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Abstract

Localized surface plasmon mode could be induced-by electromagnetic wave in
metal nanostructures. When these nanostructures come in close, LSPR modes are
strong coupling, leading to the electric field concentrated and enhanced in the gap of
the nanostructures. In this thesis, we demonstrate‘a gold nanoring dimer structure
design and well investigated the corresponding optical properties with varying gap
sizes. Compare to typical nanoparticle dimer, nanoring dimer with more and stronger
electric field distributions of LSPR bonding mode leads to better sensing applications.

At first, the extinction spectra and related LSPR mode profiles of nanodisk and
nanoring dimers with varying gap size are simulated and characterized by finite
element method. And real devices with different gap sizes are fabricated by series of
nano-fabrication process. We observed a red shift of LSPR modes and the enhanced
electric field in the gap with decreasing gap size in longitudinal polarization for both
nanodisk and nanoring dimers due to LSPR mode coupling. Moreover, the electric
field intensity is stronger in nanoring dimer of which the sensitivity reaches to 1076
nm/RIU with gap size of 10 nm in simulation, while the sensitivity is only 901
nm/RIU for nanodisk dimer. In our experiment, high sensitivity of 663 nm/RIU for
nanodisk dimer with gap size of 47 nm is obtained, which is better than the sensitivity
of 531 nm/RIU for nanodisk dimer with gap size of 28 nm. We promise that it has
more potential in nanosening such as protein, DNA, or toxic chemical molecule
detections.
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Figure Captions
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Fig. 1.1

Illustration of the surface charges oscillations at the interface of metal and
dielectric.

Fig. 1.2:  (a) The dispersion curve for a SP mode shows the momentum mismatch
that must be overcome to couple light and SP modes. (b) The evanescent
field of the SP modes at the interface of metal and dielectric. (adopted from
[9)

Fig. 1.3:  Illustrations of (a) LSPR in the metallic nanosphere and (b) the metallic
nanosphere in the constant electric field.

Fig. 1.4:  Examples of mode distribution.affecting the LSPR frequency of a metal
nanostructure. (a) Metal nanospheres. imbedded in different dielectric
media, (b) metal nanoshells of different thicknesses with bonding mode and
(c) antibonding mode, (d) metal nanorods of different aspect ratios with
field polarization parallel to the rod and (e) perpendicular to the rod.
(adopted from [13])

Fig. 1.5: LSPR wavelength (solid dot) and sensitivity (open dot) for gold (a)
nanocylinders, (b) nanodisks;(c) Au/Au2S nanoshell and (d) hollow
nanoshell. (adopted from [14])

Fig. 1.6:  (a) Measured extinction spectra and (b) SERS spectra for ring and ring
dimer structures. The vertical dashed lines in (a) show the locations of the
laser wavelengths and the Raman signal of benzenethiol. (adopted from
[18])
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Fig. 2.1:  Triangular meshes for our simulation domain of the nanostructure dimer.

Fig. 2.2:  Illustration of the fabrication process.

Fig. 2.3:  SEM images of (a) nanodisk dimers and (b) nanoring dimers with different

gap sizes.
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Fig. 2.4: (a) Configuration and (b) photography of upright transmission
spectroscopy.
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Fig. 3.1:  Simulated extinction spectra of Au nanodisk dimers with different gap sizes
in (a) longitudinal and (b) transverse polarizations.

Fig. 3.2:  The electric field distributions and flux lines of (a) longitudinal dipole
mode, (b) longitudinal multipole mode, and (c) transverse dipole mode.

Fig. 3.3:  Measured extinction spectra of Au nanodisk dimers with different gap sizes
in (a) longitudinal and (b) transverse polarizations.

Fig. 3.4:  Simulated extinction spectra of Au nanoring dimers with different gap sizes
in (a) longitudinal and (b) transverse polarizations.

Fig. 3.5:  The electric field« distributions and ~flux lines of longitudinal (a)
anti-bonding mode, (b) bonding mode; and (c) multipole bonding mode.

Fig. 3.6:  Plot of the hybridization model for nanoring contributed from nanodisk and
nanohole.
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Fig. 3.8:  Measured extinction spectra of Au nanoring dimers with different gap sizes
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of gap size, which fits to an exponential-decay function. The inset is the
illustration of the electromagnetic interaction between the nanodisks dimers
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Fig. 3.10: Simulated electric field distributions of the longitudinal dipole mode with
different gap sizes are shown in (a) top view at mid-height of the dimer and
(b) side view along the dash line of inset. The position where 'y =0 in (b) is
the center of the gap shown as white area.

Fig. 3.11: Simulated electric field intensities of the longitudinal dipole mode in the

gap center with different gap sizes.
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Fig. 3.12: Experimental results of the longitudinal dipole mode wavelength shift as a
function of the gap size, which fits to an exponential-decay function.

Fig. 3.13: Simulated plot of the wavelength shift as a function of the gap size for the
longitudinal bonding mode, which fits to an exponential-decay function.

Fig. 3.14: Simulated electric field distributions of the longitudinal bonding mode with
different gap sizes are shown in (a) top view at mid-height of the dimer and
(b) side view along the dash line of inset. The position where y =0 in (b) is
the center of the gap shown as white area.

Fig. 3.15: Simulated electric field distributions of the longitudinal anti-bonding mode
with different gap sizes are shown in (a) top view at mid-height of the
dimer and (b) side view along the dash line of inset. The position where y =
0 in (b) is the center of the gap shown as white area.

Fig. 3.16: Simulated electric field intensities of the longitudinal bonding and
anti-bonding modes in the gap center with different gap sizes.

