefore less than 1 eV. These I@nggroptical transitions are far away from the
plasmon resonances of the Au nanorod dimers inigilgle-to-NIR region. More importantly, as

Figure 6.4 shows, the enhancements of the electwoetia fields surrounding the Au nanorod
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dimers (~16 times) are not large enough to allow for a strtiglst—graphene interaction. A huge
electromagnetic field enhancement (up td tiles) can be supported in the gap (Figure 614), b

it is quite difficult to place graphene exactlyanthe small gap region (less than 1 nm) in our
experiments. We then therefore cannot observe tnaisspectral tuning with graphene. To
achieve the modulation of plasmon resonances byhgre at the high-energy visible-to-NIR
frequencies, improved structure designs are reguoelace graphene into the electromagnetic
hot spots to significantly increase liglatraphene interaction. We then thereafter proposed a
sandwiched structure to place graphene into théyckormed between a Au nanosphere and a

Au film, which will be discussed in the followingstion.
/ \ ),i" "E“
l- -‘l o
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2

Figure 6.4 Electric field intensity enhancement contours wigd from FDTD calculations for a
Au nanorod dimer with an interparticle angle of .J22,23] The contours were calculated at the
wavelengths of the plasmon peaks excited byxtpelarized (a) and thg-polarized light (b),
respectively. The enhancement is drawn at the ilingaic scale.

6.2 Film-Coupled Nanoantennas with Graphene Loading

To increase lightgraphene interaction, we then proposed a struttyiieserting graphene
into a sub-nm cavity formed by a Au nanosphereard film. Our film-coupled colloidal Au
nanoantennas (Figure 6.5a) were constructed bysdammpchemically grown Au nanospheres on
thermally evaporated, flat Au films that were poesered with graphene. Compared with
lithographically fabricated Au nanostructures, tbelloidal Au nanospheres possess high
crystallinity with reduced plasmon damping and éfere show outstanding plasmonic
performances. The Au films were pre-evaporated 100 thermally evaporated at a speed of
0.4 nnihin™) on Si substrates and cut into pieces at ~1 b0 pm. The obtained Au films
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were then carefully transferred onto a Kf®) substrate with a micromanipulator under an
optical microscope.[25] Large-area CVD-grown grapghwvas subsequently transferred onto the
Au film pieces supported by the HiSi substrate, following the method introduced atttn
6.1.[27] The geometrical configuration of the fiznupled nanoantennas allows graphene to be
placed at a nanometer electromagnetic hot spotfildeemployed the CVD-grown monolayer
graphene, whose transport performance was exammetbusly (Section 6.1). It was carefully
transferred to minimize folding (Figure 6.5b,c).eTtmickness of the transferred graphene sheets
was measured with atomic force microscopy (AFMbpéol+ 0.25 nm. Under SEM imaging, the
edges of the transferred Au films are clearly obslele, and those of the transferred graphene
sheets are seen to be suspended from the Au filHiQQ'Si surface (Figure 6.5c). When excited
with white light, the nanoantennas loaded with geage exhibit significantly different scattering
spectra from the unloaded ones (Figure 6.5d,e}hdénspectral range of our optical detector
(~450-850 nm), a new strong scattering peak is observemund 800 nm for the
graphene-loaded nanoantennas. The resonance teateae 625 and 700 nm also change to
~545 and ~605 nm after the nanoantennas are loadbdgraphene. It is remarkable that a
monolayer graphene sheet can cause such a larggiorann the scattering spectrum of the

film-coupled Au nanosphere antenna in the visibkNtR range.
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Figure 6.5 Graphene-loaded plasmonic nanoantennas workinigeirvisible-to-NIR region. (a)
Schematic of a graphene-loaded plasmonic nanoaatdiop: a perspective view. Bottom: a side
view. (b,c) SEM images of the graphene-loaded,-tibupled colloidal Au nanosphere antennas
at low and high magnification, respectively. Thevdmagnification image in (b) shows ripples
on a transferred, CVD-grown monolayer graphenetshédere the entire imaged area contains
graphene on a Au film that is supported on 8D The high-magnification image in (c) shows
the edge of a graphene sheet (indicated with teeeathline) and the edge of a Au film (indicated
with the solid line) on HfQYSi. The average diameter of the Au nanospher&85s 9 nm. In
aqueous solutions, the nanosphere sample has #ardiplasmon peak at 694 nm and a
quadrupolar one at 545 nm (see Chapter 3 for thetgrmethod of these nanospheres). The Au
film has a thickness of 100 nm and a root-meantsgguaoughness of 0.44 nm. (d,e)
Experimentally measured scattering spectra of ra-éibupled Au nanosphere antenna in the
absence and presence of graphene, respectively.

The strong plasmon coupling between the individualnanospheres and Au film plays a
vital role in giving rise to the dramatic scattegyispectral changes. Our control experiments show
that the scattering spectra of the Au nanospheegogited on HfQJSi in the absence of
graphene are similar to those with graphene (Figué@. Slight blue shifts (~30 nm) in the
lowest-energy scattering peak are observed aftgghgine loading. The blue shifts are attributed
to the weakened plasmon coupling between the Awspreres and substrate, which arises in

turn from the raise of the Au nanospheres fromsihiestrate by graphene.[28] In addition, in a
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recent study, the raise of 60-nm Au nanospheres &d\u film with a molecular layer has been

reported to result in ~80-nm blue shifts in theot#p plasmon resonance peak of the coupled
system as the thickness of the dielectric molecialger is increased from 0.5 to 2 nm.[29] In

contrast, in our study, under the intense plasnoapling between the Au nanospheres and the
Au film, the unique dielectric response of graphéself plays a much more important role than

the heightening effect. It causes the excitatiothefplasmon resonance around 800 nm for the
Au film-coupled Au nanosphere antennas. This plasmesonance in the presence of loaded
graphene is red-shifted in comparison to the lowestrgy plasmon mode in the absence of
graphene. On the other hand, the scattering pdaserwed at higher energies irrespective of the
presence or absence of graphene can be ascribieel égcitation of higher-order plasmon modes
owing to the retardation effect of the large, ~180-Au nanospheres as well as symmetry

breaking brought by the Au film.[30]

~ ~|P ¢ 650
S S /E\ W without graphene
8 U c 600 :
o o ~ W with graphene
£ £ £ 550
fy [ [@)]
2 2 S
g without graphene g with graphene g 5001
2 450
500 600 700 800 500 600 700 800 400
Wavelength (nm) Wavelength (nm) peak 1 peak 2 peak 3

Figure 6.6 Scattering spectra of the Au nanosphere antenepssded on HfQSi in the
absence of the Au film. (a) Scattering spectruna &u nanosphere in the absence of graphene.
(b) Scattering spectrum of a Au nanosphere in thegnce of graphene. The scattering spectral
shape of the nanoantennas remains nearly unchanged graphene is loaded in the gap
between the Au nanosphere and the substrate. (eeMregths of the three scattering peaks for
the nanoantennas without and with graphene. Ther bar heights represent double standard
deviations. The two higher-energy peaks, peaksdl Zanexhibit slight shifts. Peak 3, which
corresponds to a dipolar plasmon resonance, shdarger blue shift. The ~30-nm blue shift is
attributed to the raise of the Au nanosphere bpluygae.

To reveal clearly the plasmon modes in the Au filoupled, graphene-loaded Au

nanosphere antennas, we measured the polarizamendent scattering spectra on the
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individual nanoantennas and compared them withetmesorded on the nanoantennas without
graphene (Figure 6.7d). The light polarized parallel to the substradepélarized light) can
excite three plasmon resonance modes for the Aaspdieres deposited directly on the Au film
without graphene at around 528 nm, 587 nm, and rG&7 respectively (Figure 6.7c). The
plasmon resonance wavelengths vary slightly ambaglifferent Au nanospheres owing to the
fluctuations in the nanosphere size and gap distahiter graphene is loaded, the overall shape
of the scattering spectrum is changed. There aethfee plasmon resonance modes. They are
centered at 539 nm, 629 nm, 820 nm, respectivabu(€ 6.7d). In contrast to the slight blue
shift of the lowest-energy plasmon mode caused Hey lbading of graphene for the Au
nanospheres deposited on & without a Au film, the strong plasmon couplibgtween the

Au nanospheres and Au film enables graphene toaicitevith the largely plasmon-enhanced
local electric field, leading to a distinct red fshin the lowest-energy plasmon mode. The small
blue shift caused by the heightening effect of beaqe is readily overcome by the large red shift
induced by the strong interaction between the pitesenfield and graphene. We therefore
hypothesize that the loaded graphene sheet proaideseening effect to the coupled plasmonic
cavity. In analogy with resonant circuits, where thcrease in the capacitance of a system will
reduce the resonance frequency, the loading ofhgrap increases the effective 'capacitance’ of
the film-coupled nanoantenna. As a result, the nasce frequency of the nanoantenna is

decreased, which results in the observed redathilfte plasmon resonance mode.
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Figure 6.7 Plasmon modes of the film-coupled Au nanospherensas. (a,b) Schematics
showing a Au nanosphere on a Au film under s-ppéatiexcitation in the absence and presence
of graphene, respectively. (c,d) Measured scatjespectra of the film-coupled Au nanosphere
antennas without and with graphene, respectivelf). EDTD calculated scattering spectra of the
film-coupled Au nanosphere antennas without andh \gitaphene, respectively. (g) Calculated
charge distributions and electric field intensitgntour (bottom left) for the plasmon modes
labeled as i, ii, and iii in (c,e). (h) Calculatedarge distributions and electric field intensity
contour (bottom left) for the plasmon modes labelsd, II, and Il in (d,f). The field intensity
contours are at the logarithmic scale.
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To confirm the role played by loaded graphene, eggomed FDTD calculations to unveil
the different plasmon modes excited for the filmyoled Au nanosphere antenna without and
with graphene loading, respectively. For simplicayperfect Au sphere of 160 nm in diameter
was considered, and the gap distance between theAasphere and the Au film substrate was
assumed to be 1 nm owing to the remaining orgdalulzing molecules on the Au nanosphere.
The gap was filled with either air (refractive ixde 1) or graphene to simulate the situations
without and with graphene. Graphene was modeled siget with a thickness of 1 nm in order
to reduce the computational load. The dielectriccfion of gold was represented with the fitting

from Johnson & Christy data. Graphene was treasedmaisotropic dielectric material and its
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dielectric function was obtained by calculatingri$ative permittivityss as a function of optical

frequencywas follows:

