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Abstract

The high tunable localized surface plasmon resonance of nanoring has been
investigated with different ring widths. The strong electric field intensity enhancement
of bonding mode is provided by the plasmon coupling between the inner and outer
surface of nanoring, which is suitable for biological sensing, nanotrapping and field
enhanced spectroscopy.

In this thesis, we propose the elliptical gold nanoring for studying the aspect
ratio effect of such hybridized nanostructure. The resonance wavelength, mode profile
and charge distribution of elliptical gold nanoring has been studied by simulation and
experiment with different aspect ratios and polarizations. The results show that the
tunability of the peak wavelength and the electric field intensity enhancement are
improved by controlling the aspect ratio. Furthermore, the index sensing properties of
elliptical gold nanoring were compared with that of elliptical gold nanodisc. The
aspect ratio effect on index sensing was observed and the unique plasmonic properties
under transverse polarization have been completely studied.
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Chapterl Introduction

1.1 Introduction to Surface Plasmon Polaritons

Surface plasmons polaritons (SPPs), are coherent electron oscillations that exist
at the interface between metal and dielectric material where the real part of the
dielectric function changes sign across the interface, as shows in Fig.1.1. This
characteristic phenomenon was predicted in 1957 by R.H. Ritchie [1] and extensively
studied in the following two decades by many scientists, the foremost whom are
Heinz Raether [2], and E. Kretschmann [3].

There are two types of SPPs modes that one is propagating surface plasmon
polaritons (PSPPs). and another_is localized surface plasmon polaritons (LSPPs).
When the coupling light met resonance condition, the energy of coupling light is
efficiently transferred to these SPP modes. This is usually referred as a surface
plasmon resonance (SPR). If the SPP-mode occurs at localized metal surface, it is
usually referred as_a localized surface plasmon resonance (LSPR). Then we would
introduce the mechanism of SPR for PSPPs and LSPPs. For PSPPs, surface wave can
propagate at the interface with TE and TM polarizations. The electric field direction is
parallel for TE and perpendicular for TM to the interface which is z=0 in Fig. 1.1.
However, the electric field of TE modes should be continue in the metal-dielectric
interface, so it’s impossible to induce charges to excite SPPs. Additionally by solving

the Maxwell equations with boundary condition, we can get the dispersion of SPPs on

ep = ky = 2 [22Em (1-1)

where kg, is wave vector, and ey, and g4 are electric permittivity for metal and

the metallic-plane surface.

dielectric.
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Figure 1.1: Illustration of the surface charges oscillations at the interface between
metal and dielectric medium.

The resulting momentum mismatch between light and surface plasmons (SPs) of the
same frequency must be overcome if light is to be used to excite SPs, as shown in Fig.
1.2(a), and there are some techniques to achieve this condition. We can take

advantage of prism coupling to-enhance the momentum of the incident light [4][5] .
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Figure 1.2 (a) The dispersion curve for a SPP mode shows the momentum mismatch.
(b) The PSPP is excited thanks to the larger momentum of the photon in the prism,
which is transferred by the evanescent field, using total internal reflection [6], [7].

For LSPPs, the dispersion curve is not true for small metallic nanoparticles,
where size becomes comparable or smaller than wavelength. The nature of the
electromagnetic mode of system is then completeness. In particular, the description in
terms of k vector (kx for a plane) becomes irrelevant. The electromagnetic modes then
exist for discrete value of o instead of having continuous modes described by the

dispersion relation w(kx). As opposed to PSPP on planar interfaces, LSPPs are
2



radiative modes with an absorptive component because of optical absorption in the
metal. The resonant response therefore, not only appears in absorption but also in
scattering measurements. In theory development, the quasi-static approximation is
suitable for calculating and describing the scattering field. For a metallic nanosphere
with radius a<<j is in a uniform electric field, as shown in Fig. 1.3 (b). The electric

potentials in and out of the metallic sphere are

®;,(r,0) = — (g::zg) Eorcos®, (r<a) (1-2)
Dyyui(r,0) = —Egrcos0 + (%) E:—jg cos 9, (r>a) (1-3)

that we focus is the electrical potential out of the sphere, ®,,, which can be also

translated to

p
D,y (r;0) = —Egrcos0 + Amer2 08 0
_ o 3 Em—¢€ _
p = eaE,, o = 4na (—gm+28) (1-4)

where p is dipole moment, and ‘. is polarizability. The first term of ®,,. is from the
incident field, and the second term is induced by the ideal dipole. Here concerned of
an ideal dipole p = saEge 2 at z=0 instead of the metallic sphere, which is
surrounded by an incident plane wave with-an electric field E,,. = Eoel®*92 | the

scattering electric field is

N eikr ik3 R
E, = — T XTX
S —ikr 4ne p

eik(r—Z) ik3 s . . N
= ——-aEe iotalkzg » f x 7
- T

eik(r—z) ik3 eik(r—z) N

= —a(f Xt X 2)E;,. = ——XE;
ke an a( ) inc “ike inc

—

k3
X="Ca@xtx3) (1-5)
We can calculate the extinction cross section from the equation (1-5):

Cext = % Re{i : ﬁ}ezo
3
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0=0
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a<< A

Electron cloud

Figure 1.3: lllustrations of (a) LSPR in the metallic nanosphere and (b) the metallic
nanosphere is surrounded by the constant electric field [8].

As shown in the extinction cross section, there would be resonance when ¢, + 2¢ =

0. And the LSPR frequency can be obtained by Drude’s model:

®p

Opsp = ——
LSP ™ A+2e

) = 1(in ai -
=7 when & =1(in air) -7

If the shape of the nanoparticle is not a sphere, the LSPR frequency would be varied
with the geometry. We will discuss in the next section.

In summary, SPP modes are confined around the surface of metals to form a
highly near-field which has been wildly used in many applications, such as chemical

or biological sensing [9], surface-enhanced Raman scattering (SERS) [10], and so on.



1.2 LSPR of Metal Nanostructure

The plasmonic properties of LSPR are dominated by size, shape, material and
environment. Various metal nanostructures are designed for highly tunable resonance
[11], board bandwidth [12] and extremely field enhancement [13]. There are some
popular structures with unique plasmonic properties which would be introduced in

this section.

1.2.1 The Geometry Dependent LSPR Properties

The effect of size and shape of nanoparticle are important parameters of LSPR.
An experimental method has-been-developed the geometrical shape of a nanoparticle
plays a major role in determining-the plasmon resonance, as shown in Fig. 1.4. The
result indicates that spectrum redshifts with increasing particle size and sharper tip
[14].

In recent years, research has been focused- on-understanding the principles of
enhanced transmission of light through nanohole arrays with a hole diameter smaller
than the wavelength of light. The optical-and analytical properties of nanohole arrays

(a) (b) ﬁm——
80 - W N .

