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Abstract

The aim of this thesis is to design plasmonic nano-gaps capable of detecting materi-
als down to sufficiently low concentrations such that single molecule characteristics are
observed. We begin first, by discussing the theory of plasmonics. Then, we assess the
recent literature on the subject to develop an understanding in the field of plasmonics and
to describe the fundamental concepts behind how plasmonic nano-sensors operate. Also,
this allows us to show where our research fits in.

Firstly, we utilise Finite Difference Time Domain (FDTD) methods and analysis of 3D
models of electrodynamic interactions with simulated devices. These simulations provide
an abundance of information regarding how the device behaves and where the optimum
conditions are met regarding; film thickness and nanoparticle shape and size, allowing
tunablility of the system to a specific light source to be possible. The Figure of Merit
(FoM) we used takes into consideration both the near-field excitation enhancement, as
well as the far-field emission enhancement projected directly from the position of our
target material and how they would be collected via an NA = 0.55 objective lens. We find
that the photon scattering efficiency is far greater for the dipolar rather than the quadrupole
mode and is the main contributor to the enhancement of the Raman signal, which we
confirm through experimental measurements.

The second area of research involves practical Surface Enhanced Raman Spectroscopy
(SERS) experiments from our optimized nano-gaps. The nano-gaps were doped with
the molecular dyes Rhodamine 6G and Crystal Violet at concentrations of 2 x 1077 M.
SERS measurements revealed differences in the relative intensities of their respective
SERS peaks at low concentrations when compared to the SERS spectra measured from
gaps doped the same dye at higher concentrations of 2 x 10~ M. Time dependent SERS
measurements showed that the SERS signal is stable over a long period of time, indicating
the observed relative intensity changes are due to changes in molecular orientation from
one gap to another, demonstrating that our optimized nano-gaps have single molecule
sensitivity. When exciting at 532 nm, the 118 nm silver spheres used to form the nano-

gap with the silver film below were shown to enhance the Raman signal by 4.2 x relative
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to the 200 nm silver nano-spheres, and up to 7.73 x relative to the 60 nm silver nano-
spheres. When compared to our simulation results for the same structures excited with a
Gaussian source with NA = 0.55, we showed the information collected from the Raman
study correlated well with the theoretical data.

Following our work investigating single molecule characterisation of fluorescent ma-
terials, we began looking at trace levels of a conjugated polymer (F8-PFB). The previous
investigation had been from a purely electromagnetic enhancement perspective using a
secondary polymer matrix buffer which was optically transparent in the region of interest
for the Raman spectra of our target molecule. This polymer provided a barrier between
the target material and the metallic nanostructure, thereby minimizing the potential of
photo-induced chemical processes in the Raman signal. In this study, the material itself
forms the basis of the cavity between the particle and the film below. This system classi-
fies the single molecule regime via the observation of intensity blinking events, which are
characteristic of Single Molecule SERS (SM-SERS).

We also demonstrated the biosensing applications of our research, where nanoparticle
clusters on a metallic film were used to produce spectra from bio-molecules undergoing
conformation changes as a result of UV light exposure. The SERS spectra revealed de-
creased intensity from the Tryptophan (Trp) modes and appearance of disulphide bonds
as time under UV light exposure progresses for lysozyme.

Our final chapter shows that by using nanoparticles coupled to different substrates
such as Distributed Bragg Reflectors (DBRs) and dielectric slabs, the hybrid modes im-
proved the Quality-factor (Q-factor) of the scattering spectra. Therefore, these systems
theoretically have great potential for refractive index sensing with high sensitivity to bind-
ing activity of molecular targets. The highest Q-factor of the systems we investigated was
the 200 nm gold particle coupled to the 2 um dielectric slab at 22.48, followed by the

same particle deposited on a 700 nm stop-band DBR at 7.41.

Xii



Chapter 1

Introduction

1.1 Nanoscale Sensing

Plasmonics has proved to be a flourishing field of interest in recent years. When coupled
with advancements in Raman techniques, which provide detailed, nonintrusive informa-
tion regarding the molecular fingerprint of a target analyte down to the single molecule
level, it becomes a tremendously powerful spectroscopic tool for material analysis. In
this chapter, we aim to introduce the concepts used throughout the thesis and describe the
significance of the research and its impact on the field.

The underlying principles of plasmonics function around the utilization of metallic
nanostructures, where plasmon resonances are generated by the coupling of optical ex-
citations with the delocalized sea of electrons within the material. When light impinges
metallic structures, the delocalized electrons in the material oscillate, these oscillations
can be exploited by matching their frequency to that of the incident light. These phenom-
ena are collectively known as plasmons [4-8].

The optical properties of metals on the nano-scale have been exploited for centuries,
with the most famous example stemming from the Lycurgus Cup from the 4/ Century
AD, which demonstrated dichroic optical effects. Usually it resembles an opaque dull
green colour, however during light transmission through the glassware, the cup shines a
brilliant red. It wasn’t until many centuries later though that this subject was better under-
stood [9]. The phenomenon was attributed to the presence of gold nanoparticles within the
material, and throughout the 19" and 20" centuries Michael Faraday was able to make
this connection publishing his work on the subject in 1857 [10]. Following this, in 1861

and 1862, James Clerk Maxwell gave us a set of equations that would define our classical



Chapter 1. Introduction

perspective on light matter interactions. “Maxwell’s Equations” describe the electric and
magnetic field interactions and how they are affected through the influence of charge and
currents [11]. Then, at the turn of the 20" century in 1908, Gustav Mie formulated his
electromagnetic solution to Maxwell’s equations for describing plane wave light scatter-
ing via a homogeneous sphere, hence Mie theory was born [12]. Rufus Ritchie predicted
the existence of surface plasmons in 1957, this prompted the research environment of
plasmonics [13].