£s(w) = % (6.3)

where & andd are the vacuum permittivity and the graphene tiesk (0.33 nm), respectively.
o(@) is the conductivity of graphene, which can beregped as:

_ 26w, i w |, €[,(w), . 2w~ H(w/2)-H(w/2)
ot Th x“’*‘flIOQ{ZCOS{MJ}M[H(Z}' 7T Yo « — dat| (64)

H(w) = sint(w/a)r)/[cost(a)/a)r)+ cosHer /a)r)] (6.5)
where w. =k;T/h, 1 is the carrier scattering time. The Fermi freqyens defined as
w- =E; /h, whereEr is the Fermi energy. The influence of the gatdagsVy on the Fermi

energy level can be expressed by [15]

E-=hv, /{nO +%J (6.6)

where - is the Fermi velocity for graphenes(= 1¢ mis), ny is the intrinsic carrier
concentrationC is the effective capacitance per unit area ofdieéectric spacer (HfQ), andqge

is the electronic charge. Here, any intrinsic esrconcentrations can be neglected.

The occurrence of the three plasmon resonance aakshe trend of the plasmon shifts
caused by the loading of graphene are well repredidzy the computed scattering spectra
(Figure 6.7e and f). In the absence of graphergethfee plasmon resonances obtained from the
simulations are located at 535 nm, 580 nm, and 6%/ respectively. Analysis of the charge
distributions reveals that the Au nanosphere etdhimtupolar, quadrupolar, and dipolar plasmon
resonances (Figure 6.7g) at the three peak wawublengespectively. After the loading of
graphene, the calculated three plasmon resonarmfstes 546 nm, 637 nm, and 741 nm,
respectively. According to the charge distributi¢igyure 6.7h), these three plasmon resonances

on the Au nanosphere are also octupolar, quadmyp@lad dipolar, respectively. The
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discrepancies in the peak intensities and positlogisveen the experiments and simulations
might result from a number of factors, including thfficulty in obtaining the accurate values of
the gap distance between the Au nanosphere andd#éwiation of the Au nanocrystal from a
perfectly spherical shape, remaining surfactantecwdes on the Au nanosphere surface,
dissimilar excitation and collection geometrieswesn the simulations and measurements,
imperfect fitting of the dielectric values of grapte by the FDTD software, and possible
quantum effect due to the small gap distance. Deespe discrepancies between the measured
and calculated scattering spectra under s-polarzitation, the FDTD simulations confirm
that the spectral modulation is induced by the gares of graphene in the gap. The observed
~100-nm red shift (133 nm in the experiments, 64imtihe simulations) of the dipolar plasmon
mode indicates a strong interaction between vidiliHIR light and the graphene sheet in the
coupled plasmonic nanocavity. The quadrupolar acwipmlar plasmon resonances are less
sensitive to the loading of graphene. They exhiit shifts of 42/57 nm and 11/11 nm in the
experiments/simulations, respectively. The simatati also reveal that the electromagnetic
energy is extremely concentrated in the nanocagiigure 6.7g and h), enabling strong
light—-graphene interaction. Careful examination of thecteic field intensity enhancement
contours discloses that the existence of graphetesithe electric field even more concentrated
in the gap region at the dipolar plasmon resonaraelength. The increase in light confinement
indicates that more charges are induced by capacplasmon coupling. The effective
‘capacitance' of the resonator is increased byirigagraphene into the gap between the Au
nanosphere and film. The simulation results theeefsuggest that our hypothesis of the
screening effect and the use of the resonant-tincodel (see below for further discussion) as an

analogy are appropriate for interpreting the laggonance red shift brought by graphene.

We also measured the scattering spectra of theildwcbupled Au nanosphere antennas
excited with p-polarized light (Figure 6.8). In tlexperiments, the excitation white light is

incident on the nanoantennas at an angle of’Gang to the used dark-field objective, which
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causes the existence of an electric field compotiexitis oriented parallel to the Au film plane.
Therefore, the scattering spectra measured undeolgoized excitation contain a partial
contribution from those acquired under s-polariegditation. Three plasmon resonance peaks
are observed. They are located at 541/559 nm, %%7/m, and 704/821 nm for the
nanoantennas without/with graphene. These peaklerayths are very close to the respective
ones (528/539 nm, 587/629 nm, 687/820 nm) obsemwedthe scattering spectra under
s-polarized excitation. In addition, there mighsalbe plasmon resonance peaks in the
low-energy region beyond the detection limit of @ptical system, as suggested by the rising
intensities in the low-energy spectral region. @ nanoantennas without graphene, previous
studies by others have shown that ~60-nm Au naraephdeposited on Au films at a gap
distance of ~1 nm exhibit a plasmon resonance peak00 nm under p-polarized excitation.[29]
According to this result, our ~160-nm Au nanosphleateposited on the Au film in the absence of
graphene are estimated to display a plasmon peg&ntde850 nm. For the nanoantennas
containing graphene in the gap, this plasmon pesakelieved to overlap largely with the
plasmon peak that is excited under s-polarizedtatan. We also carried out FDTD simulations
on the nanoantennas with the excitation light poéal perpendicular to the Au film plane.
However, the enormous difference between the lsigge of the overall system and the involved
small features (gap and graphene) makes such giondadifficult to converge even on our
64-CPU cluster. Owing to both the experimental sintlilation difficulties mentioned above, we
did not deal further with p-polarized excitationaar study. In addition, the electric field under
unpolarized excitation contains dominantly the comgnt that is polarized parallel to the Au
film plane. The plasmon modes observed under unpeth excitation (Figure 6.5e) are nearly
the same in wavelength as those observed undelaszea excitation. Therefore, we only

considered the scattering responses under unpadagizcitation below.
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Figure 6.8 Scattering spectra of the Au film-coupled Au natwe antennas under p-polarized
excitation. (a) Without graphene. (b) With grapheBecause a dark-field objective with a
numerical aperture of 0.9 is employed in the expenits for excitation, the incidence angle is
64.2. Therefore, there is an electric field compondnatt is polarized parallel to the Au film
plane. As a result, the scattering spectra measexpdrimentally under p-polarized excitation
contain a partial contribution from those measuneder s-polarization excitation.

We tried to modulate the coupled plasmon resonantdbe nanoantennas loaded with
graphene by varying the doping level in graphere FDTD simulations show that both p- and
n-type doping of graphene can lead to blue shiftsthe coupled plasmon resonances.
Specifically, when a gate voltage 610 V, which corresponds to a chemical potentiad.8feV,
is applied to the loaded graphene sheet to acladugh level of hole-doping, the three plasmon
modes of the nanoantenna under s-polarized exuitatue-shift from 546 nm, 637 nm, and 741
nm to 540 nm, 615 nm, and 714 nm, respectively uff€ig6.9a). However, owing to the
insufficient doping level achievable with Hf@s the gate dielectric, we chose thermal annealing
to realize a high level of p-doping. SEM and Ranwdsaracterizations (results not shown)
indicate that the shape of the Au nanospheres l@draphene sheets are maintained after the
thermal treatment. The annealing induced p-typendpjs estimated at # 10*3 cm @ from the
intensity ratio between G and G' peaks on the Rasm@ectrum (Figure 6.9b).[31] The
corresponding chemical potential is therefore ~8\8 The scattering measurements were
performed on the same Au nanosphere in the presdrgraphene before and after annealing. A
large blue shift of the dipolar plasmon resonamoenf761 nm to 687 nm is observed (Figure
6.9c). The octupolar plasmon mode shifts from 5d%ta 525 nm. The quadrupolar resonance

overlaps with the dipolar one. The experimentalltesgrees qualitatively with the simulation
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one. As mentioned above, quantitative predictionFRyTD simulations is difficult, which is
even exacerbated by the possible annealing-indwtethge in the gap distance and the
inaccurate description of the dielectric functioh graphene at high doping levels. For
comparison, the scattering spectra of the nanomatemvithout graphene loading were also
recorded (Figure 6.9d), where a conductive plascaupling between the Au nanosphere and
film was observed, owing to the partial fusion loé thanosphere and film caused by the thermal
treatment. Doping graphene at a high level pudiesdal part of its dielectric function to a more
negative value at visible-to-NIR wavelengths (40800 nm). Such a change causes the
observed blue shifts in the plasmon resonances l{gmv for further discussion with the
resonant-circuit model). We believe that similardulation of the screening effect of graphene
can be achieved by electrical gating with dielestrithat have sufficiently large dielectric
constants,[32] such as,®s; and therefore that the coupled plasmon resonanees be

electrically switched by changing the gate voltage.
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Figure 6.9 (a—c) Annealing-induced change of the scattering speciof the Au film-coupled
Au nanosphere antennas in the presence of grap(@neDTD-calculated scattering spectra of
the pristine (black) and p-doped (red) nanoantemmder s-polarized excitation. (b) Raman
spectra of a graphene sheet on the Au film befodeadter the thermal treatment. (¢) Measured
scattering spectra of the nanoantenna before if@)sand after (red) the thermal treatment. The
spectra were taken on the same nanoantenna. Theatiexc light was unpolarized. (d)
Annealing-induced change of the scattering spectofirthe Au film-coupled Au nanosphere
antennas in the absence of graphene.