Fig. 3.17: Experimental results of the longitudinal bonding mode wavelength shift as
a function of the gap size, which fits to an exponential-decay function.
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Fig. 4.2:  Simulated bonding mode wavelength as a function of the refractive index of
surrounding medium for Au nanoring dimers with different gap sizes in (a)
longitudinal and (b) transverse polarizations.
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Chapter 1 Introduction

1.1 Introduction to Surface Plasmon

Surface plasmons (SPs), 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 which shows in Fig.1.1. This characteristic
phenomenon was first predicted in 1957 by R.H. Ritchie [1] and extensively studied
in the following two decades by many scientists, the foremost of whom were Heinz
Raether [2], E. Kretschmann, and A. Otto.

SP modes are confined around the surface of metals to form a highly near-field
which has been wildly used. in” many spectro-applications, such as chemical or
biological sensing, surface-enhanced Raman scattering (SERS) [3], and so on. In this
chapter we would introduce the: fundamental theory of SPs and describe the
characteristics of SP modes on the surface of the.metallic plane and nanoparticles by

calculations, respectively[4].

Dielectric g,
PR RYFRERY
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LT NN T N
A A A A
k

Metal si h

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



1.1.1  Surface Plasmon Propagation

SPs would propagate at the interface between metals and dielectric materials by
surface wave modes. Surface wave can propagate at the interface with TE and TM
polarizations. The electric field direction is parallel in TE and perpendicular in 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 SPs. On the other hand for TM modes, the electric and magnetic field wave
functions are as described in the following:

H= (0, H,, 0) i (kxx+hzz-wt)
E=(E,, 0, E,)e!kaxtkzz=00) (1-1)
The boundary conditions on the interface are
Hy metat-= Hygielectricy Exmetal = Ex dielectric
emEzmetal = €dEzdielectric: Kxmetal = Kx dielectric
(&: relative permittivity) (1-2)

Considering of the symmetry: of.the surface wave (E;metat = -E:dietectric), the
relative permittivity relationship between the metal and the dielectric material should
be

€m = —&q (1-3)
The relative permittivity of metals under high frequency conditions derived by

Drude’s model is
Em=1——= (1-4)

op 1S the bulk plasma frequency. Take equation (1-4) into (1-3), we can get the surface

plasmon frequency

Ogp = Op (1-5)

eqt1



Then we use Maxwell equation: VX H = g; % to get

kz,dielectricHy,dielectric = 8d(DEX,dielectric
kx,dielectricHy,dielectric = _Sd(’)Ez,dielectric

kz,metalHy,metal = 8m(DEX,metal

kx,metall—ly,metal = _Sm(’)Ez,metal
kz,dielectric + kz,metal — O (1'6)
€4 €m

Finally take equations (1-6) into the boundary conditions (1-2), we can get the

dispersion of SPs on the metallic-plane surface.

_ _ o €d€m
ksp =k, = A /8d+_8m (1'7)

The resulting momentum mismatch between light and 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 [5][6] or involve scattering
by nanostructures to excite the SPs locally [7][8].

Once light has generated an SP mode on a metallic plane, it will propagate but
gradually decay because of absorption in the metal. When the intensity of the SP

mode decays to 1/e, the propagation length is [2]

1
2K'sp

6sp = (1-8)

k”sp is the imaginary part of the wave vector of the SPs. Additionally, the intensity in
the perpendicular direction to the interface of the metal and the dielectric material also
exponentially decay as shown in Fig.1.2(b). The depth of which the intensity decayed

to 1l/eis

1
1 [0) 2 2
o = kgl Kqi = [81 (;) - kgp] (1-9)
Both the decayed length &, and the depth &; are reached to the minimum, on the

3



other words, highly localized at SP resonance.

a)

w4
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Figure 1.2 (a) The dispersion curve for a SP mode shows the momentum mismatch
that must be overcome to couple light and SP modes. (b) The evanescent field of the
SP modes at the interface of metal and dielectric. (adopted from [9])

1.1.2  Localized Surface Plasmon Resonance

As described in the last section, SP modes can be excited by nanostructrures in
the sub-wavelength scale. Here we will concentrate on.the metallic nanospheres for
example by deriving some’_equations to describe the localized surface plasmon
resonance behaviors.

When the nanosphere size is much smaller than the wavelength scale of incident
light, we can consider it in a constant electric field by using the quasi-static
approximation. For a metallic nanosphere with radius a<<A 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) = Arcos 6 , (r<a)
Dyyut(r,0) = —Egrcos0 + rEzcos 0, (r>a) (1-10)

In which r =,/x? + y? + z2, and A and B are coefficient variables.



Electricfield b)

a<< A

Electron cloud

Figure 1.3: lllustrations of (a) LSPR in the metallic nanosphere and (b) the metallic
nanosphere in the constant electric field.

In order to solve Laplace’s equation V2® = 0, some boundary conditions should
be achieved, which are
Doue(@ 0) = Ppp(a 0)
€Eouell = € Ejpil (1-11)

Then we can get A and B which are

v 3 ( 3¢ )E
. €m + 2¢ /

B =a? (Sm‘S)EO (1-12)

emt2¢

Take equation (1-12) back into (1-10), the electric potentials in and out of the metallic

sphere become to

@, (1,0) = — (g 3;8) Eorcos6, (r<a)
D,y (r,0) = —Egrcos0 + (%) E:;ﬁ cos 9, (r>a) (1-13)

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

translated to

p
Dyyut(r,0) = —Egrcos 0 + AmerZ €08 0
_ _ 3 Em—¢€ _
p = caEy, o = 4na (—Sm+28) (1-14)