Surface Plasmon Polaritons (SPPs) are electromagnetic interactions which propagate
along the material’s surface at the interface between a conductor and dielectric. They have
electric field which oscillates perpendicular to the surface, and arise as a result of oscil-
lations of the metal’s surface electron plasma. The electrons in the conducting material
are displaced by the incoming electric field and then oscillate as a result of the restoring
force of the metallic ionic cores. Their most alluring property stems from their ability to
confine light at the metal-dielectric interface at sub-wavelength scales. The drawback of
SPPs stems from their dispersion relation properties, when we consider this relation in
terms of energy and momentum; surface plasmons always have a larger momentum than
a photon of the same frequency. Because energy and momentum are always conserved,
additional momentum is required to access the SPP and account for this mismatch. So,
as surface plasmons cannot be directly coupled to incident light, light on a smooth metal
surface will never generate a surface plasmon [4, 14].

Alternatively, Localised Surface Plasmons (LSPs) can be generated via the use of
metallic nanostructures such as spheres, cubes or rods [15-19]. The resonance in this
case can then be tuned via the change in shape, size or material of the nanostructure un-
der investigation. LSPs, as their name suggests, behave as non-propagating excitations of
the conduction electrons of metallic nanostructures coupled to the electromagnetic field.
LSPs are confined to the nanostructure (typically gold, silver or copper). Gold is often pre-
ferred as it is highly chemically stable, also its plasmonic behaviour is well documented
as well as it being resistant to surface oxidation [20, 21]. Silver also has its advantages,

exhibiting very narrow plasmon resonances in the visible light frequencies. However, it is
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susceptible to oxidisation under normal laboratory conditions [19, 20, 22, 23]. The high
signal output from metallic nanostructures is a well documented effect in plasmonics and
can be attributed to the confinement of areas of high signal intensity generated which are
known as “hot spots” [24-29].

Plasmonics has many applications, not only in the field of sensing [22, 30, 31], but also
for solar cells [32], as well as nano-imaging beyond the diffraction limit [33]. Because
of these alluring properties, plasmonics is becoming a rapidly growing area of research
and when coupled with Raman spectroscopy, metallic nanostructures hold a wealth of in-
formation [34]. Raman spectroscopy was first discovered by Sir C. V. Raman owing to his
work published in 1928 [35], which later earned him the Nobel prize in physics in 1930.
When incident light impinges a material, it interacts with the bonds of its molecules. The
scattered light then provides a molecular fingerprint of the molecule under investigation
based on the vibrational modes associated with each molecular bond. Typically, Raman
spectroscopy produces a very weak output due to low levels of photon generation, with
cross sections of single molecules being ~ 1072° ¢m? [36]. However, it is possible to
enhance this by using plasmonic nanostructures, this leads us to Surface Enhanced Ra-
man Spectroscopy (SERS). SERS was first observed from pyridine molecules adsorbed
on electrochemically roughened silver electrodes by a research group from Southampton
UK in 1973 [37]. Nano-gaps, for instance formed between metallic nanostructures can
achieve ~ 108 x enhancement of signal [38]. When coupled with the resonance Raman
effect (SERRS), Raman cross sections can be amplified to ~ 10~ ¢m?, opening up the
possibilities for single molecule SERS (SM-SERS) [36]. These fundamental principles
are the foundation of our work, coupling refined, optimised plasmonic nanostructures
with SERS.

The applications of SERS extend to many research areas due to its ability to identify
chemical species and acquire structural information of the target molecule [39]. For ex-
ample, SERS has been shown to be a useful technique in the field of biosensing, detecting
various biological targets such as proteins, various diseases, lipids as well as applica-

tions to glucose detection for diagnosis of diabetes [40—47]. Not only this, but SM-SERS
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allows for the detection of trace quantities of materials, this has numerous applications
allowing for the authentication of artwork [48], chemical detection in environmental sci-
ences [49, 50], as well as forensic science [S51]. Therefore, SERS is a powerful tool for
material analysis with cross disciplinary importance, which is why we utilise it throughout

this thesis.

1.2 Thesis Structure

Our research focuses on using nanoparticles on a film to produce nano-gaps between the
nanoparticle and a metallic layer below, these nano-gap formations are used throughout
the thesis. We begin in Chapter 2 by describing the underlying theory, which describes
the optical phenomena we are investigating. Then, Chapter 3 details the most relevant
work published in the field with critical analysis of the techniques involved. After this,
we show our research methodology in Chapter 4, explaining the experimental procedures,
and device fabrication techniques used throughout the research.

Chapter 5 provides a complete theoretical description of the particle on a film geo-
metry. These structures were analysed via FDTD methodology using Lumerical solu-
tions, which is a commercial Maxwell equation solver and is used as a standard within
this field for light matter interaction calculations. By presenting this systematic study of
the nanoparticle geometry and nano-gap parameter sweeps, we are able to fully refine the
structure for generation of large electromagnetic fields both in the near-field excitation,
and far-field emission. This will be integral toward achieving the photon output necessary
for single molecule detection, which we aim towards in later parts of the experimental
sections. It is shown that examining optimisation characteristics of the plasmonic nano-
gap regarding nanoparticle size and gap width is extremely important to generating the
fields required for single molecule detection [38, 52-65].

Following this, Chapter 6 gives a fully descriptive account for SM-SERS of fluor-
escent dyes. SERS spectra are acquired from materials suspended in a polymer matrix
cavity of 5 nm thickness between metallic nanoparticles and a 100 nm thick metal film.

Maximum enhancement has been shown to take place in localized hot spots within these

4
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gaps [24, 25, 27]. We show the optimisation process to prepare the most ideal nano-gap
structure from gold and silver nanoparticles of different sizes and shapes, allowing us to
select the most suitable structure to coincide with our excitation wavelength for single
molecule investigations.