We further studied the effect of the numbesf graphene layers on the plasmonic response

of the Au film-coupled Au nanosphere antennas laglilog graphene with different layers. The
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screening effect of graphene varies greatly asnatifon of n,[33] which in turn affects the
coupled plasmons of the nanoantennas. Few-layghgre (FLG) was obtained by cleaving
graphite with scotch tape.[7] The nanoantennas wenstructed similarly by transferring the
cleaved FLG sheets onto the Au film and then dejpgsthe Au nanospheres. Particularly, the
FLG sheets were first transferred from the tape &@itwafers that were covered with thermally
grown SiQ at a thickness of 300 nm. The Au film was therediy evaporated onto the
transferred FLG sheets. A poly(methylmethacryla®MMA) layer was subsequently
spin-coated onto the obtained Au film/FLG/Si8 sample, followed by the etching of the $iO
layer in an hot aqueous KOH solution (80, 1.0M) for ~10 min to release the PMMA/Au
film/FLG layer. The suspended PMMA/Au film/FLG layavas rinsed and transferred to the
HfO,/Si substrate, with the PMMA layer in contact withe HfQ, layer. The FLG/Au film
structure supported on the HfSi substrate was finally obtained by removing PMM#&h
acetone. The number of graphene layewsas determined according to the optical contrasts
Raman spectra (Fig. 6.10). The Au film-coupled Aanosphere antennas as a result can be
constructed by depositing Au nanospheres onto th@/Au film structure supported on the
HfO,/Si substrate. Figure 6.10 shows the bright-figdtlaal micrograph and SEM images of the

obtained nanoantennas.
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Figure 6.10 Au film-coupled Au nanosphere antennas loaded wdtifierent numbers of
graphene layers. (a) Optical micrograph of the ced#ll Au nanospheres deposited on the
cleaved FLG sheets that are placed on the Au {itthSEM image acquired from the same area
as in (a). (c) Raman spectra of graphene shedtstifierent number of layers.

SEM and optical imaging were jointly employed tok@aure that only the nanoantennas
that were far away from the suspending and bulgiang of the FLG sheets were examined (Fig.
6.10a,b). When a cleaved, monolayer-thick graplséeet is loaded between the Au nanospheres
and film, the nanoantennas display scattering spéEigure 6.11a) that are nearly the same as
those measured on the counterparts above thaticahi&a CVD-grown monolayer graphene
sheets. A1 is increased, the quadrupolar plasmon mode disappthe dipolar and octupolar
resonances blueshift. Whens varied from 1 to 6, the thickness of FLG inaesfrom 0.33 to
~2 nm. Since the gap distance between the Au naeosmand film separated by monolayer
graphene is estimated to be ~1 nm, we infer tregtp distance for the nanoantennas increases
from ~1 to ~2.7 nm as is varied from 1 to 6. The dipolar plasmon res@eais seen to show a
large blue shift of ~100 nm whemis changed from 1 to 6 (Figure 6.11b). The inazeasthe
gap spacing cannot fully explain such a large Ishié, suggesting that the screening effect of
FLG plays a role. The screening effect of FLG beesmmore remarkable asis increased,
resulting in a large increase in the resonanceuéieqgy of the nanoantenna. Compared with the

dipolar plasmon mode, the higher-order octupolarden@xhibits slight shifts while the
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quadrupolar mode can only be detected for the mgaonaas loaded with monolayer graphene.
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Figure 6.11 Scattering response of the Au film-coupled Au rsohere antennas loaded with
different numbers of graphene layers. (a) Scatjespectra of the nanoantennas loaded with the
number of graphene layersincreasing from 1 to 6. (b) Scattering peak wavglles of the
dipolar (red), quadrupolar (green), and octupotdng) plasmon resonances as functions.of
The error bar heights represent double standanatuavs.

A resonant-circuit model was employed to help idemstanding the graphene-modulated
dipolar plasmon resonance of the Au film-coupled Manosphere antennas. The nanoantenna
without graphene is modeled with a simple circoihgisting of one inductor and one capacitor
(Figure 6.12a). The air gap with a distancedptbetween the Au nanosphere and film has a
capacitance o€;. The inductance of the entire system is assumdaeio. After graphene is
loaded, an additional capacitor with a capacitasfc€g is connected in series with the existent
inductor and capacitor. For simplicitg; andL are assumed to remain unchanged after graphene

loading. The capacitance of the entire circuit desntoC, after graphene loading;, Cg, and
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C, can be expressed as

—e S
C, =&, 0 (6.7)
Coli)= e () 68)
_ 1
C:(A)= 1/C, +1/C5(1) (6.9)

where & Is vacuum permittivityS is the effective area of the capacitor, @ads the effective
separation of the graphene capaci@y.is a function of wavelength. £¢ is the real part of the
dielectric function of graphene. The imaginary parthe dielectric function of graphene in the
visible-to-NIR region is nearly zero and is not smered in our modeling. The dipolar plasmon
resonance wavelengths of the nanoantenna in tlenedsand presence of graphene, which are

denoted ad; andA,, respectively, can be derived from the effectiveust model as

A =2m,[LC, (6.10)

A, = 2me,(LC, (A, (6.11)

wherec is light velocity in free space. Both the expenmseand FDTD simulations show thét
is ~677 nm andA, is dependent on the doping level of graphene. 8lyirgy equations
(6.7)(6.11), we can obtain the following equation at diygolar plasmon resonance wavelength

of the graphene-loaded nanoantenna

dppy 1 (6.12)

_dl W 2_1
A,

We define the right side of equation (6.12), whigfalso a function ofl,, asF(A,). As a result,

£ (4)

the criterion of the dipolar plasmon resonancéhefgraphene-loaded nanoantenna becomes
£s()=F(1) (6.13)

By plotting the curves ofs(A) andF(A) versusA in the same graph (Figure 6.12b), we can

readily locate the dipolar plasmon wavelength & graphene-loaded nanoantenna from the
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intersection between the two curves. Since the pedl, £(A), of the dielectric function of
graphene is always negative in the wavelength rang®0-1000 nm,£s(A) can only intersect
with the negative part of hyperboll&(4), giving rise to the red shift of the dipolar pilasn
resonance after graphene loading. The coeffidgdi in F(A) is determined to be 2.9 by letting
the plasmon resonance wavelength of the nanoanteadad with pristine graphene be 741 nm.
After graphene is thermally annealed, gts is pushed to more negative values. As a resut, th
intersection betweeds(A) andF(A) blue-shifts to ~700 nm, which is in good agreemeith
our experiments and FDTD simulations. Our resoract:it model can also explain the slight
blue shift of the dipolar plasmon observed on th&Hfoaded nanoantennas. In comparison to
pristine graphene, FLG possesses a stronger sogeeffiect,[33] which makes the real part of its
dielectric function more negative and thereforeuitssin blue shifts in the dipolar plasmon
resonance of the nanoantenna in comparison tooffthe nanoentanna loaded with monolayer

pristine graphene.
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Figure 6.12 Resonant-circuit model for interpreting the dipgtdasmon shifts of the Au film
coupled Au nanosphere antenna with loaded grapdteveeying screening effect. (a) Schematics
showing the effective circuits of the nanoantermgéhe absence (top) and presence (bottom) of
graphenelL is the inductanceC; is the capacitance corresponding to the air gagpCg is the
capacitance of the graphene sheet. (b) Plotsgfand F(A) versuswavelength. The dipolar
plasmon wavelengths are indicated by the intersestbetween the curves of the real part of the
dielectric function of graphene (left axis, blueomolayer graphene, black: FLG, green: annealed
graphene) and the hyperbolic cuiv@l) (right axis, red). The vertical bar (orange) cades the
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asymptotic position of the hyperbolic curve, reprasig the plasmon wavelength;, of the
nanoantenna without graphene loadidg.of annealed graphene is calculated by assuming an
effective gate voltage 6f10 V to account for high-level hole dopingjs of FLG is a schematic
curve, only showing that FLG has a larger screeaifegct than pristine graphene.

6.3 Summary and Outlook

In this chapter, | have investigated the interacbetween graphene and coupled plasmonic
Au nanostructures to examine whether graphene eaanployed for modulating plasmonic
resonances. Two different coupled plasmonic strastlnave been proposed to interact with

graphene, including the Au nanorod dimers and th&lA-coupled Au nanosphere structures.

The Au nanorod dimers in my experiments cannotzeaitrong lightgraphene interaction.
After coating graphene, the scattering spectrawianorod dimers rarely change. In addition,
the scattering response of the dimer varies litlgen the graphene optical transitions are
adjusted by electrostatic gating. The weak coupisma@ttributed to (1) the inability to place
graphene into the gap between two Au nanorods wiheréght energy is greatly concentrated,
and (2) the energy mismatch between the grapheteabpransitions and the dimer plasmon

resonances.

By contrast, the Au film-coupled colloidal Au napbgre antenna provides a simple but
effective strategy for accomplishing strong ligiptaphene interaction at visible-to-NIR
frequencies. Loading graphene in the nanocavitwden the Au nanosphere and film greatly
modulates the scattering response of the plasmmarioantenna. The scattering response of the
graphene-loaded nanoantenna is further varied laypgihg the doping level through thermal
treatment or the number of graphene layers. Thetsgpemodulation has been qualitatively
understood by employing a simple resonant-circutleh. Our graphene-loaded nanoantenna is
expected to enable various applications based aphgnelight interaction at visible-to-NIR
frequencies in sensing and ultrafast photodetecMuoreover, the spectral modulation realized

by tuning graphene forms the basis for electricabntrolling and manipulating light at
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visible-to-NIR frequencies by integrating graphemi¢h rich plasmonic structures at different
length scales. Our rapid, inexpensive, and reasliiglable wet-chemistry approach and the
distinct modulation of the scattering responsetf& graphene-loaded nanoantenna will boost
the flourishing research activities on graphenwel$ as facilitate the cost-effective construction

of active plasmonic devices.

