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Abstract

The interactions of 0D and 1D nanostructures with a 2D plasmonic film have seldom been
studied in literature. The cavity or the "hot-spot" that forms between the nanostructure and
the film are interesting structures, as the field is highly confined and enhanced in these regions.
Thus, placing Raman active dyes in these locations will lead to huge enhancement of the Raman
signal obtained from them. The structures will also have antenna effects, which will lead to the
radiation properties, such as directionality and polarization states, being changed according to
the geometry of the structures. As the Raman antenna effects of such structures have not been
probed in great detail in literature, this project aims to do so for two anisotropic nanostructures,
gold nanorods and silver nanowires.

The first chapter gives an introduction about the concepts that are necessary to understand
the effects observed in the thesis. This includes an introduction to plasmons and various related
concepts, antenna effects, and molecular emission processes.

The second chapter mainly deals with the synthesis of symmetric and asymmetric metal
nanoparticles, which includes Au nanospheres, Au nanotriangles and Au nanorods. Such struc-
tures are important for the experimental studies that have been done later in the thesis.

The third chapter details the experimental studies done on Au nanorods and Ag nanowires
placed over gold films, which act as plasmonic mirrors. The studies consist of observation of
enhancement, input polarization dependence of the SERS signal, and in case of Ag nanowires,
remote excitation experiments wherein one end of the wire is excited and the signal is collected
and analyzed at the distal end.

The fourth chapter investigates the simulation aspects of the Ag nanowire-over-gold film
system. Simulations were done to corroborate the experimental results obtained in chapter 3.
Simulations have also been done to gain insights about the system that can not be obtained
experimentally. Thus simulations have been used both as a tool to aid experiments as well as
to guide experiments in further directions.
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Chapter 1

Introduction

Antennas have been in use in human lives for over a century now. The first antenna was built
by physicist Heinrich Hertz to demonstrate Maxwell’s theory on electromagnetism [1], which
was later perfected by the Italian inventor and Nobel laureate Guglielmo Marconi. Marconi
successfully harnessed the power of antenna effects in the radio frequencies in 1895 to built the
first radio.[2] This later revolutionized human lives, as can be seen from the ubiquity and indis-
pensability of wireless devices ranging from WLAN, television antennas to mobile phones. The
technology has been successfully modified for radio and microwave frequencies and integrated
with electronics to provide high specificity, high fidelity and ultra-fast speeds in communication
between the transmitters and the receivers. Antennas, therefore, have been used to successfully
control electromagnetic radiation in the radio and microwave frequencies for a long time.[3]

Despite the success of antennas in the higher wavelength regimes of the electromagnetic
radiation, it has been difficult to emulate the same in optical frequencies, mainly because of the
wavelengths in consideration being only few hundreds of nanometers. For antennas to work
in particular frequency ranges, the dimensions of the antenna have to be of the order of the
wavelength in consideration.[4] Historically, before the advent of nano-science, manipulation
and structuring of matter at a nano-level was a difficult task. After several decades of research
into synthesis procedures for nano-materials, inventions of sophisticated instrumentation such
as scanning electron microscopy (SEM) and electron-beam lithography (EBL) and other fabri-
cation methods, it has now become possible to design structures with accuracies down to tens
of nanometers. Optical antenna effects have now been successfully demonstrated by fabricat-
ing samples using electron-beam lithography [5, 6, 7], nanosphere lithography [8, 9], and with
particles synthesized using wet-synthesis methods [10, 11]. It is thus possible now to fabricate
optical antennas with desired properties and apply them for uses such as spectroscopy [10],
optoelectronics [12], photosensors [13], directional emitters [5], to name a few.

It is a necessity that the antenna structure efficiently converts propagating electromag-
netic radiation from the far-field to enhanced and localized fields in the near-field. Plas-
monic nanostructures provide large field enhancements at sharp features, field confinement
in gap structures, impedance matching to propagating waves to be converted from far-field ra-
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diation to near-field radiation, and can be tuned in size such that the resonance of the plas-
mon modes lies in the region of interest.[14] Thus, plasmonic nanostructures have been a
major candidate for optical antennas, and a large body of research is present to that effect.
[5, 6, 7, 9, 10, 11, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] Much of this research has been to-
wards development of antennas with high enhancement factor and high directivity. However,
not much work has been done in terms of using these structures as Raman antennas, and major
challenges remain in terms of optimizing the antennas in terms of highly unidirectional and en-
hanced emission, and impedance matching between source and antenna structure, among other
things.[4] The following sections detail the necessary theoretical background for plasmonic
nano-antennas, followed by a primer on molecular emission, followed by the definition and
motivation for the problem addressed in this thesis.

1.1 Plasmonics: A primer

Ultra-fast communications have become extremely important in recent era, where everything is
digitized and connected. Semiconductor-based technology has been relying on miniaturization
of circuitry to cater to the ever-increasing demands of the world, in terms of performance, high
density data packaging, and speed.[23] These systems have been extensively optimized and
miniaturized to the point that on-chip electronic circuit elements are now reaching dimensions
as small as tens of nanometers.[24] However, the fundamental limitations of these systems
are now being reached, and as such, pushing the speed, performance, or information density
in these systems is becoming extremely difficult. An alternative to this that is now being ex-
plored extensively is to use light instead of electrons as the information carrier. However, one
of the major problems in using light for such applications is the absence of required miniatur-
ization of circuit elements and integration on chip. One of the primary reasons for this is the
diffraction limit of light, which means that it is not possible to focus a beam of light such that
the beam waist is lesser than half the wavelength of light (in the particular medium).[3, 23]
Thus, a fundamentally different approach has to be taken to effectively communicate in nano-
regimes. Plasmonics seeks to solve this issue of diffraction limit in the optical region of the
electromagnetic spectrum, and can be used to efficiently focus light tightly into sub-wavelength
dimensions.

The term "Plasmonics" derives from the fact that this field deals with controlling surface
plasmons at metal-dielectric interfaces, and thereby using surface plasmons as the carriers of
information. Surface plasmons are the collective oscillations of the electrons at the metal-
dielectric interface, which can be generated by coupling visible light photons with the electrons.
[3, 24, 23] Figure 1.1 shows the characteristics of a surface plasmon on a metal-dielectric
interface. The properties of these surface plasmons depends on the surface structure of the
metal, the excitation beam, and the dielectric environment of the metal. All of this can be
effectively tuned to suit the particular need at hand[25], which makes plasmonics a powerful
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substitute for on-chip electronics.

Figure 1.1: Surface plasmons on a metal dielectric interface. (a) These are transverse magnetic
(TM) in nature. Surface charges are present due to a normal component of electric field at the
surface (Ez). (b) Ez component is highly enhanced near the surface, and decays exponentially
along the z axis away from the surface. The decay length in the metal δm is determined by the
skin depth of the metal. The field in the z direction is evanescent, therefore no radiation loss
occurs along this direction for SPs. Figure adapted from Ref.[25].

To give some theoretical backing to the phenomena related to plasmonics, we should first
recall that for a metal, the frequency dependent dielectric function is given by the formula: [26]

ε(ω) = 1+χe(ω) (1.1)

where χe(ω) is the electric susceptibility of the medium. To first study the effects of free
electrons in the metal, we use the Drude-Sommerfeld model of free electron gas:

me
∂ 2r
∂ t2 +meΓ

∂r
∂ t

= eE0e−iωt (1.2)

where me and e are the electronic mass and charge respectively, r is the displacement of the
electron, E0 is the amplitude of the driving electric field, ω is the frequency of the driving field,
and Γ = νF/l is the damping constant, with νF being the Fermi velocity and l being the mean
free path for the electron. Solving this equation by putting r(t) = r0e−iωt and then plugging in
equation 1.1, we get:

εDrude(ω) = 1−
ω2

p

ω2 +Γ2 + i
Γω2

p

ω(ω2 +Γ2)
. (1.3)
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Using experimental values for ωp and Γ, we find that the real part of εDrude is negative.
[26] Now, the imaginary part of the refractive index in a medium is given by n =

√
ε , which

implies that for metals, this has a large value. This leads to the conclusion that the field can
only penetrate a metal to a very small length (called the skin depth) due to high non-radiative
losses. This has been indicated in Figure 1.1.

Note that this behavior is shown by metals only in certain parts of the visible spectrum. For
example, gold has a strong interband transition around 500 nm wavelength, where it absorbs
large amount of the excitation light. This behavior can be derived by considering bound elec-
trons and modifying equation 1.2 suitably to get εinterband(ω). This has been shown in greater
detail in Ref[26], and will not be delved into further here.

Depending on the boundary conditions of the wave equation for electrons in metal nanopar-
ticles coupled to the electromagnetic field, the final excitation can result in either a localized
surface plasmon (LSP) or a propagating plasmon, otherwise known as surface plasmon po-
lariton (SPP). Both these phenomena are important for different purposes, depending on the
desired effects to be studied. The following subsections will give some basics about the two
different phenomena.

1.1.1 Localized Surface Plasmons

Localized surface plasmons, as the name suggests, arise from interactions of metal nanopar-
ticles with an oscillating electric field which leads to non-propagating excitations in the con-
duction electrons of the particles. Unlike the free electron case as considered while writing
equation 1.2, the curvature of the surface of the metal nanoparticles exerts a restoring force
on the electrons, which results in resonances. These resonances, called as localized surface
plasmon resonances or LSPRs, lead to huge electric field enhancements in the near-field of
the particles,[27] and are seen as peaks in the scattering spectrum. In fact, studying LSPRs
is relatively easy, as they can be directly observed by examining the far-field spectra of the
particles, even down to single nanoparticle limit, using white light illumination.[27, 28] The
far-field spectra can be extinction spectra, which would require an ensemble or arrangement of
particles, or dark-field spectra, with which one can study the LSPRs of single nanoparticles. In
dark-field microscopy, one typically shines white light onto particles under study from an angle
such that only the light scattered by the nanoparticles will enter the objective lens. This can be
done using special dark-field apertures [28, 29], waveguide scattering microscopy [30], large
angle incidence [31] or total internal reflection based imaging [32, 33, 34, 35, 36]. The spec-
trum, corrected for the lamp response and the dark background, gives us the dark-field spectrum
of the particle under consideration, which shows the LSPRs as peaks in the spectrum. When
coupled to polarization dependent studies, this technique can also give us information about
various LSPR modes in anisotropic nanoparticles, which cannot otherwise be probed.[28] An-
other technique to probe the LSPRs is near-field optical microscopy, wherein a thin fiber tip
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(with an aperture of about 100 nm) is brought in close proximity of the metal nanoparticle
under study. The particle is then either excited through the tip and the response is collected
in the far-field, or the particle is excited using evanescent excitation and the response is col-
lected using the tip.[27] This also gives us the information about LSPRs in the particle under
consideration.

The huge field enhancements due to LSPR and their polarization dependent response can be
effectively put to use when doing Surface Enhanced Fluorescence (SEF) spectroscopy [37, 38]
or Surface Enhanced Raman spectroscopy (SERS)[39, 40]. The enhancement of the electric
field leads to enhancement of the molecular emission in the vicinity of the particles, and in case
of anisotropic nanoparticles, this results in polarization dependent response of the molecular
emission as well.[41] These effects will be discussed in terms of some theory in the section on
Molecular Emissions in this chapter, and studied experimentally in Chapter 3.

1.1.2 Surface Plasmon Polaritons

Figure 1.2: (a) Schematic representation of the system considered for analytical purposes. The
SP is propagating along the x direction with a momentum vector kSP. The electric field has
components both along x and z directions, while the magnetic field only has component in the
y direction. (b) Dispersion curve of an SP mode. The curve for the SP remains on the higher
momentum side of the light-line, which means for any excitation with light, the momentum
mismatch has to be taken care of. Figure adapted from Ref.[42].