Practical investigations of Rhodamine 6G (R6G), and Crystal Violet (CV) were per-
formed both separately, as well as in mixtures at low concentrations. Single molecule
detection in this case is defined when orientational effects take place. At higher con-
centrations, the SERS signal will be attributed to many molecules of random orientation
and the average effect will present all Raman modes within the collected spectra. How-
ever, when concentrations of the target material drop sufficiently, certain modes from the
spectra will diminish or be lost all together. This is because the dipole moment of the
molecular bonds from this orientation are either aligned, or misaligned with the electric
field of the nanostructure, which dictates whether the signal is enhanced or not. SERS
has the benefit that, unlike fluorescence, quenching does not occur when materials are in
close proximity to the metallic structures, allowing these small minimalist structures to be
fabricated with no spacing layers from the material to the metal. These fluorescent dyes
have a well categorised Raman spectrum [66—70], and are shown to be distinguishable via
these methods when in a mixture. The research deals with detecting the materials together,
down to significantly low concentrations such that the spectra provided via scattered light
from the nanostructure will be attributed to single molecules, and both materials can be
successfully distinguished from one another. The work is integral to understanding SERS
sensing and has wide applications, most notably, as we show in later parts of the thesis,
in the field of biosensing.

Continuing the work on single molecule detection, Chapter 7 investigates Raman
spectra from fluorescent conjugated polymers, which form the cavity between the particle
and the metal film below. This system differs from the previous case as no secondary
polymer was used to suspend the material. Therefore, nano-gaps were not kept at a uni-
form thickness and become narrower as concentration is reduced. The benefit of this is

that it is possible to take advantage of the higher enhancement effects of the narrower
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nano-gap, however, we can no longer define the single molecule regime as we did before.
In this case, we define single molecule characteristics by the blinking effect. The lack of
polymer matrix to form a barrier between the target analyte and the metallic nanostructure
means it is in direct contact, and therefore chemical enhancement effects can attribute an
additional 10" — 102 x enhancement [71]. We show this intensity blinking effect via fluc-
tuations in the 1605 cm~! C-C stretching mode, which is the most prominent peak visible
for F8-PFB via continuous measurements of individual particle cavity systems. Although
the mechanisms behind the blinking effect in SERS is still a topic of debate and not fully
understood, intensity blinking is considered to be a good indication of single molecule
characteristics. One explanation suggested for the fluctuation of intensity is thermal dif-
fusion of the single molecule in and out of the hot spots produced by the nanostructures
which generate the large enhancement of signals [36, 72, 73].

Chapter 8 shows the potential for the nano-gap in this configuration to be used with
biosensing. We demonstrate the system being used on lysozyme and Bovine Serum Al-
bumin (BSA), which are proteins commonly found in living organisms. The lysozyme
work deals with understanding the changes in the material’s structure when exposed to
UV light for given periods of time. UV light possesses a considerable amount of en-
ergy, sufficient to break C-C bonds, and capable of ionising an aromatic residue via
photo-oxidation. Photons in the UVB range from 280 — 315 nm have energies between
3.94-4.43 ¢V, which is likely to be sufficient for ionization of Tryptophan (Trp), a key
component of lysozyme. We show through successive Raman spectra of lysozyme un-
der UV light exposure, changes in the conformation of the material as time progresses.
Following this, we examined BSA to give clear, defined peak positions of a biological
analyte using the particle on a film geometry. We compare the spectra recorded from
the nanoparticle clusters mixed with the BSA, with respect to the BSA in absence of the
particles to quantify the enhancement they provide. The data suggests an enhancement
of ~ 15.5x from the nano-clusters relative to the film. We can see that these devices are
fully capable of detection of biological materials even at low concentrations from these

preliminary results. However, more optimisation and a deeper understanding about the
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functionality of these systems is necessary to design a LSP based biosensor tuned to our
laser setup.

Following this, Chapter 9 details work performed via the theoretical study of dielectric
slabs and Distributed Bragg Reflectors (DBRs) coupled to nanoparticles. In the previous
results chapters, we have shown that there is typically a broad plasmon resonance associ-
ated with the system, however, coupling to dielectric slabs produces narrower hybridised
modes. In order to improve the line-width, and hence the Quality factor (Q-factor) of the
coupled hybrid system, a methodical, theoretical study was carried out. The Q-factor is a
measure of the peak scattering relative to its respective line-width, the higher the Q-factor,
the higher the FoM the device has for plasmon based sensing. First, we showed the differ-
ence between the particle on its own compared to the system with a dielectric slab or DBR.
Then, scattering cross sections were recorded for a particle size sweep with a fixed DBR
stop-band. The nanoparticle was shown to be scattering dominated within its extinction
spectrum when its diameter exceeded 150 nm. Afterwards, a sweep of DBR stop-bands
was performed for the 200 nm gold particle. This allowed the system to be properly tuned
together and proper coupling to be achieved. When using a 700 nm stop-band DBR,
we notice optimisation in the peak intensity with high Q-factor of the hybridised modes.
The 200 nm gold particle coupled to the 2 um thick dielectric slab produced the largest
Q factor of our structures investigated, however there was a trade-off with its scattering
cross section being lower.

Finally, a summary of the main points from each chapter is detailed in the conclusion
of the report, we summarise the main findings and discuss any future projects the results

detailed here may open the possibilities to.



Chapter 2

Theory

This chapter aims to outline the main theoretical concepts and introduce the background
knowledge applicable to the research undertaken. This will encompass the general the-
ory of plasmonics describing how surface plasmons and localised surface plasmons are
generated where plasmonic events are described by oscillations in the delocalised sea
of electrons of noble metals. Throughout this chapter, we show the main principles of
electron behaviour in noble metals under the influence of incident light which forms the
foundation of plasmonics governed by Maxwell’s equations. We describe the behaviour
of electrons mathematically with the Drude-Lorentz theoretical model. Following this, the
concepts of surface and localised surface plasmons are introduced. Within these sections
we discuss the principles used to understand the optical properties of metals in which we
outline the main principles of the quasistatic approach as well as Mie theory.