It should also be pointed out here that p-polarilzgisk can excite plasmon resonances of
the Au film-coupled Au nanosphere at the NIR regiamere we currently cannot perform
measurements. However, these resonances are sdgpdsequite sensitive to the gap dielectric,
since (1) they exhibit bonding manners betweem#mesphere dipole standing on the film and
its image beneath the film, and (2) the electrtdfintensity enhancement would be larger than
that under the s-polarized excitation. These plasnesonances therefore can also be tuned by
graphene loading. By employing electrical gating graphene with dielectrics that have
sufficiently large dielectric constants (e.g0O§), the plasmon modes excited by p-polarized light
would be more easily tuned than the modes und@iasiped excitations. To investigate these
plasmon modes requires the use of IR CCDs. Anraltee approach to investigating such
plasmon modes is to use smaller Au nanospheressevplasmon wavelength will appear in

shorter wavelengths.[29]

Further investigation on the grapheneetal nanostructure coupling can be focused on the
following aspects. (1) The first is to study theghonic properties of Au film-coupled Au
nanorods with graphene loading. The use of Au ra@i®to replace Au nanospheres in Section
6.2 will provide several advantages. The plasmargnof Au nanorods can be varied over a
wide range. We therefore can examine the effecgraphene on the Au nanoroflu film
coupling at different wavelengths. Besides, largenanorods (~188 118 nm) on Au film can
support Fano resonances, which has great potdatiglasmonic switching and electro-optical
modulation.[28] Graphene can help to tune the Famsonances supported by the Au

nanorod-Au film structures and facilitate their electro-mal applications. (2) The second is to
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examine the quantum effect of graphene embedd#dtkigap between Au nanoparticle and the
Au film. Graphene provides an ultra-small, but coldble gap distance between metal
nanostructures. The tunneling effect mediated laplyene can be examined by monitoring the
spectral change under different applied voltagawden the Au nanocrystal and the substrate.
We then therefore can investigate the grapheneateztitunneling plasmonics in the coupled Au
nanocrystal-substrate system, which is fundamentadportant and can bring intriguing novel

electro-optical applications.
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Chapter 7

Plasmonic Properties of Macroscale Gold Nanorod

Arrays

As | have introduced in Chapter 1, gold nanoro@svary promising for a great number of
optical and biochemical applications.[1] Howevereaj efforts are still required to put Au
nanorods (and other noble metal nanocrystals) iptactical applications where dense
macroscale arrays are needed, such as plasmortimvphaic solar cells,[2] plasmon-facilitated
solar water splitting,[3,4] ultra-high-density am@l data storage,[5] controlled
reflection/absorption metamaterial surface,[6] plas-enhanced light-emitting diodes,[7] and
plasmon-enhanced multicolor photodetectors.[8] Highsity of nanocrystal arrays is important
for utilizing and concentrating light as efficigntbs possible in the above optical-related
applications. However, unpredictable plasmon cogplin nanocrystals that are spaced too
closely with random gap distances will lead to tless of plasmonic features in their
absorption/scattering spectral responses. The ngstats in the arrays therefore should be
simultaneously dense enough to efficiently emplmghtl and well-separated to make the
macroscale arrays maintain the plasmonic respasfseslividual nanocrystals. Usually ordered
metal nanocrystal structures are not a necessatiidantriguing applications mentioned above.
For instance, periodic and pseudorandom arraysileérsnanostructures result in nearly
undistinguishable efficiency improvement of thih¥fi a-Si:H solar cells.[9] Lithographical
methods, such as electron beam lithography (EBbpuded ion beam lithography, soft
nanoimprint lithography,[10] and nanosphere littagdry techniques,[11] are reliable approaches

for achieving nanostructure arrays on substratases, with controllable morphologies, orders,
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and separation gap distances. However, the high aoshe time-consuming lithographical
methods prevents their large-scale production obsgucture patterns, the resolution limit of
the lithographical processes inhibits fine contafl nanostructure corner sharpness and
interparticle spacing, and indispensable adhesayert and polycrystalline metal structures
obtained from deposition procedures can degradepl@amonic performances due to increased
plasmon damping. Besides the lithographical teaesqgthe LangmuiBlodgett technique is
able to deposit colloidal plasmonic nanocrystabysronto substrates at large scales.[12,13]
Electrostatic methods have also been employed gendsly colloidal gold nanocrystals onto
charged surfaces.[14] Nevertheless, it has remagmadlenging to deposit chemically-grown
metal nanocrystals uniformly and densely on sutesravhile keeping the nanocrystals

well-separated to eliminate the random plasmon loogeffect.

Additionally, although lithographically fabricatedu nanocrystals suffer from a poor
plasmonic performance compared with their chemjagdbwn counterparts, there have been no
reports on investigating how severe the plasmoerfopmance degradation is. To quantitatively
determine the degradation effect is of vital impode, since the plasmonic properties should be
considered when evaluating the device performantelitbographically fabricated Au
nanocrystals in various plasmonic applicationghla chapter, | will first compare the plasmonic
properties of Au nanorods with the same dimenstbas are fabricated by EBL as well as by
seed-mediated growth approaches in Section 7.1In Thall introduce, in Section 7.2, a novel
approach for the uniform deposition of gold nanstais onto various surfaces to form dense,
macroscale nanocrystal arrays. Au nanorods, Au s@rees, Au nanobipyramids, and (Au
core)/(Ag shell) nanorods have been successfulposited from solution onto substrates by
controlling the surfactant concentration in solatidNanocrystals in the dense arrays are
well-separated and as a result the arrays maintenplasmonic response of an individual
nanocrystal with plasmon coupling effect eliminatdd the end, in Section 7.3, | will

characterize the refractive index sensing perfooearof the Au nanorod arrays deposited on

- 142 -



glass slides, mesoporous silica and titania filiitee effects of the supporting substrate and the

capping molecules on the index sensitivity are erach

7.1 Comparison of Plasmonic Properties between Litgraphically-Written

and Chemically-Grown Au Nanorods

Au nanorods were prepared by seed-mediated and WwBiing methods separately
according to the procedures in Chapter 3. The atedlpigrown colloidal Au nanorods have an
average dimension of (269) x (40+ 4) nm (Figure 7.1a). They were deposited by drasting
onto ITO substrates. The EBL-written Au nanorodsenbricated on ITO substrates with a
4.5-nm thick Cr adhesive layer between gold andlTiae substrate (Figure 7.1b). The average
length and width of the Au nanorods were#98 and 43t 3 nm, respectively. The thickness of
the Au nanorods was around 40 nm, which was cdettaluring the thermal evaporation. The

EBL-written Au nanorods on ITO substrates were scigd under thermal treatment (2@ 2h)

before their plasmonic properties were charactdrize

— EBL-1
— EBL-2
— EBL-3
— Colloidal-1
— Colloidal-2
— Colloidal-3
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Figure 7.1 Scattering of both the chemically-grown and EBLiti®n Au nanorods. (a) TEM
image of the chemically-grown colloidal Au nanoro¢ls) SEM image of the EBL-written Au
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nanorods. The inset is the SEM image at a largenifieation. (c) Dark-field scattering spectra
of the individual Au nanorods fabricated by thefetiént methods.

We have measured the scattering spectra of bottolledal and EBL-written Au nanorods.
The scattering of more than 15 individual nanorotitained from each preparation approach
were recorded and compared. Figure 7.1c showscHigesng spectra of some representative Au
nanorods. For the colloidal nanorods, their plasmanelength, scattering peak intensity, and
plasmon width (full-width at half maximum) were nse@ed to be 69% 22 nm, 13804t 1501
counts, and 4& 4 nm (or 0.12 eV), respectively. In comparisore EBL-written Au nanorods
have their plasmon wavelength, scattering peaksie and plasmon width at 78422 nm,
3051+ 612 counts, and 87 10 nm (or 0.23 eV), respectively. The Au nanorpapared by the
two methods have nearly the same size. The plagmergies of the EBL-written Au nanorods
are slightly lower than that of their colloidal ecaarparts. The small difference might come from
the size deviation and the end shape differencenynMPhil thesis, | have shown that Au
nanorods with blunter ends have lower plasmon ée®ff5,16] The colloidal Au nanorods
usually have rounded ends while the EBL-writtensohave blunter ends. The scattering peak
intensities, on the other hand, of the EBL-writfam nanorods were much lower than that of the
colloidal nanorods. Such an intensity decreasealsatsaccompanied with the broadening of the
scattering peak. The plasmon width of the EBL-writAu nanorods was measured to be twice
the value of the colloidal ones. The weaker plaspesk and the broader plasmon width can be
attributed to the use of the Cr adhesive layersthadnulti-crystalline nature of the EBL-written
Au nanorods. To disclose the role of the adhesiviaygrs, | have performed FDTD calculations.
The simulations results showed that, for a Au nadavith a dimension of (90 nm40 nmx 40
nm), a 3-nm and 6-nm Cr layer would blue shift skattering peak from 610 nm to 595 nm and
577 nm, respectively (Figure 7.2). This blue shiftther confirms that the longer plasmon
wavelength of the EBL-written Au nanorods obserwedhe experiments comes from their
blunter ends. The 3-nm and 6-nm Cr layer would ekes® the scattering intensity to 27.8% and

25.5% of that without Cr layer, respectively. THasmon width would become ~2.2 times that
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of the nanorods without Cr. In comparison, the expents indicated that the scattering intensity
and plasmon width of the EBL-written Au nanorodshwa 4.5-nm Cr layer was 22.1% and 1.8
times that of the colloidal nanorods, respectiv@lyr simulation and experimental results reveal
that the effect of a Cr layer dominates in plasrdamping of the EBL-written Au nanorods.