When a surface plasmon interacts with a photon to form a propagating excitation, it is called a
surface plasmon polariton. Such an excitation can be generated in metallic films or extended
metallic nanostructures such as nanowires or nanoplates, by exciting a defect such as termi-
nating ends, kinks or fractures. For sake of simplicity of theory, consider a metal (dielectric
constant εm) dielectric (εd with Im(εd) = 0) interface. Figure 1.2(a) shows a schematic of the

11



system. The electric field along x direction on the metal-dielectric interface can be given by
[43]:

ESP(x,z) = E0eikSPx−kz|z| (1.4)

This represents a wave which is propagating along the x-direction with a wavevector kSP and
decaying perpendicular to the field (in the z-direction) with a decay constant kz. The dispersion
relation of the SPP is given by [43]:

k2
SP =

(
ω

c

)2 εdεm

εd + εm
(1.5)

Figure 1.2(b) shows the dispersion relation of the SPP with respect to the light line. Since the
SPP dispersion curve is in the part of the diagram below the light line (i.e. kSPP > klight f orallω),
SPPs cannot be excited using direct illumination methods, or cannot radiate light. This can only
happen at defects and grain boundaries, where symmetry breaking allows us to excite SPPs or
allows SPPs to out-couple as photons from the metal due to the momentum-matching condition
being met at such defects.

Owing to the fact that the SPP is confined close to the metal surface, depending on the com-
bination of the metal and the dielectric surrounding it, there can be huge field enhancements in
the vicinity of the metal film (or nanostructure). In case of a silver film in air illuminated by a
red laser, this enhancement |ESP|2/|Elight |2, where Elight is the incident field, can be more than
two orders of magnitude [43]. Such large field enhancements can be put to use for various ap-
plications such as Fabry-Perot resonators [17], confining light emission in particular directions
[20], remote excitation SERS [44], among others.

SPPs in Ag nanowires

The system that supports SPPs that is important in context of this thesis is Ag nanowires, which
have been synthesized by known polyol process [45, 46]. These wires are single crystalline in
nature with a pentatwinned cross-section. Typical lengths range from 5 µm to 100s of µm,
and cross-sectional diameters are about 200-400 nm. For such wires, one of the easiest ways
to excite the SPP modes is to focus a laser (usually a 632.8 nm He-Ne laser) to a diffraction-
limited spot on one of the ends of the wire.[24, 47] Due to a mismatch between the momentum
of the incoming photons (kphoton) and momentum of the SPP (kSPP), an additional ∆kscattering

has to be provided by a suitable scattering mechanism so as to allow for such an excitation to
be possible. This can happen in a case where the laser is being incident on one end of the wire,
where due to spatial symmetry breaking, such a momentum mismatch can be corrected for,
and the photons can excite the SPP mode. This does not, however, happen when the laser is
incident onto the center of the wire, where due to axial symmetry of the wire, the light cannot
scatter axially, and thus cannot excite the SPP.[47]

Since the symmetry is pentagonal, analytically solving for the modes supported by the wire
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is extremely difficult. However, a nice computational treatment has been given in Refs.[24]
and [48]. Here, they use Finite Element Method (FEM) and Green’s Dyadic method based
calculations to solve for the modes of the pentatwinned silver nanowires. When the wire is
free-standing, with only one kind of dielectric medium around it, the wire exhibits five corner
modes which resemble the electronic modes of a molecule with D5h symmetry [48, 24]. Any
guided mode in this system is a linear superposition of these 5 corner modes. If the system
is made more realistic, with the wire placed onto a glass substrate (as is usually the case in
experiments), the symmetry now reduces from D5h to C2v, and supports 3 modes. One of these
modes is a bound mode, with the electric field confined to the glass side, while the two other
modes are leaky modes. Such theoretical and computational analysis is important to extract
more physics out of the experimental results, as it reveals the fundamental mechanism about
why a particular observation is seen in an experiment. This thesis therefore tries to touch upon
certain aspects of the experimental results from a computational angle to probe the underlying
mechanism involved.

1.1.3 Gap and cavity plasmons

Another category of plasmons, which is prevalently seen in metal-insulator-metal (MIM) type
configurations is the so-called "gap plasmons". When the shape and the dimensions of the gap
or the cavity are properly tuned, the field localization due to the two metal structures (which
can be nanoparticles or waveguides) leads to enhancements in the fields up to 3-4 orders of
magnitude.[49] Such gaps or grooves support various kinds of modes, which include gap-
surface plasmons (GSPs) and channeled plasmon polaritons (CPPs). [50] If the dimensions
of the nanoparticle in question are small, the gap plasmons can be highly confined and non-
propagating, as in the case of "hot-spots" in bow-tie structures [7] or gold nanoparticles brought
in close proximity to each other.[51] Such localization and enhancement of field is extremely
important for SEFS or SERS measurements, as enhanced electric fields lead to enhanced emis-
sion from the molecules.[39] Extended cavities, such as the one considered here between the
Ag wire and Au film, also support guided cavity modes, which are important in terms of nano-
focusing and communications. Thus, such systems have to be studied in greater detail in order
to get more control and understanding about the mechanisms involved.

1.2 Antenna parameters

Coming back to the original problem of antennas, there are certain basics that need to be studied
in order to understand antennas better. The main function of an optical antenna is to allow an
efficient interchange between the free radiation field and the emission by localized sources such
as molecules and quantum dots.[4] This is a two way process, and antennas act both on the
transmitting end (enhancing and directing the emission of the quantum emitter) and receiving
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end (focusing free radiation onto the quantum emitter for enhanced local electric field). Figure
1.3 shows how an antenna structure can act in the transmission mode and receiving mode.

Figure 1.3: Antenna structure being used in (a) receiving mode and (b) transmitting mode. The
arrows indicate the direction of energy flow. Usually the same structure is used both to channel
free radiation onto a received, and to transmit the radiation from an emitter to the far-field.
Figure adapted from Ref.[4].

Since there are two parameters that we talk about, namely enhancement and directivity, it
is possible to parametrize an antenna in terms of these two quantities. Due to reciprocity, what
we talk about in the transmitting geometry can be applied directly to the receiving geometry
as well.[4] Thus, for now, let us consider only the transmitting geometry. As the antenna has
been put in place to increase the efficiency of transmission of the quantum emitter, the antenna
efficiency is a good parameter for measuring the enhancement: [4]

εantenna =
Prad

Ptot
=

Prad

Prad +Ploss
(1.6)

Here, Ptot is the total power dissipated by the antenna, Prad is the radiation power transmitted
by the antenna, and Ploss is the power dissipated by antenna as heat or by other non-radiative
mechanisms.

The directivity of an antenna defines how the antenna shapes the transmission and directs it
towards the receiving body. This can be parametrized as: [4]

D(θ ,φ) =
4π

Prad
p(θ ,φ) (1.7)

where θ and φ are the angles in the direction of observation, and p(θ ,φ) is the angular
power density. The combination of the antenna efficiency and the directivity then gives us the
gain factor G:

G =
4π

P
p(θ ,φ) = εantennaD (1.8)
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One more important parameter is the antenna aperture, which is equivalent to the absorption
cross-section. If a receiver with a cross-section σ0 in vacuum is coupled to the antenna, the
incident field E0 is enhanced to E at the receiver location, and the cross-section or the antenna
aperture is given by:

σ = σ0
|E|2

|E0|2
(1.9)

Note that this is for the simplest case where the receiver is aligned with the electric field.
In a general case, one has to take the component of the electric field along the receiver dipole
axis. Nevertheless, studies have shown intensity enhancements of 4-6 orders of magnitude
when antenna structures were used.[4] Antennas can thus very efficiently direct the free space
radiation towards the receivers, enhance the field at the receiver location, and transmit the
emission by the emitters back to the free space with very high efficiencies.

Figure 1.4: Energy level diagram of a typical molecule used in fluorescence experiments.
S0,S1,S2 are singlet electronic states and have multiple vibrational states associated with each
of them. Electrons that get excited due to absorption first return to the ground vibrational state
for the particular electronic level, following which it can either return to the ground state radia-
tively (fluorescence) or non-radiatively (through heat dissipation). The radiative decay need not
end at the vibrational ground state of the S0 state, and this leads to red-shifted photons being
observed in the spectrum. Figure adapted from Ref.[26].

1.3 Molecular Emissions and Scattering processes

An important part of light-matter interaction is the interaction of light with molecules. This
includes absorption of the light and reemission as fluorescence, phosphorescence or scattering
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processes such as Rayleigh scattering and Raman scattering. This section deals primarily with
fluorescence and Raman scattering, as these two processes, and the effects of coupling to metal
nanoparticles on these processes, have been studied using experiments in the thesis in Chapter
3.

1.3.1 Fluorescence

In case of organic molecules, the transition between the HOMO (Highest Occupied Molecular
Orbital) and the LUMO (Lowest Unoccupied Molecular Orbital) is the lowest energy elec-
tronic transition. Due to these molecules being multi-atomic systems, there are also multiple
vibrational states that are superimposed onto these electronic transitions. Figure1.4 shows the
various states that we need to consider in case of fluorescence. The pumping of the fluorescent
molecules is usually done by the resonant wavelength, which corresponds to one of the elec-
tronic transitions. This takes the electrons of the molecule to the LUMO, and this excited state
typically has a lifetime of 1-10 ns.[26] The strength of such a transition is determined by the
transition matrix element of the system between the HOMO and the LUMO. Once in the ex-
cited state, there are multiple pathways for the electrons to come back to the ground state. This
can happen radiatively, through photons, or non-radiatively, through phonons. The radiative
decay is known as fluorescence. Fluorescence is a spontaneous emission process. The quan-
tum efficiency Q of the molecule gives the ratio of the radiative decay rate to the total decay
rate: [26]

Q =
kr

kr + knr
(1.10)

where kr is the radiative decay rate and knr is the non-radiative decay rate. The interplay be-
tween vibronic states and electronic states is what determines how strong the fluorescence will
be from a particular molecule. Strong fluorescence is observed mainly in cases of molecules
which have a lower number of vibronic states, as that reduces the non-radiative pathways for
the electrons to decay back to the ground state. Such molecules are typically known as dyes or
fluorophores.

When such molecules are placed in the vicinity of plasmonic structures or cavities, the
fluorescence is greatly enhanced due to what is known as Purcell effect. This happens due to
a change in the environment of the molecule, which increases the probability of the excited
electrons to follow the radiative decay rather than the non-radiative pathway.[52] In case of
molecules in a cavity, this enhancement factor is given by: [53]

P =
3

4π2

(
λ

n

)3 Q
V

(1.11)

where P is the Purcell Enhancement factor, (λ/n) is the wavelength inside the cavity with
a refractive index n, Q here is the quality factor of the cavity and V is the mode volume of the
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cavity. The reason for such a relation is that the local density of states at particular wavelength
inside the cavity is modified according to the quality factor and the mode volume of the cavity,
and since the local density of states determines how the molecule will decay back to the ground
state, the fluorescence is enhanced due to this change.[53]

1.3.2 Raman scattering

Figure 1.5: Scattering phenomena in a molecule. When the light scatters off an electron, it first
takes the electron to a virtual state. This is followed by the electron coming back to the original
state (Rayleigh scattering), absorb a quantum of energy and return to an excited vibrational
state (Stokes scattering) or give a quantum of energy and return to a lower vibrational state
(Anti-Stokes scattering). Figure adapted from Ref.[54]

Another way light interacts with molecules is through Raman scattering. Raman scattering is
an important interaction that a molecule has with the incoming radiation, mainly because the
peaks are extremely specific to the molecule in questions, and therefore the Raman spectrum of
a molecule is a clear signature of the molecule being detected.[55] In this process, the light in-
teracts with an electron from the molecule and takes it to a virtual state. In case of non-resonant
Raman scattering, this transition is not one of the electronic transitions of the molecule, and so
this "virtual state" is extremely short lived (hence the designation of scattering). The electron
can now directly return to its previous ground state (known as Rayleigh scattering), or interact
with the vibrational states of the molecule’s ground state to give Raman scattering. If the elec-
tron comes back to a higher vibrational state of the molecule, the photon that scatters from it
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is red-shifted, and the process is known as Stokes shift. If the electron comes back to a lower
vibrational state, the photon gains a quantum of vibrational energy and is anti-Stokes shifted.
Figure 1.5 shows schematically the three processes described here.