{

|

500 -

g 8

N
8
T

Scattered Light (arbitrary units)
Scattered Light (arbitrary units)

8

400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 1.4: Optical spectra for different (a) geometry and (b) modified shapes after
hearting.
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Figure 1.5: (a) AFM image of a gold nanohole array with a periodicity of 450 nm with
a diameter of 195 nm. (b) Transmission spectra for Au (lines) and Ag (dashed)
nanohole arrays with different nanohole diameters [15].
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Figure 1.6: (a) SEM image of the gold nanorods. (b) The absorbance spectrum of gold
nanorods with two distinct modes. (c) Peak wavelength of longitudinal resonance with
varied aspect ratio. (d) Peak wavelength of longitudinal resonance with different
surrounding mediums [16].

can be tuned by modifying the diameter of the nanohole and the metal composition, as
shown in Fig. 1.5. The intensity/FWHM ratio are improved for Ag nanohole arrays

with smaller hole diameters compared with Au nanohole arrays [15].
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The optical properties of nanorod are strongly dependent on the polarization of
incident light. The plasmon modes under electric field with parallel and perpendicular
to the longitudinal-axis are referred as longitudinal and transverse modes. Besides, the
peak wavelength of longitudinal mode red-shifts with increasing gold nanorod aspect
ratio [16]. These optical properties of gold nanorod are demonstrated as shown in Fig.

1.6.

1.2.2 Hybridized Nanostructure

The hybridized structure has been purposed by Nordlander who developed the
theory of hybridization“model [17]. The hybridized structure can be seen as the
combination of different nanestructures, which results in rich-plasmonic properties.
An energy level diagram shows-the interaction of hybridization plasmon and reveals
the features correspond to each individual part of the hybridized nanostructures. We
would introduce two hybridized structures, one is nanoring [18] and another is
nanorice [19].

For nanoring, the high geometry-dependent plasmon resoenance can be seen as an
interaction of the plasmon resonance of-a-nanodisc-and that of a nanocavity, as shown
in Fig. 1.7. Because of the finite thickness of the ring width, the nanodisc and
nanocavity plasmons interact with each other. The strength of the interaction between
the nanodisc and nanocavity plasmons is controlled by the ring width. This interaction
results in the splitting of the plasmon resonance into two new resonances: the lower

energy “bonding” and the higher energy “antibonding” plasmon modes.
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Figure 1.7: An energy level diagram of plasmon hybridization in nanoring

nanocavity

nanodisc

The optical properties of gold nanoring fabricated by colloidal lithography have
been investigated by J.Aizpurua.in-2003 [18], as shown in Fig. 1.8. Compared to solid
gold particles with-similar size, nanorings exhibit a tunable localized surface plasmon
mode by varying the ratio of the ring thickness to its radius.

The dielectric core-metallic shell prolate spheroid nanoparticle bears a remarkable
resemblance to a grain of rice, inspiring the name “nanorice” as shown in Fig. 1.9.
Nanorice is a new hybrid nanoparticle that combines the intense local fields of
nanorods with the highly tunable plasmon resonances of nanoshells. The geometry of
such nanostructure possesses far greater structural tunability than either a nanorod or a
nanoshell, with much larger local field intensity enhancements [11].

The nanorice plasmon resonance properties are determined by a hybridization of
the parent spheroid and cavity plasmon resonances corresponding to the aspect ratio
of the nanoparticle. For longitudinal polarization as shown in Fig. 1.10(a), the energy
of the bonding and antibonding plasmons are close to the solid spheroid and cavity

plasmon energy levels respectively. So the plasmonic properties of bonding plasmon



Figure 1.8: (a) Side and (b) top views SEM images of gold nanorings, (c) The
plasmon resonance wavelength as a function of the ratio of the ring thickness to its
radius for bondingand antibonding maodes [18].
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Figure 1.9: (a) Schematics of nanorice structure. (b) SEM (left) and TEM (right)
images of hematite core with gold shell.(c) Extinction spectra of hematite-Au
core-shell nanorice with different shell thicknesses.(d) Near-field profile of the
nanorice under longitudinal (up) and transverse (down) polarizations [19].
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Figure 1.10: An energy level diagram.of plasmon hybridization in nanorice for (a)
longitudinal and (b) transverse polarizations.

are dominated by nanospheroid plasmon and those of antibonding mode are
dominated by cavity plasmon. For transverse polarization as shown in Fig. 1.10(b),
the situation is reversed. These properties have been investigated in previous study
[19].

From the popular nanostructures in section 1.2.1 and the hybridized
nanostructures in section 1.2.2, we found that the plasmonic properties of these kinds
of nanostructures could be designed and tuned by aspect ratio, shell thickness and ring

width.
10



1.3 Local Field Enhancement around Metal Nanoparticle Structures
for Sensing Applications

The enhanced localized field induced by surface plasmon oscillation can be
applied into many applications, such as detecting the local change of dielectric
environment for biological sensing [20], producing high electromagnetic force for
nanotrapping [21], and boost the Raman cross section of molecules by many orders of
magnitude for surface-enhanced Raman scattering (SERS) [22].

The shape dependent electric field enhancement for sensing performance is widely
studied in various fantasy structures: The sensing.performances of nanoparticles with
different lengths, diameters and aspect ratios are discussed; as shown in the Table 1-1

[23].

Table 1-1 Sizes, plasmon wavelengths, and index sensitivity of various au nanoparticles [23].

Table 1. Sizes, Plasmon Wavelengths, and Refractive Index Sensitivities of Variously Shaped Au Nanoparticles

Au nanoparticles lcngtlfr (nm) diameter” (nm) aspect ratio” plasmon wavclcngthd (nm) index scnsiti\-‘ity“ (nm/RIU) figure of merit
nanospheres 15(1) 527 44 (3) 0.6
nanocubes 44 (2) 538 83 (2) 1.5
nanobranches 80 (14) 1141 703 (19) 0.8
nanorods 40 (6) 17 (2) 24(0.3) 653 195 (7) 2.6
nanorods 55(7) 16 (2) 3.4(0.5) 728 224 (4) 21
nanorods 74 (6) 17(2) 4.6(0.8) 846 288 (8) 1.7
nanobipyramids 27 (4) 19(7) 1.5(0.3) 645 150 (5) 1.
nanobipyramids 50(6) 18 (1) 2.7(0.2) 735 212(6) 2.
nanobipyramids 103 (7) 26 (2) 3.9(0.2) 886 392 (7) 4.
nanobipyramids 189 (9) 40(2) 4.7(0.2) 1096 540 (6) 4

Since the enhanced fields are localized at the surface of plasmonic nanostructures,
they serve as a local probe of the dielectric environment within a few nanometers of
the particle surface. For this fact, the optical biosensors is an important application
which can detect the small molecular around the plasmonic nanostructure. For
selecting bimolecular, the biotin streptavidin interaction is often measured when
developing biological assays because it forms a strong, specific bond. In addition,
many reagents for bioconjugate techniques based on biotin-streptavidin are readily

available. Streptavidin detection with different concentration has also been
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demonstrated inserum and dilute blood, as shown in Fig. 1.11. The wavelength shift
in phosphate buffered saline (PBS) and 40% serum from picomolar to micromolar
concentrations of streptavidin shows the great detectable ability for wide range

concentration based on gold nanorod with high field enhancement.

(,a) 10 (b )1 2
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Figure 1.11: The dose -response ~curve for streptavidin detection with
biotin-functionalized gold nanorods in (a) PBS and (b) serum [20]. The inset shows
the SEM image of gold nanorod.