More simulations to replace Cr with Ti gave similasults. To overcome the negative role
played by the metal adhesive layer, one can re®oran organic adhesive layer such as
(3-mercaptopropyhtrimethoxysilane (MPTMS) [17],tkaulot of efforts should still be made to

simplify the fabrication procedures in order to ilitate the applications of EBL-fabricated

plasmonic structures. As a result, if ordering a$ required, it is highly desired to fabricate Au
nanorod arrays using the colloidal nanorods tcaapthe EBL-written ones, since the colloidal

Au nanorods exhibit much better plasmonic perforoean
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Figure 7.2 Calculated scattering cross sections of a Au rahwith a dimension of (98 40 x
40) nm in the absence and presence of a Cr adhksree of different thicknesses. In the
simulation, the metal nanostructures were embeddedn ambient dielectric environment

(refractive index = 1).

7.2 Deposition of Macroscale Colloidal Noble MetdNanocrystal Arrays

Previously reported spin-coating,[5] electrostfit4] and LangmuirBlodgett
techniques[12,13] to deposit metal nanocrystals sabstrates are limited by inadequate particle

densities, too many procedures, or uncontrolle@riparticle gap distances. | developed a
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one-step method to deposit metal nanocrystals thirdfom the CTAB-stabilized nanocrystal
solutions onto substrate surfaces, to form densk wmform nanocrystal monolayers with
well-separated interparticle distances. Our stgatsgbased on the electrostatic interactions
between colloidal metal nanocrystals and the satestsurfaces, which can be controlled by
tuning the CTAB concentration.[18] By decreasing tBTAB concentration to a certain value,

the metal nanocrystals can be deposited densetyaoneégatively charged surface.

Figure 7.3 illustrates the deposition procedure @mel example of the deposition results. A
Au nanorod sample with its ensemble transversel@mgitudinal plasmon wavelengths at 536
nm and 699 nm in agueous solutions was deposited @olloidal solutions onto glass slides.
The average length, width and aspect ratio of #reorod sample were measured respectively to
be 111+ 7 nm, 50+ 4 nm, and 2.2 0.2, from the TEM images (Figure 7.3a). The assgré\u
nanorod sample, which was dispersed in an ague®A8Golution (0.1 M), was washed twice
by centrifugation and redispersion into deionizedtaw at the same volume. The CTAB
concentration in the resultant solution was estahdab be ~2uUM. This concentration is high
enough to prevent the Au nanorods from aggregation, low enough to allow for dense
deposition. Glass slides were treated under ultiaaton in ethanol for at least 30 min,
followed by plasma cleaning to remove organic comtants on the surface of glass slides
before deposition. The cleaned glass slides weza tmmersed in the washed Au nanorod
solution, as shown schematically in Figure 7.3la kft undisturbed for 4 h. In neutral aqueous
solutions, the surface of glass slides is negatighlarged owing to the dissociated hydroxyl
groups that are existent on the glass surface. GhAB-stabilized, positively charged Au
nanorods are therefore attracted onto the neggtolehrged glass surface, producing a dense
monolayer. The Au nanorods in the resultant areagsdisordered. The surface number density
can reach 70 particles pem?, as revealed by SEM imaging (Figure 7.3c). Sutiigh surface
number density makes the Au nanorod monolayer sireakibit a clearly green color, which is

easily visible by naked eyes (Figure 7.3d). Theraye spacing between neighboring Au
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nanorods on the glass surface was determined tolB® nm. Slight aggregation of the Au
nanorods in the arrays is also observed from thd 8&ages. The formation of the aggregates
can be attributed to the possible slight aggregatiothe Au nanorods in the solution due to the
reduced CTAB concentration and the incomplete cleas of the glass surface. The
well-separated Au nanorods allow the depositedelaale arrays to maintain the plasmonic
properties of the individual Au nanocrystals. Theirection spectral shape of the Au nanorod
arrays is very similar to that of the Au nanoroduson (Figure 7.3e), with the transverse and
longitudinal plasmon peaks shifted to 518 and 6if) nespectively. This blueshift is also
confirmed by the single-particle scattering spéatraasurements. The peak extinction value of
two Au nanorod monolayers, with one on each sidhefglass slide, reaches 0.4. A weak bump
that is centered around 950 nm is also preseteranger-wavelength region on the extinction
spectrum of the nanorod arrays. This bump arises fthe plasmon coupling between
closely-spaced Au nanorods in various geometrigafigurations,[16,19,20] which is caused by
the slight aggregation of the Au nanorods in theys. The weak extinction intensity of the
bump confirms the low aggregation level of Au namts in the arrays. Our one-step deposition
technique is simple, fast, of very low cost, antllmoited in surface areas. The fabrication of the
Au nanorod arrays can be readily scaled up, byzing larger substrates and more colloidal
solutions. Figure 7.3d shows a Au nanorod arraysiged on a glass slide at a dimension of 10
x 10 cnf. The distribution of the Au nanorods in the arimyuniform. The entire glass slide
exhibits a nearly unvarying green color. Moreowbg deposited Au nanorod arrays are stable
and remain on glass slides after they are immeirsexdjueous solutions. The extinction peak
values of the Au nanorod arrays on glass slideg fad to vary only slightly after the arrays
were immersed in ethanol or water (Figure 7.4) hSastability is beneficial for applying the Au

nanorod arrays in sensing applications in liquidimments.
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Figure 7.3 Deposition of colloidal metal nanocrystals ontbsuates to give macroscale arrays.
(@ TEM image of a Au nanorod sample. (b) Schematiowing the deposition of Au
nanocrystals on glass slides by immersing a substro the nanocrystal solution. (c)
Backscattering SEM image of the Au nanorod samejsdited on a glass slide. (d) Photograph
of a blank glass slide (left) and one (right) defmaswith the Au nanorods. The glass slides are
10 x 10 cnf. A 15-cm ruler is also included for reference. Einction spectra of the Au
nanorod sample dispersed in an aqueous solutidn I axis) and deposited on a glass slide
(blue, right axis). Scattering spectrum of one &ngu nanorod on glass is also given for

reference.
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Figure 7.4 Extinction spectra of a Au nanorod array deposiwada glass slide. The black
spectrum was recorded before the prepared arraymvasrsed in ethanol, and the red one was
recorded after the array was immersed in ethaak&n out, and dried gently with flowing;N
The slight decrease in the extinction peak intgnsitggests that only a small number of Au
nanorods were removed from the glass slide afteritimersion process. The small intensity
increase in the spectral region from 700 nm to ®@0suggests that the immersion process also

caused slight aggregation of Au nanorods.
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The CTAB concentration in the Au nanocrystal salntiplays a crucial role in the
deposition of CTAB-stabilized Au nanocrystals ordabstrates. The effect of the CTAB
concentration was studied by characterizing thdighardensities of the Au nanorod arrays
obtained at varying CTAB concentrations. The restgt/eal that the particle density of the Au
nanorod arrays can be roughly controlled by chanthie CTAB concentration. When the CTAB
concentration is varied from 2 mM to p®/, the Au nanorods were deposited uniformly on the
glass surface, with their surface number densigeining nearly unchanged, as shown by the
dark-field scattering images (Figure 7.5). The Aamorod densities in the arrays are estimated to
be 0.3 particles parm® and the corresponding spacing between neighbévinganorods is ~ 2
um on average. As the CTAB concentration is furtfegtuced from 2QM to 2 uM, the Au
nanorod density in the formed arrays suddenly as®s to 70 particles ppm?, more than two
orders of magnitude higher than those at higher E€Ancentrations. The average interparticle
spacing shows an abrupt decrease frompn2 to ~120 nm. The nanorods are so closely
positioned that we cannot distinguish each indialddu nanorod on their dark-field scattering
images, because their separation is below theadifn limit. Our experiments therefore
suggests that 1M is an approximate critical CTAB concentration fdense and uniform
deposition of CTAB-stabilized Au nanocrystals. Wee@dingly surmise that the formation of
the Au nanocrystal arrays is driven by the attvactelectrostatic interaction between the
CTAB-capped, positively charged Au nanocrystals srelnegatively charged glass surfaces in
neutral agueous environments. The repulsive elgeiio force between the individual positively
charged Au nanocrystals prevents their aggregatMien CTAB exceeds the critical
concentration, there exist many CTAB micelles ie golution. These 'free’ CTAB micelles,
which are also positively charged, compete with @€AB-capped nanocrystals in being
attracted by the negatively charged surface, as@, @sult reduce the deposition density of the

Au nanocrystals.
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a) ,
20 um

Figure 7.5 Dependence of the particle density in the Au nati@rray deposited on glass slides
on the CTAB concentration in the Au nanorod soluti(a) Dark-field scattering image of a
high-density Au nanorod array obtained at a CTABicemtration of 2uM. (b—f) Darkfield
scattering images of the low-density Au nanoro@ysrobtained at CTAB concentrations of 20
uM, 80 uM, 0.4 mM, 0.8 mM, and 2 mM, respectively. All dfet images have the same scale
bar as that shown in (a).