Now, if the incoming radiation has a frequency which matches one of the electronic transi-
tions of the molecule, we get what is known as resonant Raman scattering. Here, the molecule
goes to the excited electronic state, and may exhibit either fluorescence or Raman scattering.
The two processes now compete, but in usual cases, the cross section for Raman scattering can
be up to 1014 times smaller than those of fluorescence.[26] To overcome this issue, one takes
help of a technique known as Surface Enhanced Raman Spectroscopy, or SERS.

Surface Enhanced Raman Spectroscopy

As the name suggests, the technique of SERS employs enhancement of Raman signals of
molecules by enhancing the signal using tailored surfaces. This involves bringing the molecules
into close contact of the surface, which interacts with the molecule and through specific pro-
cesses, enhances the Raman signal intensity by up to 14 orders of magnitude.[56] This en-
hancement is a result of two mechanisms, electromagnetic and chemical.[39] Electromagnetic
enhancement is the result of enhanced electric fields on the surfaces of metal films or nanos-
tructures which result in large enhancements in the Raman intensities, while chemical enhance-
ments are seen due to specific electronic interactions between the molecule and the surface to
which the molecule gets adsorbed. Usually, the electromagnetic enhancement is extremely
large as compared to chemical enhancement (1012 vs 102).[57]

The electromagnetic enhancement has been attributed to the local field enhancement that
is observed due to plasmon generation on metallic surfaces. The enhancement goes as E4

[39, 58, 57, 41] where first two powers of E are due to the enhancement of the local electric
field as felt by the molecule, while the other two powers of E are due to the enhancement of the
Raman signals emitted by the molecule due to the antenna effects of the metal nanostructures.
[41] A rigorous proof of this dependence is given in Ref.[58]. Note that since the Raman shifted
photons are of a different frequency than the incident field, the enhancement should actually be
written as E2

incidentE
2
Raman, and so the resonant enhancement only occurs for a small window of

wavelengths.[39]
In case of extended sources, such as silver nanowires, the two contributions to the enhance-

ment factor are not equal. For the case of silver wire with silver nanoparticle attached to it,
the local electric field goes as |Eloc(ω,θ)| = |E0(ω)|cosθ [41] where E0(ω) is the maximum
local electric field obtainable at ω which is the incoming laser frequency. θ is the angle of
polarization of the laser beam with the wire axis. However, the direction of the induced electric
field is θ independent. Thus the overall enhancement factor goes as [41]

Gcavity ≈ |E0|2cos2
θ ×|E0|2

≈ |E0|4cos2
θ

(1.12)
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Here we have assumed that the frequencies for the local electric field and the induced electric
field (which leads to the Raman enhancement contribution) are approximately the same, which
is true for small shifts. Note that depending on the direction in which the field is maximum
depends on how the field is localized in the system. This may introduce a phase in the cos2θ

term, but the trend remains the same. For example, in the case of Ag wire on Au film, the
enhancement is maximum perpendicular to the wire axis due to huge localization of the field.
In this case, when θ is defined with zero along the wire axis, the factor actually goes as sinθ .

The second mechanism for SERS is the chemical enhancement. In these kind of interac-
tions, chemisorption of the molecule onto the substrate leads to new electronic states which act
as intermediates to the Raman scattering. For example, many molecules chosen for SERS stud-
ies have their lowest electronic excitation in the UV region (but close to the visible range).[39]
When these molecules are brought in contact with metal films, it is generally the case that the
metallic Fermi energy is at about half of the HOMO and the LUMO of the molecule. Thus,
charge transfer processes can occur between the molecule and the film lead to the excitations
coming to the visible region. This leads to the Raman scattering becoming resonant with the
incoming radiation, thereby enhancing the process.

In conclusion, SERS is a complex process with an interplay between electromagnetic and
chemical enhancements. This process has been extensively studied for over three decade
now[39, 41] and yet it is used extensively for various studies even now.

1.4 Definition and Motivation of Thesis problem

From the topics introduced above it can be seen that the antenna effects that metal nanoparticles
have on molecular emissions are an interesting topic to study, not only for the academic value
of it, but also for important applications like label-free detection of molecules. It is also a very
important topic when looked at from the perspective of engineering of optical emission at the
nano-scale. It is therefore imperative to identify and study systems which can lead to high
Raman or fluorescence enhancements, and also give us some control over the directivity of the
emission.

Many systems have been studied for such applications. For example, antenna effects of gold
nanorods [22, 21] and coupled systems of gold nanorods such as Yagi Uda antenna structure
[6] have been shown in literature. Such systems demonstrate that the plasmonic properties of
such nanorods lead to strong enhancement of molecular emission in their vicinity. This effect
is known as Surface enhanced Fluorescence. The emission is not only modified in terms of
intensity but also in terms of direction of emission, and hence such nanorods can be utilized
to direct photons from the molecular emission into particular directions. However, most of the
work done in this area has been for the case of fluorescence. The system of gold nanorods
has not been extensively studied for its Raman antenna effects, and hence it is important to
study the system in this aspect. As mentioned previously, Raman spectrum of a molecule is

19



characteristic of that particular molecule, and thus is extensively used as a tool for chemical
and biological analysis. Thus, gaining more understanding and control over the process is ex-
tremely important for further applications. The process also gives insight about the underlying
plasmonic interactions between the components in the picture, and thus the SERS antenna ef-
fects can act as a indirect probe into the physics. One system for studying has thus been chosen
to be gold nanorods over bare metallic film, which will be explained in more detail in Section
3.1 in Chapter 3.

The system described above deals with a single metal nanostructure placed on a metal film,
and the experiments related to this system will probe the localized plasmonic effects and their
interactions with the molecules in their vicinity. However, one can go further and ask the
questions: what if a metallic waveguide, like a metal nanowire, is put into contact with a bare
metal film? How will the propagating components of the plasmon behave? What interesting
effects will we observe in the cavity? The system here, that is a silver nanowire on a gold film,
is quite similar to gold nanorods over gold film. However, an important distinction between
the two systems is the length dimensions of the nanostructure: the gold nanorods used are
about 300-500 nm long and 20 nm thick, while the Ag nanowires used are 5-10 microns long
and 200-250 nm in diameter. This implies that the plasmonic properties of the nanowires will
surely be different as compared to the gold nanorods, as properties change with size in the
nano regime. The quasi 0D hot-spot in case of a nanorod will in case of a nanowire be a
quasi 1D "hot-line", or a series of hot-spots. Thus, it is a worthwhile investigation to do, as
many questions are unanswered about this system even in the literature. There has been some
research about the SERS properties of a nanowire particle junction [44], and investigation about
the cavity enhancement has been done in some detail [59]. However, basic properties such as
field profiles inside such a unique cavity, how the system will behave when excited at various
locations, the polarization dependence of the SERS signal from molecules placed inside the
nanowire-on-mirror cavity system, dependence of input and output polarization, effects due to
dielectric spacer, input power dependence, etc. have not been studied in detail in the literature,
and therefore need to be studied to understand the full scope of the coupling effects and the
cavity effects of such a hybrid system. Section 3.2 in Chapter 3 details the experiments done
on Ag nanowire-on-mirror system, while Chapter 4 mainly addresses the simulation aspects of
the study in greater detail.
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Chapter 2

Synthesis of Symmetric and Asymmetric
Gold Nanoparticles

An important requirement in doing experiments in nano-photonics and plasmonics is the fab-
rication or wet-synthesis of nanostructures necessary to probe the desired effects. For exam-
ple, it is known that gold nanotriangles or triangular nanoprisms show quadrupolar moments
[60, 61, 62]. These particles also show high field enhancements near their corners, mainly
due to LSP (localized surface plasmons) excitations and lightning rod effect at the corners [60]
which also lead to third-order nonlinear effects [62]. Gold nanorods have been of quite some
interest due to their inherent anisotropic nature, observation of PL (photoluminescence) [63],
TPL (two photon luminescence) [64, 65, 66, 67], and SHG (second harmonic generation) [68],
and observation of interesting antenna effects that change the emission properties of molecules
in their vicinity [21]. Gold nanospheres, even if they are isotropic in nature, have a thinner
coating of capping agents on the surface as compared to other gold nanostructures, and as such,
lead to huge SERS signals when a Raman active molecule is brought in the vicinity of these
particles. Such large surface enhancements have been used for medical uses such as cancer
diagnostics[19]. Nanospheres can also be arranged neatly onto 2D substrates with large-range
order, leading to interesting properties in their resonances [69].

Thus, fabrication or wet-synthesis of such structures becomes an important part of re-
search. Various techniques have been used to form structures of desired shape and size. Three
of the most common techniques are Lithography-based fabrication, Chemical vapor deposi-
tion (CVD), and wet synthesis. Lithography based methods (photolithography, electron-beam
lithography) are extremely precise and can be used to create desired geometries with extremely
well-defined parameters. However, these methods are tedious and require sophisticated instru-
mentation. These methods also lead to polycrystalline nanostructures, which cause issues such
as grain defects. CVD based techniques, while being able to produce extremely high qual-
ity nanostructures, require sophisticated instrumentation such as high vacuum facilities and
ultra-clean environments. Wet-synthesis techniques, on the other hand, lead to monocrystalline
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structures and do not require any special instruments. Such methods can easily be used at room
temperature in normal lab environment, and are therefore much more straightforward to use.
There is also versatility in these methods due to a wide variety of shapes and sizes of nanopar-
ticles that can be produced, as well as the materials that can be used to produce such particles.
The following sections detail the methods to synthesize gold nanospheres, gold nanotriangles,
and gold nanorods using wet-synthesis methods.

2.1 Synthesis of Gold nanospheres

Spherical gold nanoparticles were prepared using citrate reduction method as given in literature
[70]. DI water was added to 625 µl of 20 mM HAuCl4 (Sigma Aldrich, 99.9%) to make a final
volume of 50 ml. The mixture was heated to 100◦ Celcius. 0.3 ml of 1% solution (w/v) of
Sodium citrate in DI water was added to the boiling solution of HAuCl4. The solution was let
to boil for an hour while maintaining the volume, and then was let to cool till room temperature.
The resulting solution was a deep magenta color, with monodisperse Au nanospheres of about
65 nm diameter. Figure 2.1(a) shows the SEM image of the Au nanospheres while Figure
2.1(b) shows the UV-Vis spectrum of the solution. The peak position indicates the size of
the particles [70] as the surface plasmon resonance (SPR) shifts to higher wavelength as the
diameter increases.

Since these particles have a very thin capping of citrate molecules, they can be used for
SERS applications. These particles were thus used for one such application, wherein they were
arranged in a V shaped antenna structure using surface modification and EBL patterning, and
the antenna effects of such a structure on SERS signal from Nile Blue were studied. The work
related to the arrangements of these nanospheres was done primarily by Dr. Debrina Jana.