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 = eaE,e 2 at z=0 instead
of the metallic sphere, which is surrounded by an incident plane wave with an electric
field E, . = Eoe!®*~®D% | the scattering electric field is

— eikr E’\

E, = EXTXD
s —ikr 4ne p

eik(r—z) ik3

= - Tque_“‘)te‘kZ’f XTXZ
- T

eik(r—z) ik3 . . R E eik(r—z) _\E
= — oI XT X Z)L; = i
—ikr 4rn ( ) inc —ikr mnc

—

1.3
X="Ca@xtxZ) (1-15)
We can calculate the extinction cross section from the equation (1-15):

Cext =i Re{X=2), "

—ﬂlm{fa(fx?xi) 2)
k2 47

= Im{a} = na?4xIm {M}  x =24 (1-16)

€m+2¢ A
As shown in the extinction cross section, there would be resonance when ¢, + 2¢ =
0. And the localized surface plasmon resonance frequency can be obtained by Drude’s

model:

_ % — 1 ' -
=% when ¢ = 1(in the air) (1-17)

If the shape of the nanoparticle is not a sphere, the localized surface plasmon
resonance frequency would be varied with the geometry, which will be discussed in

the next section.



1.2 LSPR Characteristics of Metal Nanostructures

For metal nanostructures with different geometries, the localized surface
plasmon resonance frequency also can be obtained by modified Drude’s Model. For

example of ellipsoidal shape, [10]

2 _ op -
Orsp = o) to/L; (1-18)

where L is the geometrical factor which will affect the value of the polarizability, a.

The suitable coordinate system is the ellipsoidal coordinates (§,n,() defined by

x2 y2 72 _ 2
aZ+¢ b2+§+c2+§_1'( " <§ <o),

x2

'L 21 (b2 << —c?)
aZ+n  b2+n - c24q 7y} n !

2

P Bl (ma2< < —b?) (1-19)
a2+l 'b2+L— c24( X '

where a,b, and c are the lengths of the semi-major axes of the ellipsoid. Then the

dipole moment, p, and thereby the polarizability, ¢, can be identified as

€m

,for E, |l toa or x axis,
3em +3L1(em — €) ol

o, = 4mabc
€m —

,forEg Il tob is,
3o + 30, (en — ) or Eg |l to b or y axis

a, = 4mabc

€m — _
a3 = 4mabc e T I;nL3 e — o) ,for Eg |l to c or z axis,
where
B abcj‘“O dq
T2 ), @+ 9f(g)’

Lo— abcj“’O dq
T2 ), (b2 +9)f(Q)’

L= ach‘OO dq
T2 ), (2+of(e)’

with f(q) = /(a% + q@)(b2 + q)(c? + q). One can show that L+ Lo+ L3 =1 and L;

= L, = Lgs so forasphere, L; = L, = L3z = 1/3 as seen in the last section. We can also



discuss another geometry, oblate spheroids, from this ellipsoid system for a special

case where a = b, so

o _gm . g’ 1
Ly =L, = S5 |5 —tan " g()| — o= Ly = 5 [1 - L],
()_\/1—1‘2 21 c?
g(r) = . ,re = -

From r ~ 1 to r = 0, we can obtain different values of Ls then different LSPR mode
frequencies for different geometries ranged from a disk to a sphere. Additionally,
more geometries have been discussed in many papers. For a nanorod, L is directly
related to the square of the nanorod aspect ratio [11] and to the metal shell thickness
relative to the core size for the dielectric core-metal shell nanostructure [12]. For
different LSPR mode frequencies of different geometries, the electron resonance
behavior or the mode distribution would be different-as shown in Fig.1.4, where even

happens to high order or multipole oscillation-modes in such nanostructures [13].
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Figure 1.4: Examples of mode distribution affecting the LSPR frequency of a metal
nanostructure. (a) Metal nanospheres imbedded in different dielectric media, (b) metal
nanoshells of different thicknesses with bonding mode and (c) antibonding mode, (d)
metal nanorods of different aspect ratios with field polarization parallel to the rod and
(e) perpendicular to the rod. (adopted from [13])
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1.3 LSPR Sensing

Whereas the above sections describe several fundamental spectroscopic
relationships for different metal nanostructures, this section focuses on some
biological and chemical sensing. Here we focus on two different sensing modes-
wavelength-shift sensing and surface-enhanced Raman scattering sensing (SERS)-and

their performances in different geometry systems.

1.3.1 Wavelength-Shift Sensing

The most common method for LSPR sensing is the wavelength-shift
measurement, where the shift in the peak or the dip of the LSPR extinction curve is
monitored as a function of refractive index variations in the dielectric environment.

The relationship is described in the equation (1-20).derived from the equation (1-18):

di 1
o« /E—locx/l_<, (1-20)

where n = +/e is the refractive index of the environment, and « is the shape factor
[12]. It is seen that the sensitivity of the LSPR to the medium is related to the shape
factor varied with any metal geometry.

In 2005, Molly and Anne had taken some calculations for gold nanoparticles
with some kinds of shape variations. Calculated LSPR peak wavelengths and
sensitivities of peak wavelengths to the refractive index of the medium for gold
nanoparticles with different aspect ratios defined as length to diameter in cylinders
and diameter to height in disks are illustrated in Fig.1.5(a) and (b) [14]. The shape
dependence of the LSPR sensitivities are also shown in Fig.1.5(c) and (d), where the

aspect ratio is defined as the core radius to the shell thickness in nanoshells.
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Figure 1.5: LSPR wavelength (solid dot) and sensitivity (open dot) for gold (a)
nanocylinders, (b) nanodisks, (c) Au/Au2Snanoshell and (d) hollow nanoshell.
(adopted from [14])

In 2007, the LSPR sensitivities for gold nanorings also had been investigated by
Elin M. Larsson et al. [15]. They found that the refractive index sensitivities of gold
nanorings are substantially (>5-times) larger than those of nanodisks with similar

diameters, where also concerned about substrate effects in their simulation.