1.4 Motivation and Objective

The high tunable nanostructure geometries include the metal nanoring and the
nanorod structure which have been introduced in previous section. The elliptical gold
nanoring geometry can be seen as the combination of nanorod and nanoring, so the
optical properties of elliptical gold nanoring combine the ring width dependent optical
behavior of nanoring with aspect ratio dependent optical behavior of nanorod. The
plasmonic properties of elliptical gold nanoring are expected to be improved,
including field enhancement, resonance wavelength tunability, and index sensitivity.
For field enhancement, the near field of elliptical gold nanoring is larger as compared
to that of nanoring due to the sharp shape of the two sides for elliptical gold nanoring.

For resonance wavelength tunability, the plasmon coupling of elliptical gold nanoring

12



between inner and outer surfaces is more enhanced at larger aspect ratio. For index
sensitivity, the wavelength shift of elliptical gold nanoring is better than that of
elliptical gold nanodisc due to additional contribution from the electromagnetic field
in cavity region. Fig 1.12 shows the scheme of elliptical gold nanoring. This structure
is expected to be more tunable and sensitive with larger intensity enhancement.

The thesis is organized as following, in chapter 2, we introduce the simulation
method, fabrication processes and measurement setup. In chapter 3, we study the
optical properties of the SPR modes for elliptical nanodisk, elliptical nanohole and
elliptical nanoring with different aspect ratios by simulation. Furthermore, the
simulation result of plasmon hybridization behavior. is confirmed by experiment. In
chapter 4, we further investigate-the performances of index sensing for elliptical gold
nanodisc and nanoring in simulation and experiment. Finally, conclusion of research

results and future work are discussed in chapter 5.

Figure 1.12: Scheme of elliptical gold nanoring.
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Chapter 2 Simulation Method, Fabrication,
Process, and Measurement Setup

2.1 Introduction

In this chapter, we explained the fundamental theory of the numerical method to
simulate the extinction spectrum and mode profiles of elliptical gold nanoring. To
realize the structure, standard nano-fabrication processes for gold nanostructures
including electron-beam lithography, thermal evaporation coating, and lift-off are
introduced. To measure the plasmonic- properties and sensing performances of
metallic nanostructure, we set up an upright.transmission spectroscopy and its

configuration is described.

2.2 Finite Element Method

In our simulation, Maxwell’s equations are solved by COMSOL Multiphysics
(commercial software) using finite element method (FEM) to find approximate
solutions. Start from _Maxwell’s equations, if we assume E-field and H-field are time
harmonic modes, the vector wave equation for E-field can be derived as following:

Time harmonic H-field and E-field:

H(r,t) = H(r)e ®!, E(r,t) = E(r)e 't (2-1)

Maxwell’s equations:

JH(r,t)
at 0.

OE(rt)
a

V-H(r,t) =0, VXE(rt)+ pol,

V:[eoe (NE(r,t)] =0, VX H(r,t) + g5e.(1) 0, (2-2)

From (2-1) and (2-2), we get vector wave equation of E-field.
VX [ 10V X E(r)] —k3e,(DE(r) =0, & =n?,
where p, and ¢ are in the tensor form, and n is refractive index. The time dependent
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terms in electromagnetic field are eliminated in this wave equation because the
assumption of time harmonic mode, thus obtained solution is stationary state. In order
to solve this wave equation with appropriate boundary conditions, standard FEM
proceeds in three steps [24]. First, the wave equation is identified as solutions of
certain variational problems where the boundary conditions at the surface oV of the
computational domain V have been incorporated as additional terms in the
Lagrangian:
1 1
L(E) = Efv d3r[E(Vx E)- (V X E) — K2¢,E - E]
+f dS-[%(an)-(an)+E-U]
v
(2-4)
where n denotes the outward normal at the surface 0V and the electric field has to
satisfy the boundary condition n x E = 0 on &S. y. and U are known quantities which
are used to represent other types of boundary conditions such as scattering boundary
conditions in our simulation.

The second step is discretization of the Lagrangian. The computational domain V
is subdivided into a number of finite elements in three dimensions of triangular shape,
as shown in Fig.2.1. Within each element, the electric field is expanded into a series
of certain elementary functions with unknown coefficients.

In the final step, these expansions facilitate the transformation of the Lagrangian
into a set of linear equations by Galerkin method [25] which is used to seek solutions
by weighting the residual of the differential equation. These matrices can be solved by
advanced linear algebra methods, either for obtaining eigenmodes of the system or to

determine extinction cross sections of complex structures as well as transmittance and

reflectance.
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Figure 2.1: Triangular meshes for our simulation domain.

The refractive.index of the ITO-layer substrate is as the function of wavelength
[26], and the gold permittivity is modeled by Lorentz-Drude expression whose

parameters are chosen to match the experimentally determined permittivity [27].

2.3 Fabrication Process

We use indium™tin oxide (ITO) glass as the substrate to avoid the charge
accumulation effect during electron beam lithography (EBL). First, ITO glasses were
cleaned in acetone followed by isopropanol (IPA) for 20 min and dried in N,. Then
these substrates were spin-coated with 150 nm polymethyl methacrylate (PMMA)
electron-sensitive resist followed by curing. The patterns for the nanodisk and
nanoring dimer arrays were written on PMMA by using electron beam lithography
system. During the expose step, pattern geometries can be controlled by choosing
appropriate point and line dosage. The exposed PMMA becomes soluble and
dissolves in e-beam resist developer (MIBK solution). Au layer with 50 nm of

thickness is then deposited at a rate of 0.3 A/s by thermal evaporation. Finally, the
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PMMA resist and the overlaying Au layer were removed by lift-off in acetone at room

temperature. The illustration of overall fabrication process is shown in Fig.2.2.

ITO Glass Substrate Pre-cleaned Pattern Definition by EBL
PMMA
ITo OO O ITo
O O O
Glass
Glass PMMA Coating

‘ Deposited

Elliptical Gold Nanoring Array Au layer
= - ITo  Lift-off PMMA
— | D ITO
— -
Glass Glass
Finished Au layer is deposited by thermal coater

Figure 2.2: Illustration of the fabrication process.

Following the procedure, ‘we fabricated two dimensional 150 pm x 150 um
arrays of elliptical _gold nanodisk and nanoring array with periods of 2 um in the
direction parallel to the longitudinal-axis and 1 um in-the perpendicular direction. The
average ring width is ~150 nm and the thickness is fixed at 50nm. Figure 2.3 shows

scheme of elliptical gold nanoring which the aspect ratio is defined as the R = Ly/L,.

Ratio R=L,/L,

Figure 2.3: Scheme of elliptical gold nanoring.
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For the elliptical gold nanoring, the aspect ratio is varied as 0.95, 1.11, 1.27, 1.43,
and 1.54. The patterns were imaged by scanning electron microscope (SEM), as
shown in Fig. 2.4 (a). For the elliptical gold nanodisc, the aspect ratio is varied as 1.04,

1.12, 1.25, 1.31, and 1.41. The patterns were imaged by SEM, as shown in Fig. 2.4

(b).

.