2.2 Synthesis of Gold nanotriangles

Multiple methods were tried for synthesizing gold nanotriangles of reasonably large size (150
nm or above). However, most procedures only detail ways to produce nanotriangles or nanoprisms
upto 120-140 nm edge length [62, 61, 71]. Also, yield of nanotriangles was extremely low for
all procedures followed. Of these, the one pot synthesis method [71] gave decent yield upon
some modification, and will be detailed here.
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Figure 2.1: SEM images of synthesized nanoparticles (Au nanospheres(a), Au nanotriangles
(c) and Au nanorods (e)) and UV-Vis spectra for nanoparticle solutions (Au nanospheres(b),
Au nanotriangles(d) and Au nanorods(f))
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1.6 ml of 0.1 M Hexadecyltrimethylammonium chloride (CTAC, Sigma Aldrich, ≥98%)
solution was mixed with 8 ml DI water. 75 µl of 0.01 M KI was added to it, followed by
addition of 80 µl 25.4 mM HAuCl4 and 20.3 µl of 0.05 M NaOH (the original paper uses 0.1 M
NaOH, however 0.05 M NaOH leads to larger edge length). While shaking the solution, 80 µl
of 0.064 M Ascorbic Acid was added to the solution, followed quickly by addition of 10 µl of
0.05 M NaOH. The solution was shaken for a few seconds and left to rest. The solution becomes
blue in colour, indicating formation of gold nanotriangles. Triangles were then purified by
centrifugation at 4000 rpm for 15 minutes, followed by redispersion of precipitate in DI water,
again followed by centrifugation and redispersion in DI water. This was done to clean the
excess CTAC from the solution as well as to remove extremely small Au particles that may
have formed in the process. Figure 2.1(c) shows the SEM image for the Au nanotriangles
formed using this method, while Figure 2.1(d) shows the UV-Vis spectrum for the triangles.
This spectrum matches with the UV-Vis spectrum given in the original paper [71].

Even though triangles were formed, the variation in edge-length was large (70nm to 130nm).
The maximum edge length was also quite small for it to be possible to identify single nanopar-
ticle using dark-field microscopy. Hence these particles were not used for any further experi-
ments.

2.3 Synthesis of Gold nanorods

There are various methods available in literature [72] for synthesis of Au nanorods of various
aspect ratios and lengths. All of these procedures are seed mediated, and how one prepares
the seed has implications on what the length and the aspect ratio of the final rods will be. The
method followed here leads to a 3.5 nm sized citrate stabilized seeds, and leads to 300-500 nm
long and 20-25 nm thick cylindrical gold rods. The procedure involves a 4 solution process. The
first solution is the seed solution, while the other 3 are the growth solutions. For preparation
of the seed solution, 20 ml of aqueous solution with 2.5×10−4M HAuCl4 and 2.5×10−4M
trisodium citrate. To reduce the gold, 0.6 ml of ice cold aqueous solution of 0.1 M NaBH4 was
added to it while stirring. The solution turned orange-red which is due to the formation of 3.5
nm sized seed particles [72].

For the growth phase, 3 solutions A, B and C were prepared. Solutions A and B were
made using 9 ml 2.5×10−4M HAuCl4 and 0.1M CTAB. 50 µl of 0.1M Ascorbic acid was
added to both A and B while stirring. This makes the solution change color from yellow to
colorless. Solution C was made using 45 ml of 2.5×10−4M HAuCl4 and 0.1M CTAB. 250 µl
of 0.1M Ascorbic acid was added to this solution while stirring. To further proceed with the
synthesis, 1 ml of seed solution was added to solution A while stirring. After 15 seconds, 1
ml of this mixture was added to solution B while stirring. After 30 seconds of resting time,
5 ml of this mixture was added to solution C while stirring, and then let to rest for 16 hours
at room temperature. After 16 hours, the liquid on top, which was reddish-brown in color,
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was removed slowly. At the bottom of the container, a dark-brownish precipitate was observed
which was redispersed in DI water, followed by centrifugation at 5500 rpm for 15 minutes and
redispersion to remove excess CTAB from the solution. The resulting solution showed a good
yield of Au nanorods, as seen in Figure2.1(e). Figure 2.1(f) shows the UV-Vis spectrum for
the sample. The longitudinal resonance of the rods falls in the IR region [72], however, it is
possible that the peaks seen in the UV-Vis arise due to the transverse resonance, and presence
of impurities such as gold nanospheres and nanotriangles.

These rods were used for further experiments such as observation of SERS enhancement
and to study polarization dependence, which will be explained in more detail in Chapter 3.
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Chapter 3

Study of Antenna Effects of Asymmetric
Metal Nanoparticles

As described previously in Chapter 1, large body of research exists on the antenna effect on
fluorescent molecules of gold nanorods.[6, 22, 21] However, there is lack of research of this
system in terms of its Raman antenna effects. Here we try to address this problem. To increase
the Raman cross section of the molecule, a dye resonant at 632.8 nm excitation (Nile Blue,
Figure 3.1) was chosen as an analyte. However, as we are trying to study a resonant dye with
the same excitation wavelength, Raman scattering and fluorescence compete with each other.
Futhermore, the nanorods that are being used for enhancement effects, by virtue of the synthesis
method followed, have a coating of CTAB around them. Such a layer of CTAB prevents any
molecule to come into direct contact with the metal, which does not quench the molecular
fluorescence but in fact enhances it. Therefore to extract resonant Raman signal out of such a
system is difficult. However, the Raman antenna effects of a slightly modified system can be
studied by making a small change in the system: changing the substrate to a bare metallic film,
or a metallic mirror. A bare metallic film will quench the fluorescence of the molecules that
come into contact with it, and the emission of these molecules in the cavity between the metal
film and a gold nanorod will be greatly enhanced due to high electric field intensity in such
cavity, which is essentially a hot-spot. This system also creates image dipoles in the film, which
enhance the field. This is only true for vertical dipoles, as horizontal dipoles are cancelled out
due to the film.[73] This effect adds to the enhancement of tightly localized field[36], leading to
extremely high electric fields and therefore high enhancement of the molecular emission. Thus
this system simultaneously enhances the Raman signal due to electronic enhancement effect
and quenches the fluorescence of the resonant dye, giving us the perfect system to study the
Raman antenna effects at a single nanoparticle level. Section 3.1 addresses some of the issues
regarding this system wherein gold nanorods have been coated with Nile Blue molecule, which
is resonant at 632.8nm, and these rods have been placed on a bare gold film.
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Figure 3.1: Molecular structure of Nile Blue molecule. The 590 cm−1 Raman mode involves
all atoms of the molecule, and cannot be attributed to a single bond. [74]

As previously mentioned in Chapter1, the system of Au rods on Au film deals with LSPs
generated in the Au rods. To study effects of SPPs on Raman enhancements, and to study how
a 1D system behaves as a Raman antenna, the system of Ag nanowires on Au film was chosen.
The system of a "hot-line" created between the wire and the film is extremely interesting, as
it has not been studied in great detail and is sure to reveal new physics. Thus the section3.2
details the experiments done in order to study this system and its properties as a Raman antenna
in greater detail. (Chapter4 deals extensively in looking at the problem of Ag wire on Au
film from a simulations perspective, in order to understand the nature of plasmonic interaction
between the wire and the film in detail.)

3.1 Optical studies of Au nanorods on Gold film

As mentioned before, the system we are probing here is a gold nanorod coupled to a metallic
film, which in this case is a bare gold film. The bare gold film was coated on a glass coverslip
using thermal evaporation method. The thickness of the film used was about 50-60 nm, the
reason for which will be shortly discussed. The Au nanorods were mixed with a Nile Blue so-
lution of concentration 10−6M and kept overnight, followed by dropcasting onto the gold film.
Figure 3.2 shows the schematic of the system to be studied. One major problems faced during
studies of single nanoparticles is locating a single nanoparticle using an optical microscope. To
study such a system requires a method that can be coupled to an optical microscope which can
point out possible candidates for study. As mentioned before, dark-field microscopy is such a
technique, which is easy to handle in this scenario [28, 29, 31]. Of the various methods that are
employed for dark-field microscopy, special dark field condensers require the microscopes to
be of specific architectures to be able to be incorporated into the illumination profile. Waveg-
uide scattering microscopy methods require precise illumination of the substrate, while large
angle incidence works best with opaque substrates as it utilizes the backscattering of light from
the nanoparticles. TIR based imaging techniques requires a specially designed prism known as
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Dove prism. In such a prism, the beam enters one of the transparent sides of this prism parallel
to the top surface of the prism. This beam is refracted in such a way that it is incident on the
top surface at an angle (∼760) larger than the air-glass critical angle(∼420). Thus, evanescent
field is created in the vicinity of the top surface which quickly dies down [26]. If however, a
nanoparticle comes in this field, it can couple to the field and scatter it to the far field, which
can then be detected in the CCD. [33] The background does not scatter the light as the substrate
used is smooth, and thus only the nanoparticles (and any defects in the substrate) are visible in
the camera with high contrast. This is not a conclusive method to detect single nanoparticles,
and has to be thus coupled to other techniques such as correlating using SEM or polarimetry
to make sure that the scatterer being studied is indeed a single nanoparticle of our interest.
However, this is a powerful technique, and has been employed here for imaging purposes.

Figure 3.2: Schematic of the system to be studied. An Au rod was placed on an Au film with a
coating of Nile Blue molecules. Excitation was done with 632.8 nm He-Ne laser, and spectrum
was collected using setup given in Figure 3.3

3.1.1 Experimental setup and basic results

Figure 3.3 shows schematic of the microscopy and spectroscopy setup used for the purpose
of studying the Raman antenna effects of single Au rods coated with NB and placed on a
bare Au film. As previously mentioned, we used a Dove prism (N-BK7, refractive index =
1.52). The glass side of the gold-coated coverslip was coupled to the Dove prism using an
optical index-matching oil. For the dark-field setup, white light supercontinuum laser (Fia-
nium WhiteLase Micro) was shined through the Dove prism to set up TIR based dark-field
illumination at the sample. For SERS measurement, commercially available confocal Raman
spectrometer (LabRam HR) was used, and an internal 632.8 nm He-Ne laser was used to excite
the nanorods. A λ /2 plate was used to rotate the polarization of the excitation laser. A reflection
based edge filter was used to avoid the excitation from entering the spectrometer. An objective
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lens of 100X, 0.9 NA was used to collect the emission response of the molecules. Acquisition
was done for 5 seconds. The results for various particles are given in Figure 3.4(a). The spectra
show huge enhancement of Raman spectrum of the Nile blue molecule, with the 590 cm−1 line
being the most prominent. All the particles show the same spectrum, with varying enhance-
ment. This variation in enhancement can be attributed to multiple things. It is possible that
different lengths of the rod give different enhancement factors in the cavity, or the entity that
was actually probed was not a nanorod but an impurity such as a nanosphere or an ensemble of
particles. Thus, by looking at the Raman spectrum, it is not possible to guess whether the parti-
cle being probed is actually a nanorod or even whether it is a single particle or not. However, it
is clear that there is enhancement of the Raman signal due to the system used here, and hence
it can be said that the system is showing antenna effects at least in terms of the gain factor.

Figure 3.3: Schematic of the setup used for enhancement and polarization dependence mea-
surements. The white light supercontinuum laser has been used only for dark field imaging
purposes, and not for spectroscopy. OBL: Objective Lens; BS: Beam Splitter; EF: 632.8 nm
Edge filter; HWP: Half Wave Plate; M: Mirror; L: Lens; CS: Confocal Slit; CCD: Charge
Coupled Device
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Figure 3.4: (a) Spectra as acquired from various particles observed using dark-field imaging.
Clear signatures of Nile Blue spectrum are visible in the Raman spectra. The intensity shows
that there is huge enhancement of Raman scattering due to large electric fields generated at
the hot-spots between the film and the particles. (b) Polarization dependence of one particles
observed. The fit is extremely poor, possibly due to the particle geometry actually not leading
to a cos2θ dependence of enhancement factor.