1.3.2 Surface-Enhanced Raman Scattering Sensing

The second application in which the LSPR plays an important role is
surface-enhanced Raman scattering (SERS) sensing. When the LSPR of the enhanced
substrate properly matches with the Raman excitation and scattering wavelengths, it
can boost the Raman cross section of molecules by many orders of magnitude even
for a single molecule to be detected [16]. Here we describe some examples in which
metal nanostructures are used as substrates for SERS sensing.

In 2003, N. Fe” lidj et al. showed that tuning the maximum of the surface

plasmon resonance of elongated gold nanoparticles to a wavelength, the position of

10



which is precisely midway between the exciting laser line and the Raman line, results
in an optimization of the surface-enhanced Raman-scattering effect [17] .

In 2010, gold nanorings also served as substrates for SERS demonstrated by
Mohamad G. and Kenneth B., in which the LSPR mode is highly tunable, better used
as SERS substrate than nanodisks [18]. The Raman signal with ring dimer substrate is

more enhanced than single ring substrate as shown in Fig.1.6.
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Figure 1.6: (a) Measured extinction spectra and (b) SERS spectra for ring and ring
dimer structures. The vertical-dashed lines in (a) show the locations of the laser
wavelengths and the Raman signal of benzenethiol. (adopted from [18])

1.4 Motivation and Thesis Organization

In recent years, it has been shown that the sensitivity of the LSPR frequency to
the medium can be enhanced by tuning the geometry of the nanostructures such as
nanoprisms [19], nanorods [11], or nanoshells [12]. Gold nanoring is another fine
geometry with highly tunable and high LSPR sensitivity as described above.
Additionally, the dependence of the nanoparticle surface plasmon resonance on the
interaction between proximal nanoparticles has also been studied in detail [20]. The
LSPR sensitivity can be more enhanced when metal nanoparticles come in close due
to surface plasmon coupling [21]. However, most researchers focus on the
wavelength-shift sensitivity in the particle dimer system only by simulation

estimations. In this research, we expect not only to realize the gold nanodisk dimer in
11



experiment for LSPR wavelength-shift sensing but also further enhance the sensitivity
in the nanoring dimer system.

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 both nanodisk and nanoring dimers with
different gap sizes by simulations and experiments. In chapter 4, we further
investigated the performance of wavelength-shift sensing application for both these
nanostructure dimers by simulations and qualitatively by experiments. Finally,

conclusion of research results and future work are discussed in chapter 5.
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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 nanostructure dimers. To
realize the structure, standard nano-fabrication processes for gold nanostructures
including electron-beam lithography and thermal evaporation coating are introduced.
For the fabricated devices characterization and sensing performance, we set up a

upright transmission spectroscopy and.its configuration.is described.

2.2 Finite Element Method

In our simulation, Maxwell’s equations are solved by COMSOL Multiphysics (a
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 ®t,  E(r,t) = E(r)e™®t

Maxwell’s equations:

OH(r, t
V-H(r,t) =0, VXE(,1t)+ yopr (gt )=0'
OE(T, 1)
V- [goer(NE, )] =0,  VXH(rt)+ ge(r) e 0,

Vector wave equation of E-field:

VX [ur (VX E(r)] — k§e (NE() =0, & =n?

13



where 1, and & are in the tensor form, and n is refractive index. The time dependent
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.[22] First, the wave equation are 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) = —j d3r[—(Vx E)- (VX E) — k2¢,E - E]
2y Hr

+f ds-[yz—e(an)-(an)+E-U]

av

where n denotes the outward normal at the surface 9V and the electric field has to
satisfy the boundary condition n x E=0 on.3S. ys 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 [23] 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 of the nanostructure dimer.

The refractive index of the substrate is taken to be 1.45, and the gold permittivity
is modeled by Lorentz-Drude expression whose parameters are chosen to match the

experimentally determined permittivity [24].

2.3 Fabrication Process

First, indium tin oxide (ITO) glass substrates are cleaned in acetone followed by
isopropanol (IPA) for 20 min and dried in N,. Then these substrates are spin-coated
with 150 nm polymethyl methacrylate (PMMA) electron-sensitive resist followed by
curing. The patterns for the nanodisk and nanoring dimer arrays are 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 0.5 A/s by
thermal evaporation. Finally, the PMMA resist and the overlaying Au layer are
removed by lift-off in acetone at room temperature. The illustration of overall

fabrication process is shown in Fig.2.2.
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Figure 2.2: Illustration of the fabrication process.

Following the procedure, we_fabricated two dimensional 300 ym x 300 um
arrays of Au nanodisk and nanoring dimers with periods of 2 um in the direction
parallel to the dimer-axis and 1 um in the perpendicular direction. The radius of
nanodisk is ~190 nm; the inner and outer radiuses of nanoring are ~123 and ~252 nm,
where the average radius is similar to the nanodisks. For the nanodisk dimers, the gap
size varies as 28, 32, 75, 82, 209, and 313 nm; for the nanoring dimers, the gap size
varies as 15, 47, 93, 145, 240, and 287 nm. The patterns are imaged by scanning

electron microscope (SEM), as shown in Fig. 2.3.
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Figure 2.3: SEM images of (a) nanodisk dimers and (b) nanoring dimers with

different gap sizes.