Next, a breakdown of radiative and non-radiative processes are described through the
use of energy level diagrams, where we discuss absorption and emission as described by
Fermi’s golden rule. Subsequently we apply our knowledge of plasmonics to Raman scat-
tering. Then through the application of plasmonic nanostructures we show the enhance-
ment characteristics of surface enhanced Raman scattering which forms the fundamental
basis to our experimental chapters.

Lastly, we delve into the theoretical characteristics of Finite Difference Time Domain
(FDTD) calculations. We show how they are utilised to calculate the electrodynamic field
behaviour both in the near-field, as well as projected to the far-field. As well as this, we
discuss the limitations of these simulation environments.

The intention therefore, is to describe the fundamental principles of these research

environments and the way in which they function.



Chapter 2. Theory

2.1 Maxwell’s Equations

Plasmonics is a rapidly developing field of research which investigates the interaction
mechanisms of electromagnetic fields impinging on metallic structures. The optical prop-
erties of metallic nanostructures have been utilised for many years dating as far back as
the 4¢h century AD where the Romans used nanostructures in glasses to scatter and gen-
erate brilliant colours [9]. The same techniques are also used in church windows as seen

in Figure 2.1.1.
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Figure 2.1.1 — (a) Lycurgus cup, green in colouration on the left, and red on the right
when light scatters through. Stained glass windows from (b) outside and (c) inside from
The Cathedral of St. Michael and St. Gudula is a Roman Catholic church in Brussels,
Belgium during the SPIE Photonics Europe 2016 conference.

Today, the field of plasmonics is flourishing with developments in nano-fabrication
techniques and utilisation of nanostructures for investigations into material analysis. This
section describes the principle theory behind the science used throughout the thesis. We

focus on plasmonics as described by the properties of metals via electromagnetism. Plas-
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monics can be described via electromagnetic interaction mechanics of light with materi-
als. We use the classical macroscopic picture of a metal where plasmons behave as charge
density waves that oscillate relative to the ionic lattice of positive charged nuclei. From
this outlook the plasmons are damped in the electron-hole pairing via a restoring force
which will be discussed in later sections.

We begin with Maxwell’s equations, which completely describe how electromagnetic
fields interact with metals in the classical sense. In this classical representation, the plas-
monic response via a driving electromagnetic field is described as the local polarisation
of the metal particle’s Fermi sea of electrons. By implementing the macroscopic dielec-
tric response of the material, the plasmon modes and optical response can be determined.
Therefore, Maxwell’s equations are incredibly powerful foundations for descriptions of

plasmonic behaviour under classical optical fields and are given by [4, 74]:

V.D=0pex (2.1.1a)
V.B=0 (2.1.1b)
oB
VXE=—— 2.1.1
X o ( C)
VxH:Jex,+%—]t) (2.1.1d)

The equations shown in 2.1.1 intimately link the four macroscopic fields: D, the
dielectric displacement, E and H, the electric and magnetic fields respectively, B the mag-
netic induction/flux density, along with Jext, the external current density and p.y; which
represents the external charge density. Where in this case the total current and charge
densities would be represented by Jiot = Jext +J and peot = Pext + P respectively. Where
we use J to represent the internal current density and p for the internal charge density.
Additionally, given linear, isotropic material properties we can link the polarisation P and

magnetisation M by the following:
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D=eE +P (2.1.2)
1

H=—B-M (2.1.3)
Ho

Where we have the dielectric constant € (8.854 x 10712 F-m~1), and Uo is the mag-
netic permeability (1.257 x 107 H-m™!) in a vacuum. We can neglect M as we limit
our discussion to non-magnetic media, P represents the electric dipole moment per unit

volume within the material as a result of the contribution from the alignment of media’s

dipoles. We can relate this term to the internal charge density V.P = —p, and for charge
conservation V x J = —dp/dt, requires that internal charge and internal current densities
satisfy:
oP
= — 2.14
J=7 (2.1.4)

Because the macroscopic electric field contains all polarisation effects, both the in-
duced as well as the external fields are contained within the following relation. By sub-

stituting equation 2.1.2 into equation 2.1.1a we arrive to Gauss’s law:

V.E = P 2.1.5)
€

For linear materials we define the following:

D =¢egE (2.1.6)

B = yuoH 2.1.7)

Here, € and u represent the relative permittivity and relative permeability respectively
(for non magnetic media u = 1), they are both related to the complex refractive index of

the material via n = ,/€u. That is, the complex identities of the permittivity and refractive
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index can be expressed as €(®) = €;(®) + i€z (®) and n(®) = n(®) + ik(o®) respectively.
Each component of the relative permittivity is given by &; = n> 4+ k> and €, = 2nk, where
K is the extinction coefficient and determines the absorption attributed to electromagnetic
waves propagating through a medium. As the light progresses along the surface of the
medium, its exponential decay in intensity can be described by Beer’s law which, for
light propagating in the x direction is given by I = Ipexp (—px). Where the absorption
coefficient is given as:
2k ()

B(w) = 2 (2.1.8)

(4

Dispersion in the medium is attributed to the real part of the complex refractive index
n(®), whereas the imaginary part is responsible for the absorption. We can also define the

dielectric susceptibility ) and its relationship with P and E:

P =g E (2.1.9)

So, substituting equations 2.1.2 and 2.1.9 into 2.1.6 yields € = 1 +%. We can say there-
fore, that through Maxwell’s equations, which govern the properties of electromagnetic
interactions with media, we can describe the response of electrons within noble metals
such as gold and silver under the influence of a driving field via the dielectric function

e(w).