3.1.2 Polarization dependence of SERS signal

To further probe the antenna effects, input polarization dependent studies were done on multiple
particles which were single particle candidates. The quantity to be measured was chosen to be
the intensity of the signature 590 cm−1 peak of the NB Raman spectrum. Figure 3.4(b) shows
the plot of the 590 cm−1 peak intensity vs input polarization angle for one such particle. As
we see, there is some dependence on input polarization, but the fit is very poor (Adj. R2 value
= 0.65). There are other issues in the measurement as well. Firstly, the peak intensity is not
constant for multiple measurements of the same particle. In certain cases, the intensity varied
by as much as 35000 counts. Such variation in intensity can be a result of multiple effects, such
as diffusion of molecules from the modal volume or hot-spot which can be of thermal or non-
thermal origins, or changes in molecular structure of the dye due to extremely intense electric
fields in the hot spot.[55] However, most particles showed variations which were a few hundred
or a few thousand counts, and such particles were studied for polarization dependence, since
otherwise it would be extremely difficult to isolate the polarization effects from the inherent
variation of the SERS. Another issue with the experiment is that there is no conclusive evidence
that the particles under study are in fact single Au nanorods. Unless such a conclusion can be
reached, one cannot be certain that the polarization dependence of the spectra observed is due
to the plasmonic properties of the Au rod, or due to some complex properties of a system of Au
particles.
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3.1.3 Limitations

To overcome this issue, it was suggested that correlation using SEM be done on the particles
being probed. For correlation, the address of a particle studied in the spectrometer has to be
known by using grid like markings made on the gold film. Once the address is known, the
sample can then be observed under SEM and by finding the exact address of the particle, and
one can see if the particle that was studied was indeed a single Au nanorod, or an ensemble
or other particles. However, there were multiple problems with this approach. Creating a grid
onto a gold film is difficult as the adhesion of the materials used is a problem. Secondly, as the
length scales in question are of the order of 300-500 nm, the grid has to have a resolution of that
order which is a difficult task in terms of photolithographic resources available. This, combined
with the issues in adhesion of the grid led to problems in correlation of the particles with the
spectra acquired. Impurities were also a problem, as this meant that one could never be sure if a
particular particle observed is definitely a rod. These issues could not be solved in the duration
of the project, and hence no further data is available for this system as of now. However, efforts
are under way to take this study further as these effects are extremely interesting and need to
be probed thoroughly and systematically.

3.2 Optical studies of Ag nanowires on gold film

The previous set of experiments dealt with a quasi-0D metallic NP over a mirror system,
and was aimed at studying the interaction between the two metallic objects. However, as
the nanorods were extremely small in size (as compared to the wavelength involved and the
spot size of the laser beam), only the localized surface plasmon properties could be probed.
To probe the effects of an extended cavity system over a metallic mirror and how propagating
plasmons interact with localized plasmons, the system of Ag nanowire over metallic mirror is
an extremely good system to study. The Ag wires were synthesized using a known procedure
[45, 46], and have a pentatwinned structure [75]. Figure 3.5 shows (a) an optical image as
seen from a 100X objective lens and (b) an SEM image of a silver nanowire. The SEM image
reveals the facets of these wires, which are in fact penta-twinned in nature. [76] Typical wire
lengths used in the experiments are about 10-12 microns in length, while the diameters of the
wire range between 300-500 nm. These wires have a coating of polyvinylpyrrolidone (PVP) of
up to 5 nm on the sides. [76, 77] PVP is a dielectric in nature. Such a coating implies that any
molecule which is placed in the vicinity of such a wire will not be in direct contact of the sil-
ver, but some distance away from it, thereby enhancing its fluorescence. To test this, Ag wires
were coated with NB molecules and drop-casted onto a glass coverslip. Excitation was done
with 632.8 nm He-Ne laser, and the signal was collected using a 100X 0.8 NA objective lens.
Figure 3.6 shows the spectrum observed in this experiment. As expected, broad fluorescence
peak is observed with a large intensity, which confirms the hypothesis made earlier. The Fabry-
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Perot modes observed riding over the fluorescence peak are due to the reflection between two
faces of the coverslip. Thus, it is difficult to extract any information about the Raman modes
of the molecule in this setup. To observe the Raman antenna effects of a slightly modified
system, however, is possible, by putting a bare gold film below the wires. The effects of such
a system would be: a) the film will quench molecular fluorescence of the molecules that are
in direct contact with the film b) the fields in the cavity between the wire and the film (which
includes the dielectric layer of PVP) will be greatly enhanced due to confinement effects of the
cavity and the mirror dipoles created in the film which will enhance the Raman signals of the
NB molecules. Thus, this is a promising system to study how the Raman signals of the Nile
blue molecule are modified in the presence of a plasmonic waveguide. Figure 3.7 shows the
schematic of the system used for the following experiments. The silver wires were mixed with
10−6M NB, kept for some time, and then drop-casted onto a thermally deposited gold film. The
gold film used was about 50-60 nm thick.

Figure 3.5: (a) Optical image as seen from a 100X 0.95 NA objective lens. The sample was
illuminated through the lens using a white light source. (b) SEM image of a wire. The top
facets of the penta-twinned wire can be clearly seen.
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Figure 3.6: Fluorescence spectrum as observed for silver nanowire coated with Nile Blue and
drop-casted over a glass surface. The wire was excited using a 632.8 nm He-Ne laser with
a 100X 0.8 NA objective lens at the center with polarization perpendicular to the wire, and
collection was done from the same point. Fabry-Perot modes are clearly seen, which are due to
reflections between two sides of the glass coverslip used.

Figure 3.7: Schematic of the system used for experiments in the enhancement and polarization
dependence experiments. The gold film is coated using thermal evaporation and has a thickness
of 50-60 nm. Nile Blue was mixed with the wire and the mixture was drop-casted onto the film.
The wire was excited at the center, and collection was done at the same point.
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3.2.1 Enhancement and Polarization dependence of SERS signals

The spectrometry of the system in this experiment was done using LabRam HR confocal spec-
trometer. White light illumination was used to visualize Ag nanowires, as the large sizes of
these wires implied that dark-field was not necessary for visualization. The objective lens used
was 100X 0.8 NA, and the acquisition time was kept at 5 seconds for each of the measurements.
Figure 3.8(a) shows the spectrum observed by exciting the center of a wire and collecting the
spectrum from the same point. The spectrum clearly shows huge enhancement of the Raman
modes of NB, while little to no fluorescence background. It is completely different from the
spectrum seen for the plasmonic wire-on-glass system as seen in Figure 3.6, and hence we can
say that the metallic mirror underneath the wire and the cavity between the wire and the film
are having some effect onto the Nile Blue molecules in contact with it. The 590 cm−1 line is
the most intense mode that is observed, and that was selected for further analysis. In further
experiments, it will be probed how the plasmonic wire-on-mirror system shows antenna effects
for this particular mode of the NB Raman spectrum.

Figure 3.8(b) shows the input polarization dependence of the intensity of the 590 cm−1 line.
The angle is with respect to the axis of the wire. The polarization was changed using a λ /2 plate
on the input end of the spectrometer. The cos squared fit [41, 78] for the plot has an R2 value
of 0.92, and so the fit is good, with a phase shift of 900 associated with the fit. Figure 3.8(c)
shows the same data on a polar plot. As can be clearly seen from the two plots, the intensity
of the 590 cm−1 line is maximum when the input polarization is perpendicular to the the axis
of the wire, while the minimum intensity is observed when the polarization is along the wire.
One way to explain this would be to consider the maximum electric field in the system. As
mentioned previously, SERS enhancement is proportional to |Emax |4 [41]. Thus if we look at
the maximum electric field in each case, we could make a prediction about the SERS signal
obtained from the system. From the observations, it can be hypothesized that when the field is
along the wire, there is generation of propagating modes in the cavity between the wire and the
metallic mirror. Such modes would lead to delocalization of the electric field along the wire.
When the polarization in perpendicular to the wire, the field would be highly localized due to no
propagating modes being generated. Thus, the maximum field intensity should be much higher
for polarization perpendicular to the wire as compared to polarization along the wire, leading
to higher SERS signals as the polarization is changed from along the wire to perpendicular to
the wire.
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Figure 3.8: (a) Spectrum observed for system shown in Figure 3.7. Huge enhancement of the
Raman signal of Nile Blue is observed due to electromagnetic pathway of enhancement. The
590 cm−1 line is the most prominent mode observed and will be used for further experiments.
(b) shows the input polarization dependence of the 590 cm−1 line. The cos2θ fit is good with
R2 value of 0.92. (c) The polarization dependence of the 590 cm−1 line on a polar plot. The
arrows show the axis of the wire. A clear dipolar behavior can be seen, with maximum intensity
perpendicular to the wire. (d) FEM simulation results for |Emax |4. The arrows show the axis of
the wire. The behavior matches with the experimental data.

To confirm this hypothesis, Finite element method (FEM) simulations were done (Chapter
4 will explain the simulations in higher detail) to estimate the polarization dependence of Emax.
For an input power of 1W, it was observed that Emax when the polarization is along the wire is
1.53 V/m while Emax when the field is perpendicular to the wire is 25.09 V/m. There is clearly
huge delocalization of the electric field when the field is along the wire. The field profile also
shows propagating modes along the wire when the input field is along the wire, thus confirming
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our hypothesis. Figure 3.8(d) shows the polar plot of |Emax |4 as a function of input polarization.
The plot follows a cosine squared trend, and matches very well with the experimental obser-
vations. Thus, the polarization dependence of the SERS enhancement is extremely strong, and
the output intensity can be readily tuned by changing the input polarization of the excitation
beam. (Chapter 4 will provide more details about this problem from simulations perspective.)

3.2.2 Remote excitation SERS

To further probe the antenna effects of the system, the remote excitation properties were decided
to be tested, wherein one end of the nanowire is to be excited and the signal is collected from
the distal end of the wire. As previously mentioned in the introduction, Ag nanowires on glass
substrates have been shown to give propagation of 632.8 nm light and remote excitation SERS
in the literature. [20, 44, 79, 80, 81] Thus, remote excitation SERS properties of the modified
system are an important set of experiments that would probe the antenna effects of the system
further. Such effects are extremely important in nano-communication, as the excitation point
is different from the collection point, and information is being transferred from one point to
another using a nanoscale waveguide. The system is also great for experiments in the Fourier
space as there is a fixed k-vector associated with the light out-coupling at the distal end [20, 81].
Coupling molecular excitation to excitation of particular k-vectors lead to information about
extremely important effects which can prove very difficult to probe otherwise. However, the
studies in Fourier space are beyond the scope of this thesis and will be studied in greater detail
elsewhere.

To study remote excitation effects of the system, a different setup had to be used. The setup
is home-built, and is coupled to a Horiba IHR320 imaging spectrometer. A 632.8 nm He-Ne
laser was used for excitation, and a 100X 0.95 NA objective lens was used for excitation and
detection. The setup is built by Mr. Adarsh Vasista. Figure 3.9 shows the schematic of this
setup. As can be seen in the schematic, a notch filter has been used to cut down the Rayleigh
scattered light from entering the spectrometer or the CCD. A pin hole has been placed at a
conjugate image plane to spacially filter part of the image, so that the spectrometer will only
give spectrum of the signal out-coupling from the region that has been selected after spacial
filtering. This setup is extremely versatile, and one can place multiple optical elements such as
analyzers, beam-splitters, wave-plates, etc. on both the input end and the output end to suit the
experimental needs.
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Figure 3.9: Schematic of the setup used for all remote excitation experiments. A 632.8 nm
He-Ne laser was used to carry out all the experiments. A λ/2 plate was used to rotate the
polarization of the input beam. 100X 0.95 NA objective lens was used to focus the laser light
onto one end of the wire, and also to collect the signal to be analyzed in the spectrometer. The
notch filter was used to filter out the excitation wavelength. Pin hole was placed in a conjugate
image plane and was used to spatially filter out the excitation spot and only let through the
distal end signals. M2 was used to either visualize the image after spatial filtering in the CCD
or to take the spectrum of the signal in the spectrometer.

There were a few changes in sample preparation at this point which need to be noted.
Firstly, the gold film thickness was increased to 170 nm to increase reflection and avoid leakage
of radiation through the film to the glass side. Secondly, instead of mixing the Ag wires and
the dye and drop-casting the mixture onto the film, the following procedure was used:

1. Wash the gold film with acetone and ethanol to clean any impurities from the surface;
blow-dry the film.

2. Drop-cast 10−6M Nile Blue solution in ethanol onto the gold film

3. Once the Nile Blue solution dries, wash the film again with ethanol to remove any excess
dye molecules which are not in contact with the Au film

4. Drop-cast Ag wire solution onto this film, let it dry.

This procedure makes sure that majority of the molecules are in contact with the film, and
hence have their fluorescence quenched, and also ensures that most of them are sandwiched
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between the wire and the film, which is exactly where we want them to be. These changes
leads to higher signal intensity, which is crucial for such remote excitation experiments.