17



2.4 Measurement Setup

Fig. 2.4 shows the configuration and photography of upright transmission
spectroscopy. Light from a halogen lamp is 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 monitoring by the projection of the pattern
on a simple screen. Output signal is collected by another 20x objective lens and
coupled into multimode fiber (MMF), which is 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 Py 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
devices, we change the environmental refractive index of nanodisk and nanoring
dimers by immersing the fabricated device in aleohol (n~1.35), and obtaining their

transmission spectra by the same upright transmission spectroscopy.
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Figure 2.4: (a) Configuration and(b) photography.of upright transmission
spectroscopy

2.5 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
gold nanodisk and nanoring dimers, which are composed of e-beam lithography and
thermal evaporation. Finally, we described the configuration of upright transmission
spectroscopy and method to measure sensing performance of fabricated devices

surrounding in different environments.
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Chapter 3 Optical Properties of SPR Modes

for Gold Nanostructure Dimers

3.1 Introduction

In this chapter, the optical properties of SPR modes for gold nanostructure
dimers with different gap sizes are investigated by simulations. The nanostructure
dimers here we concern about are focused on slab-like geometries including nanodisk
and nanoring. At first, we characterize the SPR modes from extinction spectrum and
their related mode profiles in  different - polarizations, and then the mode
wavelength-shift behavior and-the field enhancement with varying gap size are further
investigated. In addition, the corresponding optical properties are also realized in

experiment.

3.2 SPR Mode ldentification

3.2.1 Nanodisk Dimer

For the nanodisk dimer in simulation, the radius and the height are set to 200 nm
and 50 nm, and the gap size varies from 350 down to 10 nm in simulation. The
surrounding medium is assumed to be air. Incident plane waves of power 1 W and
wavelength ranges from 400 to 1800 nm are employed to excite the nanodisk dimers.
The case defined as longitudinal polarization is that the incident electric field is
parallel to the dimer-axis, and the other defined as transverse polarization is that the
electric field is perpendicular to the dimer-axis.

The extinctions versus the wavelength in different polarizations as shown in

20



Fig.3.1 are given by —log (P/Po), where P and P, are the transmitted power with and

without passing through the nanostructure dimers.
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Figure 3.1: Simulated extinction spectra of Au nanodisk dimers with different gap
sizes in (a) longitudinal and (b) transverse polarizations.

In longitudinal polarization, we can see a dominant mode red shift when the

nanodisk dimers come in close. The electric field distribution of the dominant mode is

depicted in Fig.3.2(a). We can see the electric field confined around the nanodisks in

the dimer-axis and much concentrated in the gap. From the direction of the flux lines ,

it indicates the positive or negative charge distribution which is a dipolar SPR mode.
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When the nanodisks come in close enough (< 50 nm), high-order mode would appear.
The peak with wavelength ~900 nm in Fig.3.1(a) is a high-order and multipolar SPR
mode as shown in Fig.3.2(b). On the other hand, the transverse mode doesn’t shift
significantly with varying the gap size as shown in Fig.3.1(b) due to the electric field
not concentrated in the gap. We can see the electric field distribution of this mode
confined around the nanodisks but perpendicular to the dimer-axis as shown in

Fig.3.2(c). The charge distribution is also a dipolar mode indicated from the flux lines.
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Figure 3.2: The electric field distributions and flux lines of (a) longitudinal dipole
mode, (b) longitudinal multipole mode, and (c) transverse dipole mode.

Figure 3.3 shows measured extinction spectra-of the fabricated gold nanodisk
dimers with similar size to the simulation. \We also see a mode red-shift when the
nanodisk dimers come in close in longitudinal polarization but no significantly shift in
transverse polarization. Another high order mode . also appears when the nanodisk

dimers come in close enough (=32 nm). All of these results are as the same as

predicted in the simulation.
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Figure 3.3: Measured extinction spectra of Au nanodisk dimers with different gap
sizes in (a) longitudinal and (b) transverse polarizations.

3.2.2 Nanoring Dimer

For the nanoring dimer.in simulation, the outer and.inner radiuses are set to 250
nm and 150 nm. The heightis still 50-'nm, and the gap size varies from 350 down to
10 nm. The surrounding medium is.assumed to be-air. Incident plane waves of power
1W and wavelength ranges from 400 to 2500 nm are employed to excite the nanoring
dimer. The cases of longitudinal and transverse polarizations are defined as the same
as mentioned for nanodisk dimer. The extinctions versus the wavelength in different
polarizations as shown in Fig.3.4 are given by —log (P/Po) as mentioned in the last

section.
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Figure 3.4: Simulated extinction spectra of Au nanoring dimers with different gap
sizes in (a) longitudinal and (b) transverse polarizations.

In longitudinal polarization, there are mainly two kind of modes as shown in
Fig.3.4(a), and the electric field distributions of these two modes are shown in Fig.3.5.
From the direction of the flux lines, they indicate the charge distributions which one is
bonding mode in the near infrared range of wavelength and the other is anti-bonding
mode in the visible range of wavelength. These two kind of modes have been well
known since 2003 [25][26]. E. Prodan et al. presented a hybridization model for the

plasmon response of complex nanostructures. Nanoring is one kind of complex
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nanostructure which can be considered as a composition of nanodisk and nanohole,
approximately 2D case of nanoshell which has been discussed in this reference paper.
The nanohole and nanodisk plasmons are electromagnetic excitations that induce
surface charges at inner and outer interfaces of the nanoring. Because of the finite
thickness of the ring wall, the nanohole and nanodisk plasmon interact to each other.
This interaction results in the splitting of the plasmon resonances into two new
resonances: the lower energy bonding mode and the higher energy anti-bonding mode,
as shown in Fig. 3.6. When the nanorings come in close, high-order mode would also
appear. Figure 3.4(a) shows that a high-order mode is located in wavelength ~1200
nm of which the electric field distribution is multipole bonding mode, as shown in Fig.