Figure 2.4: SEM images of elliptical gold (a) nanoring and (b) nanodisk arrays with
different aspect ratios.
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2.4 Measurement Setup

Fig. 2.5 shows the configuration and photography of upright transmission
spectroscopy. Light from a halogen lamp was polarized by a polarizer, collimated and
focused by a 20x objective lens on the sample at normal incidence. Alignment
between the incident light and the sample can be adjusted by 3-axes stage where the
sample is mounted. This adjustment can be monitored by the projection of the pattern
on a simple screen. Output signal was collected by another 20x objective lens and
coupled into multimode fiber (MMF), which was finally analyzed by an optical
spectrum analyzer (OSA). The extinction spectra as'shown in the following are given
by —log (P/Po), where P and Pgy-are-the power of transmitted light with and without
passing through the patterns.

On the other hand, in order to investigate the optical sensing performance of
these devices, we change the environmental refractive index. of elliptical gold
nanodisk and nanoring by immersing the fabricated device in index match liquid (n =
1.3~1.39), and obtaining their transmission spectra by the upright transmission

spectroscopy.
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Figure 2.5: (a) Photography and (b) configuration of upright transmission
spectroscopy. (c) Partial enlarged detail of upright transmission spectroscopy.

2.4 Summary

In this chapter, we introduced the fundamental theory of finite element method

for our simulations. And we described the nano-fabrication processes for realizing the

elliptical gold nanoring, which are composed of e-beam lithography, thermal

evaporation, and lift-off. Finally, we described the configuration of upright

transmission spectroscopy and the method of sensing performance measurement of

fabricated devices.
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Chapter 3 Optical Properties of Plasmonic
Modes in Elliptical Gold Nanoring

3.1 Introduction

In this chapter, the optical responses of elliptical nanostructure with different
aspect ratios are investigated. The elliptical gold nanodisc, nanohole and nanoring are
simulated for comparison under longitudinal and transverse polarizations. The
plasmonic properties of elliptical gold nanoring are understood by the combination of
plasmonic behaviors with elliptical gold nanodisc and nanohole. In addition, we also
fabricated the elliptical gold nanodisc and nanoring arrays and analyzed their optical
responses. The resonance wavelength and mode profiles are studied for understanding
plasmons behavior of elliptical nanostructure with gradually varied aspect ratio.
Finally, the plasmon hybridization of elliptical gold nanoring is discussed.

3.2 Elliptical Nanodisc

In simulation, the fixed short-axis dimension Ly and the height t of elliptical
nanodisc are set to be 275nm and 50 nm. The aspect.ratio R which is defined as the
length of long axis divided by.the length of short axis is varied from 1 to 1.58 by
elongating the long-axis-«dimension L, as shown in-Fig. 3.1. The surrounding medium
IS assumed to be air. We use the Lorentz-Drude model to describe the gold dielectric

function and consider the dispersion of ITO. Incident plane waves of power 1 W and

Z
y -
XT(’ Ratio R=L,/L,

Figure 3.1: Scheme of elliptical gold nanodisc.
21



(a) 0.20
0.18
—~0.16 1
= 0.14
E, ]
 0.12
. 0.10
‘la ]
£ 0.08
£ 0.06
W .04 &=
0.02
0.00 v T T T T T T T " T v T
400 600 800 1000 1200 1400 1600
Wavelength(nm)

0144 ——R=1.58

0.02 4

0.00 T T T T T T T T T T T T !
400 600 800 1000 1200 1400 1600
Wavelength(nm)

Figure 3.2: Simulated extinction spectra of elliptical gold nanodisc with varied aspect
ratio under (a) longitudinal and (b) transverse polarizations.

wavelength ranges from 400 to 1700 nm are employed to excite the elliptical gold
nanodisc. The incident electric field parallel to the long axis is defined as longitudinal
polarization, and another direction perpendicular to the short axis is defined as

transverse polarization.

The simulated extinction spectra of elliptical gold nanodisc for longitudinal and
transverse polarizations are shown in Fig 3.2. Under longitudinal polarization, the
distinct dipole mode red shifts with broaden band width as the aspect ratio is
increased. However, it blue shifts slightly under transverse polarization. These results
are confirmed with previous experiment [28]. To indentify the plasmon modes of
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elliptical gold nanodisc, we simulated the mode profiles with vector field are shown in
Fig 3.3. The multipole plasmon of the elliptical gold nanodisc has been studied in
previous studies [28]. It indicates that high order modes can be excited by elongating

the nanodisc for both longitudinal and transverse polarizations.

(a) Longitudinal
second-order hexapole modd

dipole mode ' hexapole mode

maXx

‘k=1395nm

O

(b) Transverse

dipole mode

2=1265nm

Figure 3.3: Simulated mode profiles with.vector field and charge distribution of
elliptical gold nanodisc under (a) longitudinal and (b) transverse polarizations at
aspect ratio R = 1.58.

The measured extinction spectra of elliptical gold nanodisc with different aspect
ratios for longitudinal and transverse polarizations are verified by the simulated result,
as shown in Fig. 3.4. The peak wavelengths of dipole modes show the red-shift and
blue-shift behaviors for longitudinal and transverse polarizations. The red shift of high

order mode is also observed in experiment.
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Figure3.4: Measured extinction spectra of elliptical gold nanodisc with varied aspect
ratio under (a) longitudinal and (b) transverse polarizations.

3.3 Elliptical Nanohole

For the elliptical gold nanohole, the fixed short-axis dimension Lyand the height
t are set to be 125 nm and 50 nm in our simulation. The aspect ratio R is varied from 1
to 2.28 by elongating the long-axis dimension Ly, as shown in Fig. 3.5. For metal thin
film, the transmission or scattering intensity are studied for searching the resonance

wavelength usually. Figure 3.6 shows the behavior of resonance wavelength
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completely opposite to the case of elongated metal particles. A simple analytical
model qualitatively explains this observation in terms of the different orientations of
the induced dipole moments in holes and particles [29]. The charge distribution of
induced dipole in metal film for nanohole is opposite to that of induced dipole for the

metallic nanoparticle with the same size. This effect changes not only the trend of

peak wavelength shift but also the behavior of amplitude for scattering light [29].
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Figure 3.6: Simulated extinction spectra of elliptical gold nanohole with varied aspect
ratio under (a) longitudinal and (b) transverse polarizations.

The cavity mode is shown in Fig. 3.7. The mode profile indicates that the field
intensity of transverse mode is-stronger than that of longitudinal mode. In addition,
the vector field ‘of cavity mode is plotted for studying the dipole oscillation. The
charge distribution of induced cavity mode for nanohole is opposite to that of induced
dipole mode for nanodisc by studying the direction of electromagnetic field.

(a) Longitudinal
max

cavity mode vector field of caVity mode

2=998nm

(b) Transverse
cavity mode vector field of cavity mode

2=1326nm

min

Figure3.7: Simulated mode profile with vector field and charge distribution of
elliptical gold nanohole under (a) longitudinal and (b) transverse polarizations at
aspect ratio R = 2.28.
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3.4 Elliptical Nanoring

Fig. 3.8 shows the scheme of elliptical gold nanoring with uniform ring width W,
fixed short axis Ly and varied long axis. For elliptical gold nanoring in simulation,
uniform ring width W, fixed short-axis dimension Ly and thickness are set to 150, 200
and 50 nm. The aspect ratio is varied from 1 to 1.58 in simulation. The extinction
spectra are obtained for longitudinal and transverse polarizations in Fig. 3.9. By
gradually elongated the gold nanoring, resonance modes red shift for both
longitudinal and transverse polarizations. This phenomenon can be described by
plasmon hybridization which is presented as the disc-like behavior under longitudinal

and cavity-like behavior under transverse polarization.