Figure 3.10: Schematic of the system used for remote excitation based measurements. The Au
film thickness was increased to ∼170 nm, and the NB molecules were first drop-casted onto
the film, onto which the Ag wires were deposited to ensure that maximum molecules are inside
the gap.

Figure 3.10 shows the schematic of the wire film system when one excites one end of the
wire and collects at the distal end. Figure 3.11 shows the optical image of the wire under (a)
white light illumination and (b) when one end of the wire has been excited. Out-coupling of
the 632.8 nm light can be clearly seen at the distal end of the wire. An interesting question to
ask is: What signals do we observe at the distal end of the wire, apart from the laser light that is
being out-coupled? It is quite possible and expected that the plasmons (both SPP along the wire
and the gap plasmon in the cavity) will excite molecules along the wire. This photons from the
de-excited molecules can then couple back to the SPP and get out-coupled at the distal end. It
is also possible that the 632.8 nm photons that are getting out-coupled at the distal end excite
molecules AT the distal end and we can get this signal in the spectrometer. It is also possible
that there is some localized component of electric field along the wire (including at the end of
the wire) which gives rise to signal.
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Figure 3.11: Optical image under (a) white light illumination, and (b) when excited by 632.8
nm laser at one end of the wire. The distal end is glowing, indicating that there is propagation
through the wire SPP, the gap plasmon or a combination of both. (c) Spectra at the distal end
in the absence of gold film under the wires. Weak fluorescence is observed, as there is no film
to quench the fluorescence or no cavity to enhance the emission. (d) Clear Raman signal riding
over small amount of fluorescence is observed at the distal end in the presence of the gold film,
indicating that the interaction between the film and the wire is leading to enhancement of the
Raman signal while quenching the fluorescence.

Before probing these effects, it is important to do a control experiment, that is to test what
happens at the distal end if we do the same experiment as above, but without the gold film.
This knowledge is important as it will give us an insight about the role of the gold film. Figure
3.11(c) shows the signal that was acquired at the distal end of the wire when coupled to a glass
film. We clearly see that there is no Raman signal getting out-coupled at the distal end, and
only a broad and weak fluorescence peak is visible. This is because the Nile Blue molecules
are not in direct contact with any metal, and secondly the signal is being taken at the distal end,
by which point there are large propagation losses, thereby reducing the signal intensity.[17]

Figure 3.11(d) shows the spectrum acquired at the distal end of a wire when placed on
a Au film. The spectrum shows large Raman intensity at the distal end, with some amount
of fluorescence background. The 590 cm−1 line is clearly visible in the spectrum, indicating
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that it is indeed the Nile Blue Raman spectrum that is being out-coupled at the distal end. As
mentioned before, the mechanism for this cannot be concluded by seeing only this data, and
hence a series of experiments need to be done to be able to decipher the exact mechanism of
such a signal at the distal end.

The first check that needs to be done is, whether a gap plasmon is really being generated
between the wire and the film, and what is its contribution to the signal. One way to ascertain
this is simulations, which has been done in Chapter 4. An experimental check would be to test
if any signal is observed in the center of the wire, where there is no out-coupling of the photons
to excite molecules locally. Figure 3.12 compares the spectrum acquired at the center of a wire
with the spectrum acquired at the distal end of the same wire, when the excitation was at one
of the ends. As can be clearly seen, there is a large amount of Raman signal even at the center
of the wire, albeit smaller in comparison with what is observed at the end of the wire. The
difference could possibly be attributed to the out-coupled photons exciting molecules locally at
the distal end. However, this ascertains the fact that there is indeed a large intensity of electric
field all along the cavity between the wire and the film, which is due to a gap plasmon being
generated in the cavity. It can be said that the gap plasmon is a major contributor to the signal
because of the huge field confinement that happens in the gap. This will be later discussed in
the context of simulations in Chapter 4.

Figure 3.12: (a) Schematic of two collection points of spectra taken in (b). (b) Spectra compar-
ing the emission collected from the distal end of the wire with the emission collected from the
center of the wire. Excitation was done at one end of the wire in both cases. The emission from
the center is clearly because of the existence of gap plasmon that is exciting the molecules all
along the wire. The difference in intensity at the end and center spectra is most likely due to
the out-coupling photons at the end exciting the molecules locally, which does not happen at
the center.
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Input polarization dependence

Figure 3.13: Input polarization dependence of the spectra at the distal end of the wire. As
expected, the signal is maximum when the input polarization is longitudinal, due to generation
of propagating modes along the wire and the gap. However, the observation of Raman signal
at the distal even in case of the input field polarization perpendicular to the wire is interesting.
The reason for this observation is the gap-plasmon field which propagates even when the input
field has transverse polarization.

To further probe the effects of the system on the SERS output at the distal end, input polar-
ization was varied to test the spectrum at the distal end. Input polarization is an important
parameter while studying SERS effects, as the Raman cross-section depends on the incident
polarization [82] depending on the Raman mode that is being taken into consideration. Input
polarization is also an important parameter to probe the plasmonic properties of the system it-
self. For Ag nanowires kept on glass, it has been shown that the propagating component of the
surface plasmon along the wire is not excited if the polarization is perpendicular to the axis of
the wire. [17] When the polarization is along the wire, the fundamental m = 0 mode of the SPP
is excited, while for polarization perpendicular to the wire the m = 1 mode will be excited [83],
where m is the integer measuring the mode winding [15]. However, since this is a different
system due to the presence of the gold film under the Ag wire, input polarization dependence
had to be checked. Thus, the signal at the distal end was probed for two input polarizations:
along the wire (longitudinal) and perpendicular to the wire (transverse). Figure 3.13 shows the
two spectra on the same scale for comparison. It can be seen that the spectra when the input
polarization is along the wire is much larger than that when the polarization is perpendicular to
the wire. Here, the SERS differential cross-section will not come into picture strongly as the
molecules are most likely arranged randomly inside the cavity, and thus any effects of input
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polarization on the molecules will be averaged out. But what we observe can be explained by
looking at the plasmonic properties of the system. When the input polarization is along the
wire, SPP is generated along the wire. This leads to larger electric field intensities along the
wire and in the gap, thereby enhancing the emission of the molecules in the cavity. The en-
hancement is much larger as compared to when the input polarization is perpendicular to the
wire and the field is heavily localized at the excitation end. However, what is interesting is that
there is still Raman signal observed at 590 cm−1 at the distal end, even though the SPP along
the wire has not been excited. This signal is probably due to the gap plasmon, which leads to
some amount of electric field along the wire, thereby exciting some molecules in the gap. The
field profiles shown in Chapter 4 indicate towards the same. This is an interesting effect that
one can see in this hybrid system, which has a non-zero propagating component even if the
incident field is perpendicular to the direction of propagation.

Output polarization of the signal at the distal end

In the case of a silver nanowire supported on a SiO2 (glass) substrate, the excitation of the
m = 0 mode, when it out-couples at the distal end leads to emission which is polarized along
the wire, while the out-coupling of the m = 1 mode results in emission polarized perpendicular
to the wire.[83] However, since we also have cavity modes and the film SPP mode in the
present scenario, the hybridization of these modes will lead to modification in the polarization
states of the out-coupling photons. Thus to test the effects of these modifications on the out-
coupling photons, the signal at the distal end was analyzed by placing an analyzer in its path
with polarization (i) along the wire and (ii) perpendicular to the wire. Figure 3.14(c) shows the
resolution of the signal with respect to the output polarization. The input polarization for all
the studies was kept parallel to the axis of the wire to maximize the output signal. The figure
indicates that the out-coupling signal has a larger intensity with polarization perpendicular to
the wire as compared to polarization along the wire. This is counterintuitive, as the SPP along
the wire is polarized along the wire, and hence the out-coupling photons should have a larger
component along the wire as compared to perpendicular to it. This effect is clearly due to the
interaction of the SPP with the cavity modes and the film SPP. To test this hypothesis, FEM
simulations were done to find the profiles of the transverse and longitudinal components of the
electric field in the gap. Chapter 4 deals in more detail about this issue. To briefly summarize,
the conclusion that can be drawn from the simulations is that the field intensity in the gap as
well as along the wire perpendicular to the wire is stronger than the field parallel to the axis
of the wire. The reason for this effect is still unknown, and further studies are under way to
completely understand this effect.
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Figure 3.14: (a) Details about the excitation and collection geometry used for output polariza-
tion dependent measurements. (b) Spectrum observed at the distal end without any analyzer in
the signal path. (c) Spectra observed after using analyzer. The dominant contribution is clearly
due to electric field polarized perpendicular to the wire.

Figure 3.15: Spectrum for output polarization along the wire zoomed in on an appropriate scale.
Data has been shown for two different wires of varied lengths and thicknesses. The undulations
observed are at the same spectral positions for both the wires.
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There is another interesting observation that can be seen in the spectrum with analyzer
position along the wire. Figure 3.15 plots the spectrum on a more appropriate scale. This
reveals pronounced crests and troughs in the fluorescence background, with a shift of 300-500
cm−1 between successive crests and troughs. What is more interesting is that these crests and
troughs are at the same position spectrally for various different wires, with different lengths and
thicknesses. The reason for this is hypothesized to be cavity modes with resonances normal to
the film. Such modes have been observed in a similar system but under a different configuration,
wherein the excitation and the collection points are the same.[59] However, more experiments
need to be done to ascertain the exact origin of these undulations.

Input power dependence

Input power dependence of the SERS signal of Nile Blue from the system was observed at
both the excitation end and the distal end. This serves two purposes: (i) it helps us identify if
there are any non-linear processes that are occurring in the system, and (ii) it helps us identify
at what power we get SERS. The lower this threshold, the better it is, as even on putting in
small amounts of power, we can extract Raman signals from the system. Figure 3.16 shows
the input power dependent spectra at (a) the excitation end and (c) the distal end. (b) and (d)
are plots of the 590 cm−1 peak for each value of input power. The input power was measured
in µW and was measured using Coherent LabMax-TOP Laser power and Energy meter. It
can be seen in Figure 3.16(a) that SERS signal is observed at the excitation end even for input
powers of 1.61±0.02 µW, which is low power for Raman scattering to be observed. This shows
that the plasmonic wire-on-mirror system is capable of enhancing the electric fields to a large
extent even with extremely low input powers. The signal saturates after a certain intensity (386
µW as observed here). This is possibly due to photo-bleaching of the molecules, or due to
complete dissociation of the Nile Blue molecules. The extremely high electric fields possibly
lead to dissociation of the bonds of the Nile Blue molecules in the cavity, which thus reduces
the spontaneous emission observed.

At the distal end, the minimum power observed to give SERS signal was 89±1 µW, but it
is possible that SERS signal is observed even for lower values of input power, but simply could
not be probed due to lack of resolution in the input power.

Figures 3.16(b) and (d) show that the log-log plots of the peak intensity vs the input power
are linear both at the input end and the distal end. The slopes of both the graphs are less than
unity, indicating that this is not any form of stimulated emission, which should have a slope
greater than 1. Large propagation losses account for the slope reducing from a value of 1 to
lesser than 1.
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Figure 3.16: (a) Spectra for various input powers acquired at the same end where the wire is
being excited. The intensity grows as input power grows up to a certain point, after which it
saturates. (b) Log-log plot of the intensity of the 590 cm−1 line vs the input power. The trend is
linear with a slope less than 1, indicating large amount of losses. (c) Spectra for various input
powers acquired at the distal end of the wire. The intensity grows till 1.61 µW. (d) The log-log
plot of the intensity of the 590 cm−1 line vs the input power. The trend is linear with a slope
less than 1. This is also due to large propagation losses in the wire and through the cavity.