3.5(c).
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Figure 3.5: The electric field distributions and flux lines of longitudinal (a)
anti-bonding mode, (b) bonding mode, and (c) multipole bonding mode.
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Figure 3.6: Plot of the hybridization model for nanoring contributed from nanodisk
and nanohole.

On the other hand for the transverse polarization, there are also appearing
bonding and anti-bonding ‘modes —as shown .in- Fig. 3.4(b), the electric field
distributions of which are shown in Fig." 3.7, but no significantly shift with varying

gap size since the electric fieldis not concentrated in the gap.

a)
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Figure 3.7: The electric field distributions and flux lines of transverse (a) anti-bonding
mode, and (b) bonding mode.

Figure 3.8 shows measured. extinction spectra of the gold nanoring dimers with
similar size and wall thickness to the simulation. There are also appearing two modes
which one is anti-bonding mode in the visible range of wavelength and the other one
is bonding mode in the near infrared range of wavelength, as shown in Fig.3.8(a). We
can see bonding mode red-shift” when the nanoring dimers come in close in
longitudinal polarization but no significantly shift in transverse polarization. Another
high order mode also appears in longitudinal polarization when the nanoring dimers

come in close enough.
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Figure 3.8: Measured extinction spectra of Au nanoring dimers with different gap
sizes in (a) none, (b) longitudinal and (c) transverse polarizations.
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3.3 Characteristics of Longitudinal SPR Modes with Varying Gap

Size

3.3.1 Nanodisk Dimer

In longitudinal polarization, the dipole mode would be much red shift when the
nanodisk dimers come in close, as described in the last section. Figure 3.9 shows a
simulated plot of the longitudinal dipole mode shift versus the gap size variation. The

shift can be fit very nearly to an exponential decay function.
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Figure 3.9: Simulated plot of longitudinal dipole mode wavelength shift as a function
of gap size, which fits to an exponential-decay function. The inset is the illustration of
the electromagnetic interaction between the nanodisks dimers in the longitudinal
polarization.

The observed gap size dependent behavior of the longitude mode shift suggests a

qualitative interpretation by a simple dipole-dipole interaction model which is well
31



explained by W. Rochberger et al. [20]. The electric field of the incident light would
induce surface charges which feel repulsive force in the nanodisk at resonance. When
another nanodisk is nearby, upon polarization additional force act on both nanodisks
as sketch in the inset of Fig.3.9. If the driving field is parallel to the dimer-axis
(longitudinal polarization), this effect results in a weakening of the repulsive forces
for the surface charges. The positive charge of the left nanodisk in Fig.3.9 faces the
corresponding negative charge of the right nanodisk. Due to the attractive forces
between these two charge distributions of the different nanodisks, the repulsive forces
within each nanodisk are weakened, leading to a correspondingly red shift of
resonance wavelength.

In addition, the intensity of the electric field.is more concentrated and enhanced
with decreasing gap size as shown.in Fig.3.10 and is nearly exponential decay with
increasing gap size as shown in“Fig.3.11. The field intensity in the gap of 10 nm is
even 70 times stronger than that in the gap of 350 nm. The enhancement effect

indicates that dimer system is critical for near-infrared sensitivity.

IIl .l Max

50nm 100nm 200nm 350nm Min

32



“?0- bj 1 1 1 1 1 i
o 50‘_ Gap: .

e 50 4 e 350nm i

- a—200nm

% 40 4 -.-.- 100nm -

E 1 e 50nm

£ 30'_ 30nm 1

% 20 4 e 10nm

2

L

k7]

LY

1]

600 400 200 O 200 400 600
y (nm)

Figure 3.10: Simulated electric field distributions of the longitudinal dipole mode with
different gap sizes are shown in (a) top view at mid-height of the dimer and (b) side
view along the dash line of inset. The position- where y = 0 in (b) is the center of the
gap shown as white area.
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Figure 3.11: Simulated electric field intensities of the longitudinal dipole mode in the
gap center with different gap sizes.

Figure 3.12 shows a plot of the longitudinal mode shift versus the gap size
variation for fabricated gold nanodisk dimers. The shift can also be fit very nearly to

an exponential decay function, which is as the same as predicted in simulation.
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Figure 3.12: Experimental results of the longitudinal dipole mode wavelength shift as
a function of the gap size, which fits to an exponential-decay function.

3.3.2 Nanoring Dimer

Figure 3.13 shows a simulated plot of the longitudinal bonding mode shift versus
the gap size variation. The shift ‘can be fit very nearly to an exponential decay
function, similar to the behavior of the longitudinal dipole mode for the nanodisk
dimers where the charge distributions are almost the same, so it may be also attributed

to the weakening repulsive force in the dimers modeled by the dipole-dipole

interaction.
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Figure 3.13: Simulated plot of the wavelength shift as a function of the gap size for
the longitudinal bonding mode, which fits to an exponential-decay function.

Magda O. El-Shenawee also suggested this characteristic as a simple equivalent
LC circuit oscillation [28]. In longitudinal polarization, the incident electric field in
the gap is normal to the nanorings’ wall surface consistent with the charge signs in
Fig.3.5(b). As the gap size decreases, the equivalent capacitance value increases. As a
result, the resonance frequency proportional to 1/C decreases. This concept is
consistent with the results observed in Fig. 3.4(a). In transverse polarization, the
incident electric field in the gap is parallel to the nanorings’ wall surfaces.
Accordingly, there is no effective capacitance caused by the gap, leading to

insignificant effect of the gap size on the resonant wavelength observed in Fig. 3.4(b).
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Fig. 3.14: Simulated electric field distributions of the longitudinal bonding mode with
different gap sizes are shown in (a) top view at mid-height of the dimer and (b) side
view along the dash line of inset. The position- where y = 0 in (b) is the center of the
gap shown as white area.