2.2 Drude-Lorentz Model

2.2.1 Drude Model

The Drude model describes the optical properties of metals, where we consider the con-
duction electrons in a metal as being free and unbound, therefore being uniformly dis-
tributed throughout the material. This is also referred to as the plasma model where a
plasmon is a collective oscillation in this free electron sea. This section will deal with

summarizing the optical response of a material when dealing with plasmonic events. The
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Drude model takes into consideration electrons in metals near the Fermi level, where they
are able to be excited to another energy state by incoming photons and are hence con-

sidered delocalised. A visual representation of the Drude model can be seen in Figure

(%)
L) - Ionic core
Py ’ ) - Conduction
¢
)

Electron
%)
J ”
= D > J
Figure 2.2.1 — Drude model demonstrating the kinetic behaviour of electrons interacting
with heavier positive ions.

2.2.1.
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In the plasma model, the electrons in a metal are treated as a “sea” or gas cloud with
effective mass m and among a lattice of positively charged ions. This model is governed

by the equation of motion [4, 74]:

mE Lyt — R 2.2.1)

When an electric field E (1) = Egexp (—imt) is applied, the electrons will begin to
oscillate, 'y is the damping term and corresponds to the collision rate of the electrons with
the positive ions (ignoring electron-electron interactions). We can express our damping
termas’y= % where 7 is the relaxation time of the free electrons (with T~ 10~'% s at room
temperature). These oscillations can be given for the electron as x (1) = xpexp (—ier) and

this complex amplitude can be expressed in response to the driving field as:

e

x(t) = ME (1) (2.2.2)

For a free electron gas in a given cubic volume with mass m, where e is the charge of an

electron (1.60217662 x 10~ C). Although the electrons experience no interaction with
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one another, they collide and interact with the lattice of atomic cores. The displacement
of electrons generates a polarisation given by P = —n.ex, where n, (m ™) is the number

density of the free electron gas. Inserting this into equation 2.1.2 yields:

o2
D=¢g <1 —2—"_> E (22.3)
o~ + iyo

Where ), is the plasma frequency, which describes the natural frequency of the de-
localised electron sea. Below this frequency, electric fields are reflected from metals.
However, once exceeded, surface plasmons are generated. We can write the plasma fre-

quency as:

2
nee
W, = 224
P Eym ( )
Therefore this brings us to the expression for the Drude model:
2
g(@)=1-—"-— 225
(®) ®?% + iy ( )
Separating the real and imaginary parts gives:
0’t?
Re(e(w)) =1- —L— 2.2.6
c(e(®) = 1- Loy 226)
ne(w) = =2 @27)
E(W) = —"—>< 2.
" o (14 w?t?)

When dealing with larger frequencies, with ® approaching ®,, ®t > 1 making the
damping coefficient negligible, hence € (@) will reduce to predominantly its real compon-

ent with:

g(w)=1--2L (2.2.8)

On the contrary, when dealing with very low frequencies such that ® < v, the absorp-
tion, given by Jm(e(m)), is large relative to the real component and the energy attributed

to the electromagnetic wave dissipates into the material. In this case, the real and imagin-
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ary components of the refractive index are given by:

nK= = (2.2.9)

The absorption coefficient can be given as:

1

20270\ °
B= 2 (2.2.10)
And by introducing the conductivity term 6y = %21 = 0)%,1:80 we get:

B = \/260muo (2.2.11)

This leads us to 8 which is known as the skin depth which for low frequencies Beer’s
law of absorption tells us that fields decay inside a metal as exp (—z/8). The skin depth
describes the penetration depth of electromagnetic waves into the metal and can be ex-

pressed as:

2.2.12
B ko o ( )

When dealing with real metals, there are some corrections that must be made in order
for the Drude model to resemble that of experimental data. An extension of the model
is required to describe the highly polarised environments when ® > ®, due to the the
positive background of the ion cores. We can account for this by modifying equation
2.1.2 with Po, = €y (€ — 1) E. The effect is then described by the dielectric constant €.

(typically 1 < &, < 10) allowing us to write:

(O

- 2.2.13
®?% + iy ( )

€(0) = €

The Drude model has limiting factors however, not taking into account interband
transitions i.e. bound electrons being optically excited to higher energy levels. This then
leads to an increase in Jm(g(®)) at higher frequencies. We can see this in Figure 2.2.2

where the real and imaginary parts of the dielectric constant are plotted for silver using
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experimental data from Johnson and Christy [75] and using the Drude model [4].

® Experimental Data
0 —Drude Model KhD)
o

@ Experimental Data
—Drude Model

Im[e(w)]

Energy [eV] Energy [eV]

(a) (b)

Figure 2.2.2 — Re(e(w)) and IJm(e()) for silver using experimental data from Johnson
and Christy (red dots), [75] as well as the Drude model fit of the data (black lines) [4].

We can see the interband transitions in the high energy region, where electrons from
the valance band which are excited to higher bands are not accounted for with the Drude
model. This is where the Lorentz model comes into practice and an additional term must
be added to more accurately describe the data. Lorentzian line-shapes are used to model

the contributions of interband transitions [4, 74].

2.2.2 Lorentz Corrections

The Lorentz oscillator model proposed by Dutch physicist Hendrik Antoon Lorentz in the
19" century describes the optical response of atoms and molecules, taking into consid-
eration band effects and interband transitions. The model considers the atom as a mass

(nucleus) connected to a smaller mass (the electron) via a spring as seen in Figure 2.2.3.

&9 .
/@ J - Jonic core
J &) - Conduction

Electron

Figure 2.2.3 — Lorentz oscillator model.