R=L,/L,

Figure 3.8: Scheme of hybridized elliptical gold nanoring

Interestingly, there is.only two mode at R=1 aspect ratio which are identified as
bonding and antibonding modes. However, there are four plasmonic modes at R=1.58
under both longitudinal and transverse polarization, as shown in Fig. 3.10. The
plasmonic high order mode can be induced by elongated the nanostructure under both
longitudinal and transverse polarizations. The second-order hexapolar antibonding
mode around 680nm is induced by the ring width effect which breaks the symmetries
of elliptical gold nanoring in appendix A. These plasmonic modes are the result of
coupling between inner and outer surfaces by the interaction of plasmon hybridization,

which is introduced in next section.

27



600 800 1000 1200 1400
Wavelength(nm)

0.00 T T T T ¥ T L T y T Y T 3
400 600 800 1000 1200 1400 1600
Wavelength(nm)

Figure 3.9: Simulated extinction spectra of elliptical gold nanoring with varied aspect
ratio under (a) longitudinal and (b) transverse polarizations.

Figure 3.11 shows the extinction spectra for longitudinal and transverse
polarizations with different aspect ratios R from 0.95 to 1.54. Under longitudinal
polarization, there are two plasmonic modes at R = 0.95 and R = 1.11, which are
bonding and antibonding mode. As the aspect ratio is 1.27, there are two plasmonic
modes which are bonding and hexapolar antibonding mode. For R = 1.43 and R =
1.54, the additional two plasmonic modes are induced, which are hexapolar bonding
and second-order hexapolar antibonding modes. Under transverse polarization, the
bonding and antibonding mode are observed at R = 0.95 and R = 1.11. As the aspect
ratio is 1.27, there are two plasmonic modes which are bonding and dipolar
antibonding mode. For R = 1.43, the additional plasmonic mode is induced, which is
quadrupolar antibonding mode. For R = 1.54, the hexapolar bonding mode is

appeared. These modes will be discussed in detail by the concept of plasmon

hybridization in next section
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Figure 3.10: Simulated mode profile with vector field of elliptical gold nanoring
under (a) longitudinal and (b) transverse polarizations at aspect ratio R = 1.58.
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Figure 3.11: Measured extinction spectra of elliptical gold nanoring with varied aspect
ratio under (a) longitudinal and (b) transverse polarizations.
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3.5 Characterization of Plasmon Hybridization in Elliptical Gold

Nanoring

The plasmon hybridization for elliptical gold nanoring is similar with spheroid
nanoshell. The energy level diagrams are shown in Fig. 3.12 for longitudinal and
transverse polarizations. For the plasmonic properties under longitudinal polarization,
the plasmon energy of bonding mode is close to the energy of nanodisc so the
plasmonic properties of elliptical gold nanoring are dominated by disc mode. On
another hand, the plasmon energy of antibonding mode is close to the energy of
nanohole so the plasmonic properties of elliptical gold nanoring are dominated by
cavity mode. For the plasmonic properties under transverse polarization, the plasmon
energy of bonding mode. is close to the energy of nanohole so the plasmonic
properties of elliptical‘gold nanoring are dominated by cavity mode. In addition, the
plasmon energy of antibonding -mode is close to the energy of nanodisc so the
plasmonic properties of elliptical gold-nanoring are _dominated by cavity's mode.
These optical behaviors of plasmon hybridization are shown .in the resonance

wavelength, mode profile and field enhancement.
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Figure 3.12: An energy level diagram of plasmon hybridization in elliptical gold
nanoring for (a) longitudinal and (b) transverse polarizations.

3.5.1 Disc-like Optical Properties-of Elliptical Gold Nanoring
The plasmonic behavior of elliptical gold nanoring with different aspect ratios

under longitudinal polarization is similar with that of dipole mode for elliptical

0201 __R=158

018 ——R=143 > E
LY —0.16 e R=1.29 |
= S o4 ] —R=15
% 5 0147 —R=1
S =0.12]
= .9 0.10]
£ °
= 0.08
£ £
® £ 0.06
& W04
© 4 .04
I= \/ . . 0.02.] R'P A'I‘
slightly shift 0.00 [ i I ! A -
400 600 800 1000 1200 1400 1600 404 %, 600 800 1000 1200 1400 1600
Wa . Wavelength(nm)
. ___dominate
0201 __R=158
0.18{ ===R=1.43
e R=1.29 >
0.16 4
= —R=1.15 h
3 0.14- Q
o
E’ 0.12
2 010
R e
2 o.08
% 0.06
1]

RMAD

600 800 1000 1200 1400
Wavelength(nm)

Figure 3.13: Peak wavelength-shift trend of elliptical gold nanodisc, nanohole and

nanoring with varied aspect ratio under longitudinal polarization.
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dipole mode

Figure 3.14: Mode profile with vector field for (a) bonding mode of elliptical gold
nanoring and (b) dipole mode of elliptical gold nanodisc with different aspect ratios
under longitudinal polarization.
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gold nanodisc. This optical behavior is described in resonance wavelength shift. Fig.
3.13 shows red-shift of bonding mode of elliptical gold nanoring as the aspect ratio is
increased also in elliptical gold nanodisc. In addition, high order mode of elliptical
gold nanoring and nanodisc are appeared as the aspect ratio is increased. These optical
properties of elliptical gold nanoring and nanodisc are similar because the plasmon
energy of longitudinal bonding mode is close to that of dipole mode of nanodisc. For
vector field distribution, the plasmon mode of elliptical gold nanoring is compared
with that of nanodisc in Fig. 3.14. For bonding mode under longitudinal polarization,
the nanodisc mode dominated behavior is observed from R = 1.29, which the vector
field in the region of metal is the same as that of elliptical nanodisc and the field
distribution is similar with the plasmonic modes of elliptical nanodisc. For
antibonding mode under transverse polarization, the plasmonic property is dominated
by nanodisc mode in<both wvector field and field distribution. However, the

antibonding mode under transverse polarization would be introduced in 3.5.3.

3.5.2 Cavity-like Optical Properties of Elliptical Gold Nanoring
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Figure 3.15: Peak wavelength-shift trend of elliptical gold nanodisc, nanohole and
nanoring with varied aspect ratio under transverse polarization.
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(a) bonding mode (b) cavity mode

Figure 3.16: Mode profile with vector field for (a) bonding mode of elliptical gold
nanoring and (b) cavity mode of elliptical gold nanohole with different aspect ratios
under transverse polarization.
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The plasmonic behavior of elliptical gold nanoring with different aspect ratio under
transverse polarization is similar with that of cavity mode for elliptical gold nanohole,
as shown in Fig. 3.15. However, the optical spectra of elliptical gold nanohole with
different aspect ratios show red shifts because the plasmon oscillation of cavity mode
is different with dipole mode’s behavior. The plasmonic properties of nanohole have
been investigated by B. Sepulveda in the experiment and simulation which are
mentioned before [29]. For mode profile with vector field, the transverse bonding
mode of elliptical gold nanoring is compared with the cavity mode of nanohole, as
shown in Fig. 3.16. For bonding mode under transverse polarization, the plasmonic
properties of elliptical gold nanoring is similar with that of elliptical gold nanohole
mode from R=1.43. The vector field of transverse bonding mode is the same as that of
cavity mode in the region of metal and-.the field distribution is similar with the
plasmonic modes of elliptical nanohole. For antibonding mode under longitudinal
polarization, the plasmonic properties are similar with with that of cavity mode for
elliptical gold nanohole in both vector field and field distribution. The mode profile
with vector field of antibonding mode under transverse polarization would be

introduced in next section.