Our deposition method is applicable to various inetanocrystals with different
compositions, shapes and sizes. Besides Au nanomeeshave achieved the successful
deposition of Au nanospheres, Au nanobipyramidd,(@u core)/(Ag shell) nanorods onto glass
slides to form macroscale dense arrays. The Au bipmamids and (Au core)/(Ag shell)
nanorods were prepared following the similar seedliated method introduced in Chapter 3.
Detailed synthesis procedures can be found in tegoworks.[21,22] Figure 7.6 shows the
electron microscopy images of the three types ef dh-grown metal nanocrystals and their
arrays formed on glass surfaces, the photograplth@fmetal nanocrystal arrays, and the
extinction spectra of both the metal nanocrystaltgms and arrays on glass slides. Both the Au
nanosphere and (Au core)/(Ag shell) nanorod samples in high yields, while the Au
nanobipyramid sample is limited in number yieldsb® ~50%. In aqueous solutions, the Au
nanosphere sample with an average diameter of2Am shows a single plasmon peak at 572
nm. The plasmon peak blue-shifts to 526 nm afterAlh nanospheres are supported on glass
slides. The average length and waist diametereftl nanobipyramid sample are 15§ nm
and 35 2 nm, respectively. The longitudinal plasmon peéakhe nanobipyramid sample is
located at 1045 nm in solution. It blue-shifts #19m after deposition. The (Au core)/(Ag shell)
nanorod sample and their Au nanorod cores haveggatimensions of (90 9) nmx (52 + 6)
nm and (73t 8) nmx (18 = 2) nm, respectively. The two main plasmon peakshef (Au

core)/(Ag shell) nanorod sample blue-shift from 28t 507 nm in solutions to 520 nm and 425

- 150 -



nm on glass slides, respectively. The metal narst&iy/ in the obtained arrays are all relatively
uniform and dense. The metal nanocrystal arrayglass slides are transparent and show
different colors (Figure 7.6g) owing to the diffateplasmon resonance wavelengths. The Au
nanosphere, nanorod, nanobipyramid, and (Au cé@)dhell) nanorod arrays display distinct
red, green, purple, and yellow colors, respectivdlile plasmon wavelength of the metal
nanocrystal arrays on glass slides can therefotailoged from ~500 to 920 nm, with relatively
narrow plasmon resonance peaks. Moreover, ourigntbised deposition approach allows for
large-scale production of colloidal metal nanoastrrays. These plasmonic metal nanocrystal
arrays are expected to be of great potential fadimg optical components, trapping light for
solar energy conversion, manufacturing high-densigtical recording materials, and

constructing meta-surfaces to control the reflecdad transmission of light.

0:.|..|..|.| 1 =

T R .0
400 550 700 850 1000 1150
Wavelength (nm)

Figure 7.6 Deposition of different colloidal noble metal nangstals on glass slides to produce
macroscale arrays. (a) SEM image of the Au nanaspsample. (b) SEM image of the Au

nanosphere sample deposited on a glass slideE(d)i®age of the Au nanobipyramid sample.

(d) SEM image of the Au nanobipyramid sample degpdson a glass slide. (e) TEM image of
the (Au core)/(Ag shell) nanorod sample. (f) SEMage of the (Au core)/(Ag shell) nanorod

sample deposited on a glass slide. (g) PhotograpiecAu nanocrystal arrays formed on glass
slides. The red, green, purple, and yellow colesult from the Au nanosphere, Au nanorod, Au
nanobipyramid, and (Au core)/(Ag shell) nanorochgst respectively. (h) Extinction spectra of
the metal nanocrystal samples in solutions (satiésl, left axis) and their corresponding arrays
on glass slides (dashed lines, right axis). Thes'NSNRs", "NBPs", and "Au/Ag" labels
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represent the Au nanosphere, nanorod, nanobipyraarid (Au core)/(Ag shell) nanorod
samples, respectively.

We further tested different substrates for the ftran of high-density metal nanocrystal
arrays from solutions. Mesostructured silica artdnta thin films were first coated on glass
slides following the reported evaporation-induceelf-assembly procedures through dip
coating.[23-25] In particular, tetraethyl orthosilicate (TEQS)d tetraethyl orthotitanate (TEOT)
were used as the inorganic precursors for the paipa of silica and titania films, respectively.
Poly(ethylene oxide)-poly(propylene oxide)-poly(ddne oxide) triblock copolymer
(EO0PO0EO,, P123) was used as the structure-directing agentmesostructured silica films,
P123 (0.32 g) was first dissolved in ethanol (1269 Separately, TEOS (1.19 g) was
prehydrolyzed in a solution containing dilute HOLG17 g, pH 2) and ethanol (0.914 g) by
vigorous stirring at room temperature for 20 mime$e two solutions were thereafter mixed
together. The final molar composition of the presaursolutions was 1 TEOS: 0.0097 P123: 6
H,O: 0.001 HCI: 51.8 ethanol. After the precursorusohs were stirred for 2 h at room
temperature, they were dip-coated onto cover giises at a speed of 10 riin™.The
resultant mesostructured silica films were driedcamoven at 60C overnight before further
treatment. For mesostructured titania films, P125 @) was first dissolved in ethanol (12 g).
Separately, TEOT (1.85 g) was added to concentta@d1.62 g,=12.1 M) and prehydrolyzed
under vigorous stirring at room temperature for i.nthe two solutions were thereafter mixed
together. The final molar composition in the presoursolution was 1 TEOT: 0.01 P123: 7CH
2 HCI: 32.1 ethanol. After the precursor solutiovese stirred at room temperature for 10 min,
they were dip-coated onto cover glass slides peadof 10 mrmin™. The produced films were
dried in a refrigerator at 8C overnight before further treatment. The orgammplating
surfactants in the films were removed by thermédication at 400C for 5 hours.

The resultant mesoporous silica and titania filmeyenvcharacterized by TEM and SEM
imaging. For the mesoporous silica films, it hasrbesported that the pore channels in the film

form a distorted two-dimensional hexagonal mesactire.[25] TEM imaging reveals parallel
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fringes and distorted hexagonally packed pore cblanmhen the small pieces of the mesoporous
silica films that were scratched off the substratese observed along the [110] and [001] axes,
respectively (Figure 7.7a and b). The pore chanmel®esoporous silica films are generally
aligned parallel to the film plane. The mesoporditenia films have a body-centered-cubic
mesostructure. The TEM image (Figure 7.7c), takémnca the [111] zone axis shows
hexagonally organized pores. Hexagonally organizeates are also observable on
high-resolution SEM images and their fast Fouriemsform patterns (Figure 7.7d). The
thermally calcined, mesoporous silica and titaniamd are both hydrophilic, with dangling
hydroxyl groups present on their surfaces. The ¢wygrgroups make the surfaces negatively
charged in neutral aqueous solutions. Without anhér treatments, both mesoporous silica and
titania films can be readily deposited with unifoamd dense colloidal noble metal nanocrystal
arrays, by immersing the films into the metal nagsial solutions. Figure 7.7e and f shows the
SEM images of Au nanorod arrays deposited on mesapailica and titania films, respectively.
The same Au nanorod samples as above were emplOyecing to the crystallization of the
inorganic pore framework caused by thermal cal@natthe mesoporous titania films are
relatively conductive.[2527] The conductivity of the mesoporous titania 8lnsan reduce
electron accumulation, which enables large-scal®él Siaging without the occurrence of
distortion induced by electrostatic charging. The Wanorod arrays formed on the mesoporous
silica and titania films exhibit the similar brigbteen colors to the arrays formed on glass slides.
Their longitudinal plasmon peak wavelengths are B8® and 613 nm respectively. The
successful deposition of colloidal noble metal rastals on different substrates further
expands the application of metal nanocrystal arrdygh our method, we could fabricate
multilayered metal nanocrystal arrays by repeatetiipositing monolayer metal nanocrystal
arrays and mesostructured silica/titania spacesrgaylhe potential of fabricating multilayered
metal nanocrystal structures, together with thequaiplasmonic properties of noble metal

nanocrystals, makes our method promising for cansirg three-dimensional media to achieve
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multidimensional optical data storage at ultrahagmsities.[5] The capability of depositing
noble metal nanocrystals onto different substres@salso facilitate the utilization of dense noble
metal nanocrystal arrays in various plasmon-asbkist@toelectronic devices, such as
plasmon-enhanced light-emitting diodes,[7] plasmomhotovoltaic solar cells,[2] and

plasmon-enhanced photodetectors.[8]

a)\“““\‘\“\\\\\\\\\‘mu\\'\ﬁé\'.‘?i“?\“\’:

Figure 7.7 Colloidal metal nanocrystal arrays formed on thesaporous silica and titania thin
films. (a,b) TEM images of the mesoporous silida film taken along the [110] and [001] zone
axes, respectively. (c) TEM image of the mesopotiasia thin film taken along the [111] zone
axis. (d) High-resolution SEM image of the top agd of the mesoporous titania thin film. The
inset is the fast Fourier transform pattern of M image. (e,f) SEM images of the Au
nanorod arrays deposited on the mesoporous sildditania thin films, respectively.

7.3 Refractive Index-Based Sensing of Gold Nanorag&rays

We further conducted refractive index sensitivitgasurements for the Au nanorod arrays
deposited on glass slides to explore the poteafiahacroscale noble metal nanocrystal arrays
for building portable sensing devices. As has breported previously,[28,29] the plasmon peak

shift, AA, in response to refractive index changes can peoapmately described as
M = m(nadsorbate_ nmedium)(l - e_2d & ) (71)

wherem is the refractive index sensitiVitflagsorbate@Nd Nmegium are the refractive indices of the
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adsorbate and surround medium, respectivglg the electromagnetic field decay length and
is the effective thickness of the adsorbate layére refractive index sensitivity is usually
determined by measuring the plasmon peak wavelsngtien metal nanocrystals are dispersed
in different uniform dielectric environments. Acdarg to Equation (7.1), noble metal
nanocrystals are ideal candidates for sensing migie@dsorbed on them. The refractive index
sensitivity is an essential factor in determinitigmate detection resolutions. In our experiments,
glass slides carrying Au nanorods were cut intollspiaces, which were then immersed into
ethanotglycerol mixture solvents of varying volume rat[86,31] The volume percentage of
glycerol was varied from 0% to 100% at a step #f620he color of the Au nanorod-deposited
glass slides turns from green in ambient envirortrt@ark red in the mixture solvents (Figure
7.8a). The extinction spectra (Figure 7.8b) of Alienanorod arrays kept in air and immersed in
the mixture solvents show that both the longitudarad transverse plasmon resonance peaks are
red-shifted as the refractive index of the surrongdenvironment is increased. Because the
longitudinal plasmon resonance is more sensitian tthe transverse plasmon resonance, we
considered only the longitudinal plasmon resonandhkis study. The longitudinal plasmon shift
was plotted against the refractive index changenfeor to the liquid mixture. The refractive
index sensitivity was then determined by lineaing (Figure 7.8c) to be 230 nm per refractive
index unit (RIU). We note that the refractive ind@asitivity determined in our experiments are
actually an apparent one, because the Au nanomesapped with CTAB molecules and
supported on glass slides. The contribution ofcéggping CTAB molecules and supporting glass
slide to the refractive index of the surroundingiesnment is fixed. This causes the measured
index sensitivity to be smaller than the true sensi of the bare, unsupported Au nanorods.
However, to measure the true index sensitivity etahnanocrystals experimentally has been
challenging, because metal nanocrystals are retuoebe stable in solutions without any
capping species or supports. For simplicity, in study, we will use the term of refractive index