In addition, the intensity of the electric field is more concentrated and enhanced
as gap size decreases for longitudinal bonding mode as shown in Fig. 3.14 and nearly
exponential decay with increasing gap size as shown in Fig.3.16. The field intensity in
the gap of 10 nm is about 57 times stronger than that in the gap of 350 nm and also
stronger than that in the nanodisk dimers of the same gap size. This enhancement
effect is similar to that for the nanodisk dimer because the bonding charge distribution
of nanoring dimer is similar to the dipole mode of nanodisk dimer.

However, longitudinal anti-bonding mode doesn’t shift significantly with
different gap sizes, as shown in Fig. 3.4(a). It attributed to the electric field intensity
in the gap independent to gap size as shown in Fig. 3.15 & 3.16, maybe due to the

anti-bonding charge distribution.
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mode with different gap sizes are shown in (a) top view at mid-height of the dimer
and (b) side view along the dash line of inset. The position where y = 0 in (b) is the
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Figure 3.16: Simulated electric field intensities of the longitudinal bonding and
anti-bonding modes in the gap center with different gap sizes.

Figure 3.17 shows a plot of the longitudinal-bonding mode shift versus the gap
size variation for fabricated gold nanoring dimers. The shift can also be fit very nearly

to an exponential decay function, which is as the same as predicted in simulation.
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Figure 3.17: Experimental results of the longitudinal bonding mode wavelength shift
as a function of the gap size, which fits to an exponential-decay function.
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3.4 Summary

In this chapter, we identified and characterized the properties of SPR modes with
gap size variation in nanodisk and nanoring dimers by simulations then realized by
experiments. For nanodisk dimers, there is a dipole mode in each polarization and
appearing a high-order mode in longitudinal polarization when the nanodisk dimers
come in close. On the other hand, for nanorings dimers, there are anti-bonding mode
and bonding mode in each polarization and also appearing a high-order mode in
longitudinal polarization when the nanoring dimers come in close, which can be
characterized by hybridization model. We further find that the wavelengths of
longitudinal dipole mode in nanodisk dimers-and longitudinal bonding mode in
nanoring dimers are red-shift.as an exponential function with decreasing gap size.
Moreover, the electric field .intensities are more enhanced with decreasing gap size
and also decay as an exponential function with increasing gap size. And the electric
field intensity in the gap for nanoring dimer is stronger than nanodisk dimer, which

indicates better sensing ability in nanoring dimer system.
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Chapter 4 Sensing Application

4.1 Introduction

In this chapter, we change the environmental refractive index of the
nanostructure dimers by simulation to investigate the optical sensing performance. In
addition, we immerse the fabricated device in alcohol to detect the wavelength shift

with varying the refractive index in experiment.

4.2 Wavelength-Shift Sensing Performance

Similar to isolated nanoparticles [14][27], there is a red shift in the plasmon
resonance of the two-particle system 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[21]. Figure 4.1 shows a plot of the simulated dipole mode
wavelength of the nanodisk dimers as-a function ‘of the refractive index of
surrounding medium. As the gap size is decreased. from 350 nm to 10 nm, the
sensitivity which is the wavelength shift per refractive index unit (RIU) in
longitudinal polarization increases from 367 nm/RIU to 901 nm/RIU, which is much
higher than the value of ~400 nm/RIU in transverse polarization where the sensitivity
can be not enhanced with decreasing gap size. The sensitivity of 901 nm/RIU in
longitudinal polarization is also higher than the value of 434 nm/RIU reported before
for smaller gold nanodisk dimers calculated by discrete dipole approximation (DDA)

[21], and it can be much higher by optimizing the aspect ratio [14].
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Figure 4.1: Simulated peak wavelength as a function of the refractive index of
surrounding medium for Au nanodisk dimers with different gap sizes in (a)
longitudinal and (b) transverse polarizations.

For nanoring dimers, the simulated bonding mode wavelength as a function of
the medium refractive index for different values is shown in Fig. 4.2. As the gap size
is decreased from 350 nm down to 10 nm, the sensitivity of the longitudinal bonding
mode increases from 658 nm/RIU to 1076 nm/RIU which is much higher than the
value of ~720 nm/RIU in transverse where the sensitivity can be not enhanced with

decreasing gap size. The sensitivity of 1076 nm/RIU can be much higher by
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optimizing the ring wall thickness.[28]
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Figure 4.2: Simulated bonding mode wavelength as a function of the refractive index
of surrounding medium for Au nanoring dimers with different gap sizes in (a)
longitudinal and (b) transverse polarizations.

From the statistic of the simulated sensitivities for both nanodisk and nanoring
dimers as shown in Fig. 4.3, the sensitivities are increasing with decreasing gap size
due to more enhanced intensity of the electric field concentrated in the gap. Moreover,
the sensitivity is much higher for the nanoring dimers because the electric field is not

only stronger in the gap but also distributed on more surfaces of inner ring leading to
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more interactions with mediums.
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Figure 4.3: Statistic of the simulated sensitivities of the longitudinal modes in Au
nanoring and nanodisk dimers with different gap sizes.