3.5.3 Plasmon.Hyhbridization in High-order Mode

As the aspect ratio is.increased, the high order mode would be induced in both
longitudinal and transverse polarizations.-These high-order mode profiles are varied
with different aspect ratio because the plasmon interaction between the inner and
outer surface of elliptical gold nanoring is changed with plasmon coupling of different
plasmonic modes. For the hexapolar bonding mode, the plasmon hybridization can be
seen as the coupling between high order elliptical disc mode and cavity mode in mode
profile, as shown in Fig. 3.17. The extinction spectrum shows the splitting of
antibonding mode into two modes since the aspect ratio is at R=1.29 in both
longitudinal and transverse polarizations in Fig. 3.18 (a) and Fig. 3.19 (a).For the

longitudinal antibonding mode, the plasmon coupling is different due to varied
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plasmonic mode relative with different aspect ratios, as shown in fig. 3.18. At R=1,

(a)

hexapole mode hole cavity mode

. . hexapolar bonding mode
Longitudinal

(b)

quadruple mode hole cavity mode

Figure 3.17: High order bonding mode profile with vector field distribution for (a)
longitudinal and (b) transverse polarization at R=1.58.

The dipole mode of nanodisc couples with the cavity mode. As the nanostructure is
elongated, the hexapole mode or the second-order hexapole mode couples with cavity
mode, which results in the hexapolar antibonding mode or second-order hexapolar

antibonding mode. For the transverse antibonding mode, the plasmon coupling is also
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different due to varied plasmonic mode relative with different aspect ratio, as shown
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(d)

second-order hexapole mode hole cavity mode

second-order hexapolar
antibonding mode

Fig. 3.18: (a) Extinction spectra of simulation and experiment for antibonding mode
with different aspect ratios under longitudinal polarization. Mode profile of plasmon
hybridization for (b) antibonding -mode at R=1, (c) hexapolar antibonding at R=1.29,
and (d) second-order hexapolar-antibonding mode at R=1.29.

in fig. 3.19. At R=1, the dipole mode of nanodisc couples-with the cavity mode. As
the gold nanoring is elongated, the second-order dipole mode or the quadruple mode
couples with cavity mode, which results in the hexapolar antibonding mode and

second-order hexapolar antibonding mode.
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(d) quadruple mode hole cavity mode

Fig. 3.19: (a) Extinction spectra of antibonding modes for simulation and experiment
under transverse polarization. Mode profile of plasmon hybridization in (b)
antibonding mode at R=1, (C) dipolar antibonding at R=1.29, and (d) quadrupolar
antibonding at R=1.29.

3.6 Electric Field Enhancement

The near field.is enhanced within the region nearby the surface of plasmonic
nanostructure. However, the enhanced electric field can be tuned by the parameters, as
shape, aspect ratio and other geometry factors. For recently studies, the field intensity
enhancement of spheroid nanoshell is studied by tuning the aspect ratio [11]. The
electric field intensity of spheroid nanoshell at aspect ratio R = 4 is enhanced around
400 fold relative to that of the ambient field. For our study, electric field enhancement
is calculated for elliptical gold nanodisc and nanoring with different aspect ratios. The
field intensity enhancement is defined as the field at monitor (Eo) divided by the
ambient field (E;). We select one monitor for and two monitors for elliptical gold
nanodisc and nanoring. Under longitudinal polarization, the electric field intensity is

increased as the aspect ratio is increased in elliptical gold nanodisc and nanoring.
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Fig. 3.20: A two dimensional spatial profile of the electric field intensity for elliptical
gold (a) nanodisc and (b) nanoring with varied aspect ratio under longitudinal
polarization. (c) The field intensity enhancement (Eo/E,) as the function of aspect
ratio for elliptical gold nanodisc and nanoring under longitudinal polarization.

The maximum field intensity enhancement under longitudinal polarization is up to
13.5 and 14.2 at R = 1.58 for elliptical gold nanodisc and nanoring respectively, as

shown in Fig. 3.20. Furthermore, the field intensity enhancement of elliptical gold

nanoring under longitudinal polarization is higher than that of elliptical gold nanodisc
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Fig. 3.21: A two dimensional spatial-profile of the electric field intensity for elliptical
gold (a) nanodisc and (b) nanoring with wvaried aspect ratio under transverse
polarization. (c) The field intensity enhancement (Eo/E,) as the function of aspect
ratio for elliptical gold nanodisc and nanoring under transverse polarization.

due to coupling between the inner and outer surface plasmons. For disc-like optical
properties, the field intensity enhancement at outer surface of elliptical gold nanoring
is near that of elliptical gold nanodisc at large aspect ratio.

Under transverse polarization, the monitor at the inner surface of elliptical gold
nanoring is studied for electric field intensity of the transverse bonding mode. The

electric field intensity is increased as the aspect ratio is increased in elliptical gold
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nanoring due to the strong cavity mode induced by enlarging the region of hole inside
the elliptical gold nanoring. However, the electric field intensity is decreased as the
aspect ratio is increased in elliptical gold nanodisc, as shown in Fig. 3.21. This factor

results in the different sensing performance which is discussed in chapter 4.

3.7 Summary

We simulated the optical properties of elongated nanostructure including
elliptical gold nanoring, nanodisc and nanohole. The aspect ratio dependent optical
properties were investigated .under longitudinal and transverse polarizations.
Interestingly, the optical property of elliptical gold nanaring is disc-like or cavity-like
at different condition, including-polarization, aspect ratio and energy level. The shift
trend of resonance wavelength-shows red shift as the nanostructure is elongated in
both longitudinal and transverse polarizations. It can be explained by plasmon
hybridization as the interaction of disc and cavity mode. In addition, the mode profile
with vector field is studied for understanding-plasmon hybridization in elliptical gold
nanoring. The induced longitudinal second-order hexapolar antibonding mode and
transverse quadrupolar antibonding mode-are attributed to the interaction of high
order disc mode and cavity mode since R=1.29 aspect ratio. Furthermore, the electric
field intensity enhancement is calculated for elliptical gold nanodisc and nanoring.
The results show that the field intensity enhancement of elliptical gold nanoring is
increased under both longitudinal and transverse polarizations. In addition, bonding
mode is stronger than dipole mode due to the coupling between the inner and outer

surface plasmons.
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Chapter 4 Index Sensing Properties of Elliptical

Gold Nanoring

4.1 Introduction

In this chapter, we simulated the optical sensing performance by changing the
environmental refractive index of the elliptical gold nanostructure. Both the
sensitivity and figure of merit (FOM) are discussed, including elliptical gold nanodisc
and nanoring. In addition, the experiment has been done to confirm the simulation

result by immersing the samples into different environments.