sensitivity. The figure of merit (FOM), which isfiteed as the ratio of the plasmon sensitivity to
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the plasmon peak width, was calculated to be Z2®.comparison, the index sensitivity of the
same Au nanorod sample in solutions was examinefirdiycentrifuging the CTAB-stabilized
Au nanorod solution and then dispersing them inwewglycerol mixtures with varying
glycerol concentrations. Wateglycerol mixture solvents are more viscous thamamdh-glycerol
solvents, but do not cause the aggregation of then@orods. The index sensitivity of the Au
nanorod sample in solutions was determined to ®er®4/RIU (Figure 7.9) and the FOM was
3.7. The index sensitivity of the Au nanorod arragsglass slides is therefore much smaller than

that of the Au nanorod sample dispersed in solstierhibiting a reduction by 34%.
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Figure 7.8 Refractive index sensitivity of the Au nanorodags deposited on glass slides. (a)
Photograph of the Au nanorod arrays kept in an antl@nvironment (leftmost) and immersed in
the mixture solvents of ethanol and glycerol. Tlndume percentage of glycerol in the liquid
mixture was varied from 0% to 100% at a step of 2(8p Normalized extinction spectra of the
Au nanorod arrays kept in an ambient environmeiwt iammersed in the mixture solvents at
varying compositions. (c) Dependence of the lorttital plasmon shift on the refractive index
change from air to the liquid mixture. The plasnsbrift is relative to the longitudinal plasmon
resonance wavelength measured when the Au nanao@gia in air. The red line is a linear fit.
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Figure 7.9 (a) Variation of the longitudinal plasmon waveldngf the CTAB-stabilized Au
nanorod sample dispersed in the mixture solverts the refractive index of the mixture solvent.
(b,c) Variations of the longitudinal plasmon shifié the Au nanorod arrays deposited on
mesoporous silica and titania thin films, respestiy with the refractive index change of the
mixture solvent relative to the refractive index af. The plasmon shifts are relative to the
longitudinal plasmon wavelengths measured whenAtlhenanorod arrays were in an ambient
environment. The red lines are linear fits.

We further determined the refractive index senisitis of the Au nanorod arrays that were
deposited on the mesoporous silica and titania tinms. The index sensitivities of the Au
nanorod arrays increase to 304 and 310 nm/RIU \leary deposited on the mesoporous silica
and titania films, respectively (Figure 7.9b,c &igure 7.10a). The FOM values increase to 3.09
and 3.03, respectively (Figure 7.10b). The use e$aporous films can therefore remarkably
improve the sensing performance of the Au nanomsdya. The sensing performances are
comparable to those of the Au nanorods in solufiami$ the reductions in the index sensitivity
being 13% and 11% for the arrays on the silica @tadia films, respectively. The substrate
effect on the index sensitivity can be understosdf@dlows. The refractive indices of the
substrates employed in our study are not large gintm induce new plasmon modes of the Au
nanorods.[32] The longitudinal plasmon peak widthshe Au nanorod arrays on glass slides,
the silica and titania films increase only slightlycomparison to that of the Au nanorod sample
in solutions, which is attributed to the probayilihat the gap distances among a small fraction
of the Au nanorods in the arrays are small enoagtatise weak plasmon coupling. On the other
hand, the fixed refractive index of the supportigigbstrate can reduce the overall index

sensitivity of the metal nanocrystals, since thatigp overlap between the liquid environment
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and the locally enhanced electric field around rla@ocrystals at their plasmon resonance is
reduced owing to the presence of the substrate4&88iher way of understanding the reduction
of the index sensitivity is to consider that thee@l net change in the refractive index of the
entire surrounding environment is smaller in thespnce of the supporting substrate. The
mesoporous films help in lifting the metal nanotays from the glass surface (Figure 7.10c and
d). When the Au nanorods are supported on the noesop films, the liquid solvent can

penetrate into the pores, increasing the overlawdsn the liquid solvent and the locally

enhanced electric field around the Au nanorodsaAssult, the use of the mesoporous films as
the substrates can increase the refractive indewsitsaty of the Au nanorod arrays in

comparison to the use of solid glass slides assthiastrates. Our observed effect of the
mesoporous films on the index sensitivity is simtta the result of a previous study, where the

index sensitivity of Au nanodisks is doubled byiti§ them with dielectric silica nanopillars.[34]
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Figure 7.10 Refractive index sensing performances of the Anonads in solutions and
deposited on the different substrates. The Au radwwere capped with CTAB, PEGylated, or
plasma-cleaned. (a) Refractive index sensitivibiethe Au nanorod sample. (b) FOM values of
the Au nanorod sample. (c,d) Schematic showingfanaanorod supported on a glass slide and
on a mesoporous film, respectively. The "'m8jOmTiO,", and "mPEG" labels represent the
mesoporous silica films, mesoporous titania filnas\d Au nanorods functionalized with
MPEG-SH, respectively.

CTAB-stabilized Au nanocrystals have been foun@dase cytotoxicity, allergic response
and eryptosis/erythroptosis, probably owing to phesence of free CTAB molecules that are
desorbed from Au nanocrystals and/or left from itit@omplete purification of Au nanocrystal

products. In comparison, Au nanocrystals functiaeal with thiol-terminated methoxy

- 158 -



poly(ethylene glycol) (MPEG-SH) are less cytotoxidiey have also been employed for
biological sensing. We therefore functionalized lbahe Au nanorod sample dispersed in
solutions and deposited on the different substratiéls MPEG-SH and examined the index
sensitivities of the functionalized Au nanorodstehfPEGylation, mMPEG-SH molecules with a
long carbon chain cover the surface of the Au naa&rThe refractive index sensitivities of the
Au nanorods are expected to be reduced, becaumgexr holume fraction of the surrounding
environment around the Au nanorods is occupied B¥@SH molecules in comparison to the
case for the CTAB-capped Au nanorods. We charaet@rithe sensing performances of the
MPEG-SH coated Au nanorods in solution and theayarsupported by different substrates. The
Au nanorod-deposited substrates were first immensed uM mPEG-SH (MW = 5000, Rapp
Polymere GmbH) aqueous solution for overnight ttursée the adsorption of mPEG-SH
molecules on the Au surface. The sensitivity measent results can be found in Figure 7.10
and 7.11. The index sensitivity (309 nm/RIU) of tAREGylated Au nanorods in solutions is
smaller than that of the CTAB-capped ones (349 nbyRwhich is in agreement with our
expectation. Similarly, on the mesoporous silicd #itania films, the index sensitivities of the
PEGylated Au nanorod arrays are also smaller tharréspective values of the CTAB-capped
Au nanorod arrays. In contrast, on glass slides, itliex sensitivity of the PEGylated Au
nanorod arrays is larger than that of the CTAB-eapfu nanorod arrays. This increase could be
ascribed to the lifting effect caused by the bogdih the large mMPEG-SH molecules on the Au

nanorods.[34]
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Figure 7.11(a) Variation of the longitudinal plasmon waveldngf the PEGylated Au nanorod
sample dispersed in the mixture solvents with #feactive index of the mixture solvent.—®)
Variations of the longitudinal plasmon shifts oetREGylated Au nanorod arrays deposited on
glass slides, mesoporous silica films, and mesaortitania films, respectively, on the
refractive index change of the mixture solventtreéato the refractive index of air. The plasmon
shifts are relative to the longitudinal plasmon elangths measured when the Au nanorod
arrays were in an ambient environment. The redlare linear fits.

Our deposition of the metal nanocrystals on thessates allowed for the use of plasma
treatment to remove the capping CTAB moleculeshersurface of the nanocrystals. Removal of
the capping organic molecules is expected to bihestefractive index sensitivity, since the net
index change caused by the adsorption of molec¢hkgsare involved in sensing will be larger
for the bare metal nanocrystals than for the CTABped ones. The conditions for plasma
cleaning to remove the capping CTAB molecules vastapted from a previous study.[35] The
longitudinal plasmon wavelength of the Au nanoradys is blue-shifted by ~9 nm after plasma
cleaning, suggesting the removal of the capping ETolecules and possible slight change of
the Au nanorod morphology. The index sensitivibéshe plasma-cleaned Au nanorod arrays on

glass, the mesoporous silica and titania films wehmaracterized (Figure 7.12). The index
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sensitivity (283 nm/RIU) of the plasma-cleaned Aanorod arrays on glass slides is larger than
that (230 nm/RIU) of the CTAB-capped ones. TheméebAu nanorod arrays supported on the
mesoporous silica and titania films, however, sheductions in the index sensitivity. We reason
that the bombardment of the charged species dptagma cleaning causes the Au nanorods to
be partially embedded in the mesoporous silicataadia films due to the porous nature of the
films. The partial embedding reduces the contacthefliquid solvent with the Au nanorods,

which, as a result, results in the reductions értfeasured index sensitivities.
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Figure 7.12 Variations of the longitudinal plasmon shifts betplasma-cleaned Au nanorod
arrays with the refractive index change of the mm@tsolvent relative to the refractive index of
air. The Au nanorod arrays were deposited on @gsgélides, (b) mesoporous silica fims, and (c)
mesoporous titania films, respectively. The plasnsbifts are relative to the longitudinal
plasmon wavelengths measured when the Au nanoraglsawere in an ambient environment.
The red lines are linear fits.