In experiment, we change the —environmental refractive index of the
nanostructure dimers by immersing the fabricated device in alcohol of which the
refractive index is ~1.35. Figure 4.4 shows a plot of the simulated dipole mode
wavelength of the nanodisk dimer-in air-and alcohol. As the gap size is decreased
from 313 nm to 28 nm, the wavelength shift in longitudinal polarization increases
from 431 nm/RIU to 531 nm/RIU, which is higher than the value of ~401 nm/RIU in
transverse polarization where the sensitivity can be not enhanced with decreasing gap

size.
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Figure 4.4: Measured dipole mode wavelength of the Au nanodisk dimers with
different gap sizes in air and alcohol in (a) longitudinal and (b) transverse

polarizations.

For nanoring dimers, the measured bonding mode wavelength as a function of
the refractive index of surrounding medium is shown in Fig. 4.5. As the gap size is
decreased from 287 nm to 47 nm, the sensitivity of the longitudinal bonding mode
increases from 620 nm/RIU to 663 nm/RIU which is higher than the value of ~611

nm/RIU in transverse polarization where the sensitivity can be not enhanced with

decreasing gap size.

Refractive Index
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Figure 4.5: Measured bonding mode wavelengths of the Au nanoring dimers with
different gap sizes in air and alcohol in (a) longitudinal and (b) transverse
polarizations.

From the statistic of the measured wavelength shifts for both nanodisk and
nanoring dimers as shown in Fig.4.6, the wavelength shifts in different environments
are increased with decreasing gap size, which agrees to the trends predicted in
simulation. Moreover, the wavelength shifts is higher for the nanoring dimers, which
is also in accordance with the simulation results.

However, the enhancement of the wavelength shift with decreasing gap size is
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weaker in experiment. In bulk liquid sensing, it’s difficult for liquid to be fully filled
in the small-size gap due to the surface tension. Therefore, the electric field enhanced
in the gap can not respond to the wavelength shift with varying environments
(sensitivity). Nevertheless, it still has potentials on wavelength-shift sensing, such as
bio-medicine and bio-chemical nanosensing. The nanostructure dimers can provide a

higher sensitivity to local perturbations like molecule binding. [29]
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Figure 4.6: Statistic of measured wavelength shifts of the longitudinal modes in Au
nanoring and nanodisk dimers with different gap sizes.

Figure 4.7: BSA protein molecule binding in the gap of a gold dimer. (adopted from
[29])
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4.3 Summary

In this chapter, we proposed the wavelength-shift index sensing performance for
the nanodisk and nanoring dimers by simulation. The simulated sensitivity for the
nanodisk dimer is up to 901 nm/RI1U and even improved to 1076 nm/RIU for nanoring
dimer with gap size of 10 nm because the bonding mode of nanoring dimer is a
stronger dipole coupling leading to more enhanced electric field in the gap. However,
this enhancement is not obvious in experiment because the liquid is difficult to be
fully filled in the gap of nanostructure dimer. Nevertheless, we believe that it still has
potentials for nanosensing applications such as protein, DNA or toxic chemical

molecule detections.
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Chapter 5 Conclusion and Future Work

5.1 Conclusion

In this thesis, optical properties of SPR modes in nanodisk and nanoring dimers
are investigated by simulation and experiment. At first, we identified these SPR
modes are dipole, multipole modes in nanodisk dimer, and bonding, anti-bonding,
multipole bonding modes in nanoring dimer for different polarizations from the
charge distributions by simulation. In the further investigation, for longitudinal
polarization, wavelength-shift behavior as a exponential decay function with
increasing gap size is observed in both simulation and experiment. For these dimer
systems, the electric field in the gap can be also enhanced with decreasing gap size.
Moreover, the electric field s ‘stronger in-nanoring dimer. Base on these optical
properties, a wavelength-shift index sensitivity obtained by simulation is up to 901
nm/RIU in nanodisk dimer and further improved to 1076 nm/RIU in nanoring dimer.
These results indicate that it’s . critical for—optical sensing application. In our
experiment, the wavelength shifts in different environments also increase with
decreasing gap size but not obviously for such a bulk liquid sensing. It attributed to
the liquid not fully filled in the gap due to the surface tension. We consider that it’s

more suitable for nanosensing applications.
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5.2 Future Work

In addition to sensing bulk refractive index changes, the nanostructure dimer 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 gold nanostructure dimer can
be bound with some kinds of protein to detect the wavelength shift. Moreover, this
dimer system can trap and detect other kinds of molecules or particles by optical force

induced from the enhanced electric field in the gap.[30]
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Appendix A: Influence of Dielectric Properties

of ITO Glass Substrate upon SPR Spectrum

In chapter 3, we have discussed the SPR mode properties generally for gold
nanostructure dimers on glass substrate of which the refractive index is nearly a
constant (n=1.45). However, in our experiment, there have to be a conductive layer
such as ITO film underlaid to facilitate the pattern definition by e-beam lithography.
The optical properties of ITO film are wavelength dependent and absorptive for
infrared spectrum. The refractive index and extinction coefficient spectra are shown in
figure A.1.[31]

Figure A.2 shows simulated extinction.spectrum of gold nanoring dimers on ITO
glass substrate in longitudinal polarization. We find that anti-bonding mode is
red-shift and bonding mode is blue-shift comparing to the simulation results for glass
substrate (Fig. 3.4), which almost:match to the experimental results (Fig. 3.8). In
addition, the line widths of peaks are narrower for ATO substrate. These characteristics
are all attributed to the refractive index dispersion and absorption dependent on

wavelengths of ITO leading to affect the SPR peak structure [32].
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Figure A.1: Refractive index and extinction coefficient spectra of ITO (adopted from
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Figure A.2: (a) Simulated extinction spectrum and (b) longitudinal bonding mode

wavelength shift with gap size variation of gold nanoring dimers on ITO glass

substrate
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