Effects of spacer layer between molecule and gold film

Finally, to probe what happens if the molecules are not in direct contact with the bare gold film,
but some distance away from it. This is an important experiment as it gives the information
about the interaction of the metal film with the Nile Blue molecules, and helps in probing the
cavity system in greater detail.

To carry out this experiment, a gold film of thickness∼ 170 nm was coated with a thin layer
of SiO2 (∼ 10nm) by sputtering method. SiO2 is a dielectric, and so it was coated on the gold
film to act as a spacer layer. Nile Blue (10−6 M) was deposited on top of the SiO2 layer, dried,
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and once washed with ethanol. This ensured that the Nile Blue molecules were not in direct
contact from the gold film, but were not extremely far away either, leading to their fluorescence
being enhanced instead of being quenched. Silver nanowires were drop-casted onto the Nile
Blue film. One end of the Ag wire was excited using 632.8 nm laser, while the spectrum at
the distal end was captured in the spectrometer using spatial filtering. Figure 3.17(a) gives a
schematic of the modified system, while (b) gives the spectrum observed at the distal end of
the wire. Clearly, there is no 590 cm−1 Raman line observed in the Nile Blue spectrum. Only
fluorescence is seen, which has been enhanced due to the presence of the metal wire and the
metal film in the vicinity of the molecules. Fabry-Perot modes are also seen riding on top of the
fluorescence profile, which are due to the cavity between the wire and the gold film including
the SiO2 layer. This clearly demonstrates the role of bare gold film in contact with the Nile
Blue molecules, which is to quench the fluorescence of the molecules, after which the enhanced
electric field in the cavity can enhance the Raman intensity of the Nile Blue molecules.

Figure 3.17: (a) Schematic of the modified system with ∼10 nm SiO2 layer on a 170 nm gold
film. Nile Blue (10−6M) was drop-casted onto the SiO2 layer, followed by drop-casting of
Ag nanowires. (b) Spectrum as observed at the distal end of the wire. Pure fluorescence was
observed, with Fabry-Perot modes riding on the spectrum.
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3.2.3 Conclusions for Chapter 3

This chapter has thus tried to tackle two different systems: (i) gold nanorods on gold film with
Nile Blue, and (ii) silver nanowires on gold film with Nile Blue. For the gold nanorods-on-film
system, enhancement of the Nile Blue Raman signal has been observed for various particles.
The polarization dependence of the Nile Blue was attempted to be studied in this system, but
correlation with SEM imaging is required to conclusively prove the polarization dependence
of the signal. For the silver-wire-on-mirror system, enhancement of the Raman signal was ob-
served. The signal showed a cos2θ behavior as a function of input polarization, which was cor-
roborated with numerical simulations. Remote excitation SERS was observed, which showed
dependence on input power and input polarization. The output polarization studies gave some
insight about the mechanism of out-coupling at the distal end, which is that the dominant com-
ponent of the out-coupling photons is due to the electric field component (along the wire and
in the gap) that is perpendicular to the direction of propagation. This counter-intuitive effect
warrants some further investigation, which is currently being done. Finally, the effect of the
bare gold film was checked by sputtering SiO2 spacer layer of ∼ 10 nm and carrying out the
same experiment. It was observed that no Raman signal is observed, and there is large amount
of fluorescence, indicating that the bare gold film, as previously hypothesized, was quenching
the fluorescence and thereby leading to enhanced Raman signals from the Nile Blue molecules.
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Chapter 4

Simulation studies of Ag wire on Au film
system

Giving theoretical backing to a set of complicated experimental details is a good and necessary
practice. Firstly, it confirms that the experiments are correct, and the method of reaching the
inference from the conclusions is logically consistent. It is necessary to have such confirma-
tion, especially in cases where the experimental setup is extremely complex. Secondly, if the
experiment doesn’t match with the theory, then there is a problem with either the way the ex-
periment was done, or the theory is somehow lacking, and that leads to progress in the field.
Such theoretical backing, at least in case of nano-optics, is usually obtained by solving a set
of boundary-value problems to known ordinary or partial differential equations for the system
under consideration.

However, analytical solutions are usually available only in cases of "easy" geometries with
high degree of symmetry, uncomplicated materials, and "well-behaved" boundaries. Such so-
lutions are extremely difficult to find when the systems under consideration are complicated,
with reduced symmetries and materials with complex behaviors. In such cases, the differential
equations are either simply not solvable by analytical means, or are extremely complex and
require high amount of computational power. Tt is then easier to resort to numerical means to
find approximate solutions to the problems. These solutions have to be physically acceptable,
and have to be as close to the real scenario as possible. There are multiple methods of find-
ing such approximate solutions, including Finite Element Method (FEM), Finite-Difference
Time-Domain method (FDTD) and Surface integral method.

For the purpose of finding approximate solutions to the problems addressed experimentally
in this thesis, Finite element method was chosen for the computational analysis. COMSOL
Multiphysics R© is a commercially available software which employs this method to solve prob-
lems numerically. Briefly, the formulation in the Finite element method is to convert the sys-
tem of ordinary differential equations into a system of algebraic equations.[84] The system for
which the solutions are to be obtained is divided into smaller parts, called finite elements, and
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this process is called discretization or meshing. The solver then solves the set of equations for
each small part separately, and in the end puts all the solutions together in a way that complies
with a set of continuity conditions for each "node" (common point between two neighboring
elements) or boundary lines/surfaces. The end result is that we get the solution of the problem
at discrete points of the body, the resolution of which depends on the computational resources
at hand. Thus to get more accurate results, more computational power has to be invested. To
conclude, FEM solves the problem at a set of discrete points and then combines all of it to give
us an approximate solution for the problem at hand.

As mentioned previously, simulations give theoretical backing to the experimental results,
as well as give new insights to the system used. Both of these has been attempted here by
using numerical simulations for the system of Ag nanowire on gold film system. The solutions
are limited by the computational resources available, but are fairly accurate as they have been
matched with results known in literature at more than one occasions. Thus, the method is
reliable and the results given below can be considered to model the real system.

4.1 Basic parameter details

Figure 4.1: The parameters used for simulations in this chapter. The parameters were opti-
mized in order to closely resemble the real situation but also to keep the simulation memory
requirements within the constraints available.

Before doing the actual simulations, one has to optimize the size of the simulated objects and
the meshing parameters so that convergence is achieved in the least possible iterations, and
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physically realistic solutions are obtained. The memory of the computer being used is also a
constraint to be considered, as the simulation will stop working if the computer RAM is ex-
ceeded in the course of the simulation. Keeping these constraints in mind, the simulations
for this chapter were designed. Figure 4.1 details the various dimensions used for the simu-
lations. As mentioned previously, the model has to now be broken up into smaller parts, or
finite elements, which will be used to solve the differential equations of the problem. To do
so, one has to again keep in mind the balance between accuracy of the result obtained and the
physical memory of the computer in used. Thus, the meshing parameters that were used after
optimization were as follows:

1. Air: largest - 200 nm, smallest - 25 nm

2. Wire:

Domain: largest - 10 nm, smallest - 5 nm

Boundaries: largest - 3 nm, smallest - 2 nm

Edges: largest - 3 nm, smallest - 1.5 nm

3. Film: largest - 10 nm, smallest - 1.6 nm

4. Glass: largest - 150 nm, smallest - 18 nm

As for the materials used for the simulations, the wire was made of Silver (refractive index
data given by Johnson and Christy [85]), the gold film was made of Gold (Johnson and Christy
[85]) and the glass was made of quartz (with n = 1.5, k = 0). The excitation was done through
the port at the top, and since plane wave excitation was used, the spot size was 1µm to match
with the experimental spot size of the laser. The simulations were done at 657.34 nm for the
SERS polarization dependence measurements, and at 632.8 nm for the other simulations.

4.2 Input polarization dependence for center excitation

The input polarization dependent simulations gave us an insight about the SERS polarization
dependence, as previously seen in Chapter3 (Figure 3.8). The cos2θ dependence of the SERS
signal follows the cos2θ dependence of the |E/E0|2 of the incoming electric field, which has
also been observed in literature in some other context [41]. There is a phase shift in both the
field dependence and the SERS enhancement of 900, as the highest field localization occurs
when the incident field is perpendicular to the wire. However, the trend is still cos2θ , and thus,
simulations have been successful in giving us knowledge about the underlying mechanism of
the input polarization dependence of the SERS signal observed.
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Figure 4.2: The charge distribution on the gold film when the wire is excited at the center with
input polarization (a) along the wire, (b) at 450 to the wire axis, and (c) perpendicular to the
wire. The wire axis is along the x axis. (a) A clear SPP type mode is observed along the wire
with alternate positively and negatively charged regions. An SPP mode is also observed on the
film. (b) Chiral plasmon type behavior is observed, possibly due to generation of both m = 0
type mode and m = 1 type mode in the wire. (c) Very weak propagation is observed along the
wire. The field is highly localized near the excitation region, thereby leading to extremely high
SERS signals in this configuration.

However, this is not the only information that these simulations can give. Since the simu-
lations match with the experimental results, we can now extend the scope of these simulations
and extract new information from them which cannot be experimentally obtained (at least in
the current scenario). For this, the charge distribution on the gold film was calculated using
Gauss’s law. Figure 4.2 shows the charge distribution on the gold film-air interface for 3 values
of polarization. The wire is in the center of each image along the X axis. For the case when
the input polarization is along the wire(part (a)) or 00, one sees clear signs of SPP mode being
generated along the X axis. The alternate negative and positive charges are an indicator of an
SPP type mode being generated at those points. This is most likely the gap plasmon which is
propagating along the cavity. There is also signatures of propagating mode being generated on
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the gold-air surface on either side of the wire.

When the input polarization is perpendicular to the wire (part (c)) or 900, the field is highly
localized at the excitation location. There is very weak field along the direction of the wire, and
no sign of an SPP like mode is observed along the wire. This leads to large field intensity at the
location of excitation, and thus we have the maximum SERS signal coming from the system in
this configuration.

An important and interesting new information that we can see from this exercise is when
the polarization is at 450 to the wire axis (part (b)). The charge distribution observed here
indicated towards chiral plasmon generation. A chiral plasmon is a plasmon that has an angular
momentum associated with it. Structures which show such kind of plasmonic behavior also
show circular dichroism, which can be seen by using circularly polarized light onto the wire.
Silver nanowires have been shown to display circular dichroism in a different configuration.[86]
One hypothesis as to why such behavior is observed in the current configuration is: when the
input polarization is along the wire, an m = 0 type mode is being generated in the system,
while for input polarization perpendicular to the wire, an m = 1 type mode is being generated.
These two modes have a phase shift of 900. Now if the incident polarization is 450, both m = 0
and m = 1 modes will be generated, which on interference, will have give a plasmon which
is circularly polarized, due to the phase shift between the two modes. This is an extremely
interesting phenomenon, and should be tested out further using experiments.

This observation also prompted some further questions, which are addressed in the follow-
ing subsection.

4.2.1 Leakage Radiation of chiral plasmons

The generation of chiral plasmon has been studied in various contexts such as metamaterials
and arrangements of metal nanoparticles, mainly in the context of enhancing and detecting spe-
cific enantiomers of optically active dyes.[86, 87, 88, 89] However, the Fourier space imaging
of this phenomenon has not been done, and thus this is an important problem that should be
solved. To do this, it was proposed that the wire will be excited at the center and the leakage on
the glass slide of the film will be observed in the Fourier space. To see whether such leakage
will be observed, a thinner film (50 nm) was used for the simulations. Figure 4.3(a) gives the
image of the field as observed from the side. It can be clearly seen that there is leakage radiation
that is going through the glass side. Thus, this question can be surely addressed experimentally
to probe the Fourier space dependence of the chiral plasmon generated in this system (Figure
4.3 (b)).
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Figure 4.3: (a) Side view of simulations looking for leakage radiation towards the glass side,
with input polarization at 450 to the wire axis. There is clear plasmon generation at the Au film-
glass interface, as well as leakage radiation in the glass substrate. This can perhaps be further
studied in more detail experimentally. (b) The charge distribution on the gold film surface (air
side). Clear signs of chiral plasmon behavior are observed.