The spring oscillates in response to the electric field interacting with the negative
charge of the electron and operates classically under Hooke’s law. The field attracts or
repels the electron which in turn compresses or stretches the spring, this concept forms

the basis of the Lorentz oscillator model [76]. To overcome the deficiencies in the Drude
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model, we modify the equation of motion to describe a damped harmonic oscillator model
which has a natural frequency mg(rads - s~ 1. Therefore the classical forced harmonic

oscillator can be described with damping as:

d*x dx

mﬁ + myE +moyx = —eE (2.2.14)

In this case, this solves to the Drude-Lorentz model where:

2
_ ®p + Ai
O +iy0 07 — o —iY0

€(0) =€ (2.2.15)

Here, A; is the oscillator strength of the transition at ®; with damping constant 7y;. This

can be extended for multiple transitions and provide better fitting shown by:

> N A;
8(03) = €0 — 2—[7‘_ Z 2—1 (2.2.16)
O+ A of —o-—io

Where the oscillator strength satisfies the condition that } ;A; = N, where N is the
number of electrons in the molecule [76, 77]. The Drude-Lorentz model helps give very
accurate relations with electromagnetic processes in metals.

The Drude model is generally valid for describing the optical response of metals where
the photon energies are less than that required to achieve interband transitions. However,
when describing noble metals such as gold or silver, which are most commonly used in
plasmonics, the approach becomes unreliable as interband transitions occur in the UV-
visible part of the spectrum for these metals. This is where the Drude-Lorentz model is
required.

The classical approach to nano-gaps between metallic structures assumes a defined
interface between the surfaces, where there is no exchange between the abrupt gap of the
materials. However, at sub-nanometre distances between plasmonic structures classical
descriptions of electrodynamics begins to break down and a quantum description of the
system is required due to non-local screening and the spill out of electrons [78—81]. Mod-
els have been formulated to account for these effects which typically occur below 1 nm

[82]. As these events tend to occur at smaller distances than what we have investigated in
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the work of this thesis, they are not discussed here.

2.3 Surface Plasmons and Localised Surface Plasmons

Surface Plasmon Polaritons (SPPs) as their name suggests, are electromagnetic interac-
tions which propagate at the interface between a conductor and dielectric with an electric
field oscillating perpendicular to the surface. They arise as a result of oscillations of the
metal’s surface electron plasma. The electrons in the conducting material are displaced
by the incoming electric field. Their most alluring property stems from their ability to

confine light at the metal-dielectric interface at sub-wavelength scales [4].

Dielectric ‘EZ

VA
€
X

. R LT T
z<0 HQO

Metal

Figure 2.3.1 — Surface plasmon propagation at a metal dielectric interface depicting the
electromagnetic wave penetration and exponential decay in both mediums. H® repres-
ents the magnetic field direction into the page.

Given the appropriate circumstances, incident electric fields can excite a longitudinal
wave of electrons, this electron wave then produces its own electromagnetic wave. Due to
electromagnetic waves penetration depths being shallow in metals (referred to as the skin
depth of the material), the wave is confined to its surface, it then exponentially decays
away from it as shown in Figure 2.3.1 [83].

The dispersion relation for SPPs at a metal air interface can be expressed in the fol-

lowing form:

? )
ck 1| o2 0
w_x =13 2 (w_) (2.3.1)
P w2 P

Where c is the speed of light and &, is the propagation constant of the wave which

corresponds to the wave vector in the x direction. This equation is shown graphically in
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Figure 2.3.2.
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Figure 2.3.2 — SPP Dispersion relationship. The black line represents the bulk plas-
mon frequency, the red is the light line (where kjigniiine = nw/c so when normalised
ckiighttine /n®, = ®), the green is the plasma frequency and the blue is the surface plas-
mon frequency.

By plotting the dispersion relationship for light and the surface plasmon, it can be
shown that because the wavenumber is inversely proportional to the wavelength, the
wavenumber of a surface plasmon is always larger than that of a photon. Thus it can
be said that a surface plasmon has a shorter wavelength than light of the same frequency
(4, 74].

The drawback from SPPs having a different dispersion relation is that when we con-
sider this relation in terms of energy and momentum, surface plasmons always have a
larger momentum than a photon of the same frequency. Because energy and momentum
are always conserved, additional momentum is required to access the SPP. This can be
seen in Figure 2.3.2 where the momentum mismatch with the incident light line forbids
direct coupling. As surface plasmons cannot be directly coupled to incident light, there-
fore, light on a smooth metal surface will never generate a surface plasmon. The most
common methods of overcoming this feature of SPPs involve indirect coupling either
through a prism, or alternatively via surface features such as periodic gratings or rough-
ness. These methods are not investigated through this thesis so are not delved into with

great detail in this theoretical section [4].
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Localised Surface Plasmons, or LSPs, behave as non-propagating excitations of the
conduction electrons of metallic nanostructures coupled to the electromagnetic field. LSPs
are confined to the nanostructure (typically gold, silver, aluminium or copper). Gold is
often preferred as it is highly chemically stable, as well as being resistant to surface ox-
idation, also, its plasmonic behaviour is well documented. Silver also has its advantages
exhibiting very narrow peak spectra and has been shown to be strong when used for plas-
monic experimentation in the visible light frequencies, it is however susceptible to ox-
idisation under normal laboratory conditions [19]. For biosensing purposes noble metal
nanostructures in the form of nanoparticles are used to generate LSPs coupled to their
surface via interactions of incoming electromagnetic waves with the nanoparticles.

When light interacts with a metallic nanoparticle the electric field causes a collective
oscillation in the nanoparticles electron cloud. At certain frequencies of incident light,
Localised Surface Plasmon Resonances (LSPRs) can occur, where the incident electro-
magnetic radiation matches the natural oscillations of the electrons. The curvature of
the nanoparticle creates an effective restoring force on the electrons which leads to the

resonance of their oscillations. This is shown diagrammatically in Figure 2.3.3.