4.2 Index Sensing Performance of Elliptical Gold Nanoring

There is a red shift in the plasmon resonance wavelength of metallic
nanoparticles [30][31] as the medium refractive index is increased since the
Coulombic restoring force acting on the polarized charges is reduced in the higher
refractive index medium [22]. The refractive index sensitivity of a particular
nanoparticle is usually reported in.nanometers of peak shift per refractive index unit
(nm/RIU). Fig. 4.1 shows a plot of the simulated dipole mode wavelength of elliptical
nanodisk as a function of the refractive index of surrounding medium. When the
aspect ratio is increased from 1 to 1.58, the sensitivity of elliptical gold nanodisc
under longitudinal polarization is varied from 396 to 313 nm/RIU due to the
ITO-substrate effect, which will be discussed in 4.3 section. The sensitivity of
elliptical gold nanodisc under transverse polarization is around 390 nm/RIU because
the strength of plasmon interaction for transverse mode is weakly dependent on the

geometry of shape.
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For elliptical gold nanoring, the simulated bonding mode wavelength as a

function of the medium refractive index is shown in Fig. 4.2. As the aspect ratio is
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Figure 4.1: Simulated peak wavelength of dipole mode for elliptical gold nanodisc as
a function of the refractive index of surrounding medium with different aspect ratios
under (a) longitudinal and (b) transverse polarizations.

increased from 1 to 1.58, the sensitivity of longitudinal bonding mode of elliptical
gold nanoring is varied from 440 to 307 nm/RIU which is smaller than that of
transverse bonding mode of elliptical gold nanoring. The sensitivity of transverse

bonding mode is increased from 444 to 524 nm/RIU as the aspect ratio is changed
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from 1 to 1.58. This increased sensitivity of transverse bonding mode can be

attributed to the cavity-like optical properties of elliptical gold nanoring under
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Figure 4.2: Simulated peak wavelength of bonding mode for elliptical gold nanoring
as a function of the refractive index of surrounding medium with different aspect
ratios under (a) longitudinal and (b) transverse polarizations.

transverse polarization.

Furthermore, the sensitivity of elliptical gold nanodisc and nanoring with varied
aspect ratio are compared under longitudinal and transverse polarizations, as shown in

Fig. 4.3. The index sensitivities are decreased with increasing aspect ratio due to
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Figure 4.3: The simulated sensitivities of the dipole mode for elliptical gold nanodisc
and the bonding mode for elliptical gold nanoring with different aspect ratios under (a)
longitudinal and (b) transverse polariztions.

Table 4-1: Total energy density in different surrounding mediums for elliptical gold
nanoring under longitudinal and transverse polarizations. (e*°J unit)

I e e e e L

R=1.58 4.86 9.07 9.60 10.0 10.6 5.74
8.51 9.06 9.63 10.2

mmmmmm AP=Py 39-Pre

R=1.58 4.76 10.3 10.9 11.4 6.64
R=1 4.2 8.51 9.06 9.63 10.2 6
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ITO-substrate effect which is enhanced at high aspect ratio [32]. In addition, the
difference of sensitivity between elliptical gold nanodisc and nanoring is decreased
because the disc-like optical properties of elliptical gold nanoring under longitudinal
polarization is similar as the optical behavior of elliptical gold nanodisc as the aspect
ratio is increased. For transverse polarization, the index sensitivities of elliptical gold
nanodisc and nanoring show an inverse trend when the aspect ratio is increased from
1 to 1.58. The sensitivity of elliptical gold nanoring under transverse polarization is
increased due to cavity-like optical properties when the aspect ratio varies from 1 to
1.58. So the difference between cavity-like plasmonic behavior of elliptical gold
nanoring and dipolar plasmonic behavior of elliptical gold nanodisc leads the inverse
wavelength-shift trend, which-are-blue and red shift for elliptcial gold nanodisc and
nanoring respectively. However-the ITO-substrate effect still exists but does not
change the optical properties so much under transverse polarization.

Furthermore, we calculated the total energy densities of elliptical gold nanoring
at R =1 and R = 1.58 in different surrounding medium as n =1, 1.3, 1.33, 1.36, and
1.39 under both longitudinal and transverse polarizations, as shown table 4-1. It
shows that the total energy density change-AP= 5.74 (7)) of elliptical gold nanoring
at R=1.58 is lower than that AP = 6 (e*%J) of gold nanoring at R=1 fromn=1ton =
1.39 under longitudinal polarization. For Transverse polarization, the total energy
density change AP = 6.64 (e°°J) of elliptical gold nanoring at R = 1.58 is higher than
that AP = 6 (%) of gold nanoring at R=1 from n = 1 to n = 1.39. The total energy
density change presents the ability of sensing performance of plasmonic mode. So the
sensitivity of longitudinal bonding mode at R = 1.58 is lower than that of R = 1 and
the sensitivity of transverse bonding mode at R = 1.58 is higher than that of R = 1.

The FOM of elliptical gold nanoring was studied with considering the bandwidth

in sensing performance, as shown in Fig. 4.4. The FOM of transverse bonding mode
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Figure 4.4: The simulated FOM of bonding mode for the elliptical gold nanoring with
different aspect ratios under longitudinal and transverse polarizations.

can be reached at 5.3 which is- much higher than that of longitudinal bonding mode.

In experiment, we change the environmental refractive index of the nanostructure
dimers by immersing the fabricated device in different index mateh liquids. Fig. 4.5
shows measured wavelength shift of dipole mode of the elliptical gold nanodisc in
different environments. As the aspect ratio is increased from 1.04 to 1.41, the index
sensitivities of elliptical gold nanodisc under longitudinal and transverse polarizations
is decreased from 356 to 286 nm/RIU and 340 to 323 nm/RIU respectively. The
sensitivity of elliptical gold nanodisc at R = 1 is different between the longitudinal
and transverse polarizations probably due to the imperfect circular shape of gold
nanodisc. For elliptical gold nanoring, the measured bonding mode wavelength as a
function of the refractive index of surrounding medium is shown in Fig. 4.5. As the
aspect ratio is increased from 1 to 1.54, the sensitivity of bonding mode under
longitudinal polarization is decreased from 415 to 286 nm/RIU and the sensitivity of
bonding mode under transverse polarization is increased from 418 nm/RIU to 464

nm/RIU.
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Figure 4.5: Measured peak wavelength of dipole mode for the elliptical gold nanodisc
with different aspect ratios in different environments under (a) longitudinal and (b)
transverse polarizations.
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Figure 4.6: Measured peak wavelength of bonding mode for the elliptical gold
nanoring with different aspect ratios in different index match liquids under (a)
longitudinal and (b) transverse polarizations.

The simulation and experiment results of elliptical gold nanodisc and elliptical gold
nanoring are compared in Fig. 4.7. The difference of index sensitivities between
simulation and experiment are around 20 ~ 60 nm/RIU probably due to the effects

including the different size and aspect ratio, rough surface, and the nonuniform ring
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4.3 Substrate Effect on Index Sensing
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Figure 4.7: Index sensitivities of (a) dipole mode of elliptical gold nanodisc and (b)
bonding mode of elliptical gold nanoring with different aspect ratios for simulation
and experiment under longitudinal and transverse polarizations.