4.3 End fire configuration

For understanding the physical phenomena in the end-fire configuration, the input port in the
simulations was moved to one end of the wire. The simulations revealed that such excitation
leads to generation of SPP along the wire, and also generation of guided cavity modes in the
gap. This is true only for excitation with polarization along the wire, while for excitation which
is perpendicular to the wire, we see no propagation at the other end of the wire. Figure 4.4
shows the plasmonic landscape for 3 different input polarizations. As can be seen, for an input
wavelength of 632.8 nm, the SPP for both the 00 case (Fig.4.4(a)) and 450 case (Fig.4.4(b)), the
wavelengths of the generated SPPs are∼ 300 nm, while that of the gap plasmons are∼ 125nm.
This is close to λ/2 for the SPP wavelength, and λ/3 for the gap plasmon wavelength. One
argument for this reduction in wavelength is possibly the change in the effective refractive index
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of the modes that are propagating the SPP. However, further analysis is required for concluding
that this is indeed the reason.

Figure 4.4: Field profiles for section of the nanowire excited at one end with 632.8 nm plane
waves with polarization (a) along the wire, (b) at 450 to the wire axis, and (c) perpendicular to
the wire. The profiles indicate plasmon propagation along the wire in case of (a) and (b) but
not in case of (c). The SPP wavelength along the top edge of the wire in case of polarization
along the wire is ∼285 nm, while the wavelength of the gap plasmon is ∼126 nm. The SPP
wavelength along the top edge of the wire in case of polarization at 450 to the wire axis is∼307
nm, while the wavelength of the gap plasmon is ∼128 nm.

4.3.1 Polarization: Input angle dependence

To gain insight about the input polarization dependence in the end-fire geometry, the polariza-
tion was varied from 00 to 450 to 900, to test what phenomena we observe. Fig.4.4 has already
given some information about this geometry. Figure 4.5 shows the top view for the three values
of input polarization. As can be seen, for 00 input polarization, there is a larger field profile
along the wire as compared to the 900 input polarization. There is also a stronger SPP on the
film as compared to the 900 case.

For the case of 450 incident polarization, there is chiral plasmon generation in the wire.
This phenomenon has been observed experimentally in literature [86]. In Ref.[86], the authors
use the chiral plasmon generated using this method to remotely excite a chiral dye molecule
and observe remote excitation SERS at the distal end of the wire.

54



Figure 4.5: Top view of end-fire configuration for three values of input polarization. (a) Propa-
gating plasmon is observed along the film. (b) A chiral plasmon is generated along the film, as
observed experimentally in Ref.[86]. (c) No propagating plasmon is observed on the film. The
length of the wire in the three images is the same, scale is varying

The cross sectional field profiles for the 00 and 900 input polarization angles are shown
in Figure 4.6. Interestingly, the field profiles are different, and for the two values of input
polarization, clearly different modes of the wire are being excited. In the case of 00 polarization,
all corner modes are being excited, with the top corner mode being strong. The gap has almost
uniform field throughout. In the case of 900 input polarization, the top corner mode is not
excited at all, while the two bottom corner modes are fully excited. The field is not uniform
in the gaps, with more field concentrated near the corners of the wire. This indicates towards
fundamental difference in the excitation mechanism of the wire for the two polarizations. To
fully understand the exact behavior of the wires under different values of input polarization, one
needs to do an eigen-mode analysis of the system, wherein one can find out the different eigen-
modes of the wire under various conditions such as input polarization angle. These modes,
in this case, will be some form of hybrid modes of the wire, the cavity, and the film. Once
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the eigen-modes are identified, the modes observed in experimental scenarios can be given
as a linear combination of these modes, and thus one can find the exact mechanism of how a
particular mode is being generated. A similar study with a free-standing wire and a wire kept on
a dielectric substrate (glass) has been done in Refs.[48] and [24]. However, this study could not
be emulated for the system chosen here due to unavailability of eigen-mode solver softwares.
Such a study is, however, extremely crucial to further our understanding of this system, as this
information will give a deeper insight about the plasmonic interaction that is happening in the
hybrid wire-cavity-film system.

It must be noted that the field intensity in the case of input polarization perpendicular to
the wire is more than three times that when the input polarization is along the wire. Thus, in
case extremely high field confinement is required, one can excite the wire perpendicular to its
axis and collect the signal from the same point. This could be especially effective in case one
wishes to do single molecule SERS experiments in this configuration.

Figure 4.6: Cross sectional field profiles for input polarization (a) along the wire, and (b)
perpendicular to the wire. Different corner modes are excited in both cases with different
intensities, indicating difference in generation mechanism. The gap plasmon profile is also
different in both cases.

4.3.2 Polarization: Output angle dependence

An interesting observation, as mentioned in Chapter3 is the output polarization dependence. As
mentioned before, the result in this case is counter-intuitive, as the outcoupled light should have
a higher number of photons polarized along the wire instead of perpendicular to the wire, but the
observation says otherwise. To test this out, the field in the gap of the wire for input polarization
along the wire was split into its three components Ex, Ey and Ez, where x is the direction of
propagation, y is perpendicular to the wire and parallel to the film, and z is normal to the film.
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The components Ex and Ey and their relative strengths are of interest to us. Figure 4.7 shows
the field profiles in the gap as seen from the top, while Figure 4.8 shows the fields along the 3
edges of the wire (top, middle and bottom; the profiles for the two symmetric corners will be
the same). As can be seen, both the figures show that the fields polarized perpendicular to the
wire, or Ey is much stronger as compared to Ex all along the wire, except at the distal end of
the wire. This implies that the Ey component must be exciting more molecules as compared
to the Ex component, thereby giving more intensity in the spectrum for this polarization. Thus
the simulation gives us some indication as to why there is such difference in the intensities
of the two spectra for different output polarization states. This does not, however, explain the
undulations in the spectrum for the 00 output polarization, which needs to be studied in greater
detail.

One point to be noted here is that the large meshing in the gap has led to loss of resolution
in the field profiles. In Fig. 4.7, there needs to be better meshing in the gap in order to get a
more accurate picture of the phenomena happening in the gap of the wire. However, the limited
computational power available during the simulations have put a constraint on the meshing, and
if possible, these simulations need to be repeated with a smaller mesh in the gap to get a more
accurate result for the system.

Figure 4.7: Field profiles in the gap between the wire and the film for (a) Ex and (b) Ey. The
field polarized perpendicular to the wire (Ey) is stronger as compared to the field polarized
along the wire (Ex), which gives a possible explanation for the difference in intensities for the
two output polarizations, as seen in Figure3.14.
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Figure 4.8: Field profiles along 3 corners for the components Ex ((a)-(c)) and Ey ((d)-(f)).
These profiles also show stronger field intensities for the Ey component as compared to the Ex
component.

Concluding remarks

As seen in this chapter, simulations are a great tool, for corroborating results with the under-
lying theory, giving new insights about the fundamental physics, as well as to find out possi-
ble new phenomena which can be tested out with experiments. Better and better simulation
methods and tools need to be developed for faster and more accurate simulations, with lesser
requirements of computational resources. All the simulations of this chapter can be repeated
with a better meshing size in order to gain more accurate results. Other kinds of simulation
methods, such as eigen-mode solvers can be incorporated to gain deeper understanding of the
phenomena involved in this extremely complex and interesting system.
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Chapter 5

Conclusions and Future Outlook

Anisotropic nanostructures are, as has been mentioned before, extremely important and inter-
esting especially in the context of nano-optics. The antenna properties shown by such structures
need to be studied not only for the applications that they bring forth, but because they reveal a
lot about the underlying physics of the process.

Two anisotropic structures, and their interaction with plasmonic film, were studied for the
purpose of this thesis. Gold nanorods were synthesized using wet synthesis procedure reported
in literature and the Raman antenna effects of the combined rod-gold film system were studied
by using the 632.8 nm resonant dye Nile Blue. The Raman enhancement was shown to be
extremely high. Some kind of polarization dependence was observed for the signal, but due
to technical difficulties, a correlative study was not possible, which would have conclusively
determined the Raman antenna effects of single gold nanorods. Nevertheless, this gives an
indication for future work as to what difficulties may arise and how they can be solved.

The interaction of a 1D metallic waveguide (Ag nanowire) over a plasmonic film was also
studied in context of the Raman antenna effects. The Raman enhancement of this coupled
system was shown to be large. The polarization dependence of single Ag nanowire over a
gold film was successfully extracted and corroborated with numerical simulations using FEM.
Moreover, it was shown that exciting one end of the nanowire also gives huge Raman signal at
the distal end, making this an extremely interesting system due to its remote excitation effects.
The input polarization dependence was tested out, which showed that even though the wire only
propagates light when the polarization is along the wire, the system still shows Raman signal
if the input polarization is perpendicular to the wire, possibly due to the gap plasmon between
the wire and the film. The output polarization dependence showed an interesting and counter-
intuitive result that the majority of photons out-coupling from the distal end are polarized not
along the wire, but perpendicular to it. This was explored using simulations to gain insight
about the underlying physical process. The input power dependence showed Raman signal even
for extremely small input power, demonstrating the large field enhancement and nano-focusing
that is happening in the cavity between the film and the wire. Finally, numerical simulations
were used as a tool to explore the system in ways that were not experimentally feasible, such as
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the charge distribution on the wire and the film when excited with various input polarizations.
This led to a discovery that when the system is excited with input polarization at 450 to the
wire axis, there is generation of chiral plasmons on the film. Thus, simulations were used not
only to corroborate the experimental results but also to give new and interesting directions as
to what experiments should be done on the system to gain new insights about the system.

This project has, however, not concluded, but opened up a large number of questions that
need to be addressed. For example, the system is completely untouched in terms of the Fourier
space distribution of the Raman and fluorescence signals that are getting outcoupled at the dis-
tal end of the wire. We have done some experiments that suggest that the Raman and fluores-
cence signals occupy different momentum vectors in the k-space by using Energy-Momentum
spectroscopy. However, further experiments are underway to probe this effect in more depth.
Theoretical understanding is also required in this case to understand what makes the Raman
and fluorescence signals occupy different momentum states in the k-space.

As mentioned in the simulations chapter, the leaky chiral plasmon is another interesting
direction in which this project can be taken ahead. The spectroscopic information that we
would get from the glass side will be invaluable in itself, and if this can be used to detect
chiral dye molecules separately, it would also have an important application. Furthermore, the
Fourier space studies of such chiral plasmons have not been done in literature. This is another
important question one can ask: how do chiral plasmons look in the k-space?

Single molecule detection and single molecule SERS (SM-SERS) measurement is an ex-
tremely important problem, and to be able to detect single molecules with high accuracy and
with minimum input power would be a great solution. The system of Ag nanowire-on-gold
film shows promise, as the extremely high field enhancement and nano-focusing would allow
for such a possibility of SM-SERS.

Apart from all the molecular measurements, the large field enhancements also lead to en-
hanced metal PL and possibly TPL signals (if one used extremely high input powers). These
signals can also be studied in great detail, including polarization dependent studies as well as
Fourier space studies, which will show what momentum states are occupied by the PL or the
TPL signals, and what directionality is observed for these signals. However, there has been
some indication in our experiments that higher input powers lead to what could possibly be
signals due to amorphous carbon. These signals are probably due to dissociation of the PVP
coating near the wire due to extremely high field intensities. Thus, this problem needs to be
taken care of before studing the PL or the TPL in more depth.

To conclude, the project has opened up a large number of new avenues to explore, and these
will surely show some very interesting results when followed through.
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