Electric Field

Electron Cloud

Figure 2.3.3 — Plasmon oscillation displaying the electron cloud (yellow) oscillating
about the nuclei due to the incident electric field (blue) [14, 15, 74].

When considering nanoparticles, the oscillations of charge within the confines of the
material and field distribution on the surface of the material is quantised in 3 dimensions.

Therefore, the particle will support discreet plasmon modes, the most basic of which is
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depicted by the dipolar mode confined to a spherical nanoparticle depicted in Figure 2.3.4.

Eq

Z

Figure 2.3.4 — Dipolar mode for a spherical particle illustrated with the driving external
field.

In contrast to the propagating modes described previously with wavevector k, the
modes confined to nanoparticle structures are standing waves with resonance dictated by
the form of the nanostructure itself which can be coupled to directly. This is a beneficial
contrast to SPPs which require extra techniques in order to couple the incident light and
overcome the momentum mismatch. It is important to note that although the modes con-
fined to a nanoparticle are considered to be at a specific wavelength, the resonance itself
is quite broad, especially past high frequencies due to damping in the metal. The reson-
ances correspond to collective displacement of the Fermi electrons relative to the particle
as a result of the driving electromagnetic field. This then generates a restoring force
between the negatively charged electrons and the positively charged ion cores within the
metal. The charge accumulates at the surface and positive and negative charges appear on
either side of the nanoparticle as indicated in Figure 2.3.4. The magnitude of the restoring
force 1s dependant on the distribution of these charges. The restoring force, successively,
defines the oscillation frequency, and so the LSPR thus depends on the dimensions of the
nanoparticle.

We can then intuit that the positions and densities of the electron charges will be

determined by the particle geometries. Noble metals have plasmon resonances in the
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visible and near-infrared regions of the light spectrum due to their high free electron
densities. LSPs are responsible for the intense fields confined to the surface of metallic
nanoparticles and arise due to excitation at resonant frequencies [74].

For small particles, LSPs can be described via the quasistatic approximation.

2.3.1 Quasistatic Approximation

The electrostatic, or quasistatic approximation, allows for retardation effects to be ignored
under the assumption that the nanoparticle is of the order of size much below that of the
excitation wavelength. Therefore, the electric field is considered to be uniform across the
particle so d < A where d is the particle diameter. This solution is capable of adequately
approximating scattering characteristics for small nanoparticles relative to the incident

wavelength (typically < 100 nm in diameter) [4, 74].

E,

P

Z

Figure 2.3.5 — A metallic sphere with radius R under the influence of an electrostatic
field in the z direction.

Assuming the electric field is uniform across the nanoparticle, the nanoparticle be-
haves as a dipole, with dipole moment u in the z direction and the polarisibility can be

expressed as:

€nm—&q 3
oa=4neyg| —— | R 2.3.2
0 [em+2£d] ( )

Where oo = u/Ey is the polarisability of a spherical particle [74]. Therefore, maximal
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enhancement occurs at the resonant excitation €,, = —2¢€, [84]. This relationship is known
as the Frohlich condition. This collective coherent oscillation is described as the dipole
plasmon resonance of the particle [15]. The polarisability can then be used to calculate

the absorption and scattering cross section for the particle in a vacuum or air.

k En—€y
=—7 = ATkR3Jm | 2 < 2.3.
Oubs & Jm () kR’ Jm (Sm +2Sd) (2.3.3)
4 2
0] 2 8 4 6 €m—E4
c =—|a|"==nk"R° | ——— 234
S omegct o 3 (em +28d) (2.34)

Where the wave vector is given by k. We can see therefore that G, o< R> scaling as
a function of volume V, whereas Gycqs o< R® scaling as a function of V2 due to scattering
being a two step process involving absorption and then re-emission of light. These equa-
tions function for small spherical nanoparticles, however adjustments must be made for
ellipsoidal particles where more detail is given in the referenced material [4, 74].

When the laser light is resonant with the surface plasmon a dipolar electric field E), is
radiated dependent on the nanoparticle radius R, its distance from the nearby or adsorbed
molecule ry,p7¢cule, the dielectric constant € and the incident field Ey. This relationship is

shown in equation 2.3.5 [85].

3

€n—€g R

Eg, = E 2.3.5
P En+ 284 (R + rmolecule) 0 ( )

When a nanoparticle is irradiated with light the electron cloud is displaced from the
nuclei, the oscillation then occurs due to the restoring coulombic force attracting the neg-
atively charged electrons back to the nuclei. From this, at certain frequencies, dipole
plasmon resonance occurs. The frequency of the oscillation is determined by four factors:
electron density, effective mass of electrons as well as the size and shape of the charge
distribution [16, 17]. Common variants of nanoparticle shapes include but are not limited

to spheres, nano-rods, cubes, triangular prisms, discs and triangles.
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2.3.2 Mie Theory

Until now we have only described the optical properties of nanoparticles within the elec-
trostatic limit where the particle diameter d < A. For larger particles the validity of the
electrostatic approximation breaks down and the optical response becomes more complex,
where higher order modes can be excited in the particle. The methods of describing these
optical properties were developed in 1908 and are known as Mie Theory [12]. Because of
the complexity of these calculations we do not describe them in detail here, however, they
can be found in literature [76, 86]. Instead, as an example we show the extinction, scat-
tering and absorption cross sections for gold and silver nano-spheres 100 nm in diameter

in a medium with refractive index n = 1 to illustrate this in Figure 2.3.6.
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Figure 2.3.6 — Extinction, scattering and absorption cross sections of (a) gold, and (b)
silver nano-spheres 100 nm in diameter using Mie theory [87].