The index sensitivities of elliptical gold nanodisc and nanoring for simulation and
experiment under longitudinal polarization are decreased as the aspect ratio is
increased. These results are opposite to the previous studies [23]. However, the

substrate effect of 1TO should be considered because the particle-substrate interaction



enhances the dispersion and absorption of ITO layer [32]. For this consideration, we
simulate the sensitivity of elliptical nanorod on glass and ITO respectively, as shown
in Figure 4.8. As the aspect ratio is increased, the inverse trend of variation of
sensitivity between the glass and ITO substrate is larger. This simulation result
indicates that the particle-substrate interaction in ITO is different than that for glass

substrate.
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Figure 4.8: Simulated index sensitivity of dipole mode for elliptical gold nanodisc
with different aspect ratios on.glass and ITO substrate under longitudinal polarization.

The condition of localized “surface plasmon resonance of particle-substrate
interaction could be equivalent with the same nanoparticle at uniform effective
surrounding by applying the effect permittivity parameter [32], as shown in Fig. 4.9.

The equation 4-1 presents the effective permittivity of same nanoparticle in uniform
8eff
€
. [
' S ——
8S
Figure 4.9: Schemetic of nanoparticle in effective permittivity surrounding
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Eeff = Ep(

10T/ (1+YE)

14+nTE/(1-vE)

)

(4-1)

surrounding, where g, is the background permittivity, n is the image charge

response, Tcll‘ is the interaction of nanoparticle-image charge interaction and the yg is

relative with the geometry of the nanostructure. For the plasmonic nanostructure, the

y‘é, n ,and Tcll‘ are varied in different structure. However, the, the parameter yg of
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Figure 4.10: (a) Effective permittivity of elliptical gold nanodisc on ITO substrate
with background refractive index n = 1 and n=1.3. (b) Effect index change of elliptical
gold nanodisc on ITO substrate as the background refractive index varies fromn =1
to 1.3. (¢) The index sensitivity of dipole mode for elliptical gold nanodisc as the
function of aspect ratio under longitudinal polarization.(d) The wavelength shift
divided by the effective index change of elliptical gold nanodisc as the function of

aspect ratio.

elongated nanostructure is significant change and the dispersion and absorption effect

of ITO is enhanced. The varied effective permittivity which is calculated in [32] are

varied with different aspect ratios. We use the idea and calculate it, as shown in
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Fig.4.10. The sensing performance is still increased by increasing the aspect ratio of
elliptical gold nanodisc when we consider the effective index change for different

aspect ratio.

4.4 Summary

In this chapter, we present the wavelength-shift index sensing performance for
the elliptical gold nanodisk and nanoring by simulation and experiment. The increased
simulated and measured sensitivity of transverse bonding mode at R=1.58 are up to
524 and 464 nm/RIU respectively because of the strong cavity mode formed by
elongating the hole region of elliptical gold nanoring. However, the sensitivity of
elliptical gold nanodisc and nanering under longitudinal polarization is decreased as
the aspect ratio“is increased-because the interaction between nanoparticle and
substrate at higher aspect ratio enhances the substrate effect of 1TO. Although the
sensitivity of longitudinal bonding mode-is low but the FOM is still increased as the
aspect ratio is increased and the simulated FOM of transverse bonding mode is around

5.3 which is much higher than other plasmonic nanostructure [33] [34] [35].
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Chapter 5 Conclusion and Future Work

5.1 Conclusion

In this thesis, optical properties of plasmonic modes of elliptical gold nanoring
were investigated by simulation and experiment. For studying the plasmon
hybridization, we discussed the optical properties of elliptical gold nanodisc and
nanohole for comparison. The disc-like or cavity-like optical properties for gold
elliptical nanoring were found under different polarizations with varied aspect ratio.
However, the transverse bonding mode exhibits the unique optical properties and
sensing performance which-have-been not studied before. For sensing ability, the
FOM of elliptical gold nanoring-under both polarizations is improved. However, the
sensitivity of elliptical gold nanoring under longitudinal polarization is decreased
because the substrate effect of ITO layer.is enhanced at larger at larger aspect ratio. In
comparison with the sensing ability of elliptical gold nanodise, the sensitivity of
elliptical gold nanoring is improved under both Jlongitudinal and transverse
polarizations due to the enhanced electric field by the coupling between inner and
outer surface of elliptical gold nanoring. Furthermore, the air hole region inside the
elliptical gold nanoring under transverse polarization provides the cavity-like plasmon

oscillation which improves the sensing performance.

5.2 Future Work

In addition to sensing bulk refractive index changes, the elliptical gold nanoring
is more suitable for nanosensing especially for bio-sensing applications. It’s more
likely to enable high sensitivity to local perturbations such as small molecules binding

on the metal surface. To realize nanosensing research, the elliptical gold nanoring can
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be bound with some kinds of protein to detect the wavelength shift. We would like to
use bovine serum albumin (BSA) realizing the bio-sensing experiment. We assume
that the protein adsorbs on the entire surface of the elliptical gold nanoring with 2nm
thickness and n = 1.5 layer. The expected 34 nm wavelength shift of longitudinal
bonding mode and 36 nm wavelength shift of transverse bonding mode are obtained

by our simulation, as shown in Fig.5.1. We will verify the simulated result by

experiment.
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Figure 5.1: Peak wavelength shift of elliptical gold nanoring with attached the BSA

layer under (a) longitudinal and (b) transverse-polarization.
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APPENDIX A

--- The Non-uniform Ring Width Effect on Plasmonic Properties

of Elliptical Gold Nanoring ---

The ring width of elliptical gold nanoring is determined by the size of elliptical
gold nanodisc and nanohole. However, the ring width of elliptical gold nanoring is not
uniform when the corresponding size of elliptical nanodisc and nanohole to the
elliptical nanoring is at the same aspect ratio. Fig. A.1 shows the non-uniform ring
width of elliptical gold nanoring: Furthermore, we studied the optical properties of
elliptical gold nanoring with non-uniform ring width. The optical spectra of elliptical

gold nanoring with the same-aspect ratio of cavity and particle regions is

Elliptical Nanoring

a, b,
Figure A.1: Scheme of elliptical gold nanoring with the same aspect ratio of cavity
and nanoparticle regions.
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Figure A.2: Optical properties of elliptical gold nanoring with the same aspect ratio of
cavity and nanoparticle regions.

58



simulated, as shown in Fig. A.2. Three plasmonic modes as bonding, antibonding and
hexapolar bonding modes are appeared under longitudinal polarization. For transverse
polarization, only two plasmonic modes as bonding and antibonding modes are
appeared. However, the hexapolar antibonding mode is absent for elliptical gold
nanoring with non-uniform ring width. By comparison with the optical properties of
elliptical gold nanoring with uniform ring width, the ring width is the significant
parameter which effects the coupling between inner and outer surface. The induced
hexapolar and quadrupolar antibonding modes are appeared for elliptical gold
nanoring with uniform ring width in our experiment due to the symmetry breaking of

aspect ratio [36].
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