7.4 Summary

In this chapter, | have first compared the plasmamuoperties between chemically-grown
and EBL-written Au nanorods. Compared with theiremlically-grown counterparts,
EBL-written Au nanorods suffer from much poorer gpfeonic performances. The scattering
intensity of EBL-written Au nanorods was found tce lonly a quarter of that of
chemically-grown ones. The large plasmon dampindgBL-written Au nanorods is mainly
attributed to the employment of an adhesive medaged To overcome the drawbacks of

lithographically-fabricated Au nanorod arrays, \Wwerefore further developed a general approach
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for depositing noble metal nanocrystals from agsecaolloidal solutions onto substrates. Au
nanorods, Au nanospheres, Au nanobipyramids, amdc@ke)/(Ag shell) nanorods have been
successfully deposited to form macroscale randoaysuwith high densities. We have acquired
nanocrystal arrays on glass slides and mesoporntiaa and titania films. The size of the
nanocrystal arrays can be up to 10 cm by 10 cmcandbe further increased. The noble metal
nanocrystal arrays have distinct plasmonic properind are promising candidates for a number
of plasmonic applications. In addition, we employAd nanorod arrays for studying the
refractive index-based sensing characteristics. Sdresing performance of Au nanorod arrays
supported by mesoporous films is comparable todh&u nanorods in solutions. The effects of
plasma cleaning and mPEG-SH coating on the ref@atidex sensitivity of Au nanorod arrays
have also been examined. We believe our method gvidlatly facilitate the plasmonic

applications that require the formation of largeaaarrays of metal nanocrystals.
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Chapter 8

Conclusions and Outlook

In this thesis, | report on my studies on the plasrooupling in Au nanorod-based dimers,
the use of graphene to mediate the plasmon couplbhgeen Au nanocrystals, the comparison
of the plasmonic properties between lithographyeadtitten and chemically-grown Au nanorods,

and the fabrication of macro-scale colloidal Au ovad arrays.

To obtain a thorough understanding of the plasmmumpling behavior, | have performed
systematic studies on the plasmon coupling in bdterers composed of two different Au
nanorods or one Au nanorod and one Au nanospherst, [Extensive simulations were
performed to unravel the plasmon coupling in heteners of nanorods aligned along their
length axes. | found that the plasmon coupling kbetwtwo arbitrarily varying Au nanorods can
be well described using a coupled mechanical esofllmodel. The coupled plasmon energy can
be easily, but accurately predicted with a uniMeregperbolic formula. The nanorod
heterodimers also exhibit Fano interference, whielm be adjusted by controlling the gap
distance and monomer plasmon energies. Secong)asmon coupling between a Au nanorod
and a small Au nanosphere has been studied withesng measurements, electrodynamic
simulations, and model analysis. The spatial pbedtion of the nanosphere leads to distinct
spectral changes of the heterodimer. Interestintjlg, nanosphere dipole is found to rotate
around the nanorod dipole to achieve favorableaditre interaction for the bonding
dipole-dipole mode. The sensitive spectral response of tibeerodimer to the spatial
perturbation of the nanosphere offers an approactiesigning plasmon rulers of two spatial

coordinates for sensing and high-resolution measen¢s of distance changes.
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Furthermore, plasmon coupling can be modulatedroylta-thin monolayer graphene. |
have explored the interaction between graphenevandlifferent coupled plasmonic structures,
including Au nanorod dimers and Au film-coupled Aanosphere structures. For the nanorod
dimers, no apparent spectral modulation can beicuhrough graphene due to the weak
interaction between the nanorod dimer and grapHgneontrast, remarkable modulation on Au
nanosphere scattering can be achieved by addinghgme into the cavity between the
nanosphere and the supporting film. The grapheageld nanosphere antennas exhibit
significant resonance redshifts, which can furtbermodulated when the graphene screening
effect is varied. This graphene-decorated plasmaoiicocavity not only pushes the optical
response of graphene into the visible-to-near#aftaregion but also naturally exemplifies an
electro-plasmonic system. These findings thus @meavenue on effectively operating graphene
photonic devices at the visible-to-near-infraredge and pave a way for electrically controlling

light by plasmonic structures.

Practical applications of Au nanorods usually reguiheir assembly into coupled or
uncoupled macro-scale arrays. | have fabricatedi@norod arrays by electron beam lithography
(EBL) and further developed a method for prepamnmacro-scale colloidal nanocrystal arrays.
The plasmonic properties of Au nanorods preparenh fdifferent methods are compared. The
EBL-written Au nanorods suffer from a poor plasnwperformance, which is found to be
mainly attributed to the employment of an adhesnadal layer. The chemical method, on the
other hand, can achieve Au nanocrystals with esgelblasmonic responses at a very low cost
but appears difficult to assembly into ordered dtrtes. In particular, | have succeeded in
directly depositing colloidal metal nanocrystalstoomlifferent substrates to form arrays. The
resultant nanocrystal arrays are uniform and dewsin the single-layer absorbance value
reaching 0.2 and the size up to one decimeter sqUdue refractive index sensitivities of the
obtained Au nanorod arrays have also been chaissderThe macro-scale metal nanocrystal

arrays can overcome the poor stability of the a@d#lb solutions and the high cost of
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single-particle spectroscopy that hinders the pralcapplications of plasmonic nanocrystals for
sensing. This method is expected to greatly fatdithe plasmonic applications that require the

formation of large-area metal nanocrystal arrays.

| believe that the improved understanding on ttesiplonic response of Au nanorod-based
oligomers, the exploration of using graphene to uhate the plasmon coupling, and the efforts
towards the fabrication of macro-scale nanocrystahys in this thesis are important for
designing and fabricating complex assemblies, hehreal structures, and macroscopic materials
out of noble metal nanocrystal building blocks, mmsamilar to the formation of molecules and
macroscopic materials out of atoms, with desirexbplon-derived functions. The results here
will promote the applications of Au nanorods in iopt optoelectronics, and biotechnology.
However, it still requires great efforts to furtherprove the understanding of coupled plasmonic
system, to use plasmonic structures to realizestbetronic and all-optical control of photonic
signals on sub-wavelength scale (so called actagnmnics), and to unleash the full potential of
plasmonic metal nanostructures as novel functioaalomaterials. Based on the results shown

here, further explorations can be focused in tHewaing aspects.

First, in analogy to the cases of wave functiorenattions between electrons to from
electronic band structures, the plasmon couplingvio+ or three-dimension periodic arrays of
plasmonic nanocrystals can form plasmonic bandstres. These metal nanocrystal arrays can
support novel plasmonics properties, such as ¢aleeplasmon resonances,[1] plasmonic Fano
resonances, and extraordinary optical transmid@jpihey are ideal candidates to achieve
tunale plasmonic analogues of electronic structofespecific materials, e.g. graphene, and to
realize nanoplasmonic sensors with ultra-high #gaf merit values. Two- or three-dimension
metal nanocrystal periodic arrays in small areas: d# simply fabricated through
evaporation-driven self-assembly processes. Nowskerabling techniques are required to
achieve large-area arrays of colloidal nanocrystatsth experimental and theoretical efforts

need to be developed for understanding the plasmooipling in these metal nanocrystal
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arrays.

Second, the high sensitivity of the plasmonic resgs of coupled plasmonic structures to
the spatial perturbations permits both the momtprof molecular transformations by optical
means and the use of specific molecules that damv akversible configuration changes to
construct plasmonic switches. To fabricate reliabled robust plasmonic biosensors and
plasmonic switches, extensive efforts are stilurezg to find coupled plasmonic structures that

can react sensitively and reproducibly to spatatuyrbations.

Third, the interaction between plasmonic noble mesmostructures and two-dimensional
materials, such as graphene and molybdenum disuléidn bring strong interaction between
light and two-dimensional materials and result mvel physical phenomena, enabling new
developments in the investigation of two-dimensiomaterials and active plasmonics. The
investigation is in its infancy. To understand thieysics behind, we need to design smart
experiments to reveal the quantum effects in theraction between metal nanostructures and
two-dimensional materials. The applications of tiybrid structures composed of noble metals
and two-dimensional materials can also be extefyechaking use of the unique properties of
two-dimensional materials, such as strong photal@sgence (monolayer MaSmonolayer
MoS; is a direct-bandgap semiconductor due to the guargffect while bulk Mogis an
indirect-bandgap semiconductor),[3] gate voltagetadled metatinsulator transitions
(monolayer Mo9),[4] gate-controlled dielectric property variat®r(graphene),[5] and the
negative differential thermal resistance (graphg®&) For instance, the light trapping and light
antenna effects of plasmonic metal nanostructuess limost the development of monolayer
MoS, as an ultra-compact single-photon source; The gbhetmal conversion capability of
plasmonic nanocrystals enables the employment aphgme to construct ultra-high density
optoelectric storage memories by utilizing theigaigve differential thermal resistance responses;
The gate-tunable dielectric properties of graphd&; permit their hybrids with noble metal

nanostructures as active plasmonic devices andafastr plasmonic switches. Extensive
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explorations are required to transform the aboep@sals into realities.

In the end, the successful deposition of collomdatal nanocrystals into large-area arrays in
this thesis paves the way to fabricate low-cossrmlan-enhanced thin-film solar cells and
photodetectors. Experimental challenges are wafingis to overcome to release the potentials

of the colloidal mental nanocrystal arrays in pittapplications.
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