The quasistatic approximation does not work for particles of this size as the electric
field is not uniform across them. Therefore, Mie theory gives a more accurate represent-
ation of their optical properties. Mie theory expresses the electromagnetic field solutions
as a series (infinite sums) of vectors known as vector spherical harmonics. From this point
it is possible to calculate the optical phenomena such as scattering and absorption cross
sections. Software can be used to calculate these fields for N terms to produce reasonable

results (where generally N ~ 100 ensuring convergence for larger N).
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2.3.3 Plasmon Hybridisation

When SPPs from different nanostructures are brought together, coupling occurs between
them, the effect is known as Plasmon hybridisation. The hybridisation model has been
formulated to describe the plasmon response when coupling nanostructures to one another
[88]. The results have been shown to give exact agreement with Mie scattering theory for
nano-shells, where the interaction strength is dictated by the thickness of the metal shell
layer. This allows for the plasmon response to be tuned via changing the thicknesses
of these layers [88]. In the plasmon hybridization model, the plasmons interacting with
one another are expressed as the primitive plasmon components associated with each
elementary surface of the system. The plasmons of each nanostructure can be viewed as
incompressible deformations of the electron gas of the particle against a uniform, rigid
background of positive charge [89].

Plasmon coupling between nanoparticles can be viewed as the hybridisation of their
component plasmon modes. In this model, for nanoparticle dimers, the plasmon modes
of the interacting nanoparticles hybridise either in, or out of phase which leads to either a
lower energy bonding mode, or a higher energy antibonding mode respectively. This is

represented in Figure 2.3.7.

Bonding

Figure 2.3.7 — Plasmon hybridisation model for a nanoparticle dimer. The combination
of the plasmon modes for the dimer is expressed as an interaction of the constituent
plasmon modes of each particle [90].

The in, and out of phase combinations correspond to the bonding (&), and antibonding
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(6*) modes for incident light polarised along the longitudinal axis of the nanoparticle
dimer. When bonding occurs in this configuration, the electric field is localised to the gap
between the particles and the LSPR is red-shifted. However, for antibonding, the electric
fields are at the ends of the nanoparticle dimer and the LSPR is blue-shifted.

Alternatively, when the incoming light is transverse polarised along the short axis
of the nanoparticle dimer, the in phase mode corresponds to the antibonding mode (7t*),
whereas the out of phase mode reflects the bonding mode (7). In the case of transverse
polarisation, the LSPR shifts are much weaker. Also, it is important to note that the out
of phase modes do not exist in homodimers as a result of the cancellation of the dipoles
on the two particles which are equal but opposite in direction.

In our work, we investigate a system with a particle on an extended film with a small
spacing layer between them. In this case, the system has two types of interacting plas-
mons: The LSP confined to the nanoparticle, and the SPP which is described as electron
density oscillations bound to the surface, yet free to propagate along the metal below [91].
The interaction of the LSP and the surface plasmon continuum of the film typically pro-
duces two resonances in the case of the spherical particle system; The low energy mode
which is attributed to the SPP in the film, and the higher energy LSP mode associated
with the nanoparticle [91].

This system has also been modelled with the plasmon hybridisation method [92].
Showing that when nanoparticles are in close proximity to a metallic surface, there is
a shift in the plasmon energy as a function of separation distance. This is a result of

hybridisation between the solid nano-sphere and the extended metallic film below [92].
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Mode coupling diagrams for a nanoparticle on a metallic film separated by

a thin dielectric spacer. Where, L represents the horizontal image dipole coupling. L,
represents coupling to the vertical image dipole. Whereas, L3 and L4 show the horizontal
and vertical LSPR coupling to the SPP in the film respectively [93].

Four coupling modes exist for this system: L; and L, modes represent the coupling

for the horizontal and vertical image dipoles of the system, while the L3 and L4 modes

show the horizontal and vertical LSPR-SPP coupled modes respectively. It should be

also be noted that the presence of the dielectric spacer between the nanoparticle and the

metallic film facilitates the excitation of SPP modes via off-normal excitation overcoming

the momentum mismatch from the incident light [93]. A similar effect can also be seen

from metallic nano-tips separated by nanometre distances from metallic films [94].

It has also been shown that for nanoparticles near a metallic surface, the interaction

is dependent on the thickness of the metallic film [89]. In the case of thin films, it is

shown that the high energy hybridised plasmon is a result of the LSPR of the nano-sphere,

whereas the broad, low energy mode results from SPPs in the film and can be viewed as

an incomplete image-like response from the nanoparticle coupling to it [89].
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It can therefore be said, that the complex plasmon response in coupled metallic nano-
structures occurs as a result of interaction between the individual components of the sys-
tem. The plasmons generated in these hybridised systems are a result of interactions

between each structure.

2.4 Radiative and Non-Radiative Processes

The following sections detail the electromagnetic processes involved in the transitions
between energy levels of molecules. The most beneficial property of this in spectroscopy
is the ability to acquire material information via excitation of a target with laser light. The
incident light has the potential to reveal material properties via radiative processes of a
target molecule. Light matter interactions can be visualised using the Jablonski energy

level diagram in Figure 2.4.1.
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Figure 2.4.1 — Jablonski energy level diagram detailing the energy level transitions of
molecules in radiative and non-radiative transitions of states. Blue arrows represent ab-
sorption processes occurring over times of the order of 10~!> 5. Purple arrows are the
internal energy transitions with the environment or within the molecule itself as a result
of losses via heat (usually over the time-frame of the order 107! 5). The green arrow is
the relaxation of the molecule from the excited state back to the ground state, this process
occurs over times of the order of 1078 5. The red arrow shows the transition from a triplet
state back to the ground state through phosphorescence, this process occurs over times of
the order of 1073 s or more [95].

The Jablonski diagram is named after Professor Alexander Jablonski who is regarded
as the father of fluorescence spectroscopy due to his contributions to the field [96]. The

electronic energy levels here are represented by the thicker black bars depicted as So,
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S1 and S, with the thinner bars being used to represent the vibrational energy levels the
fluorescent chemical compound can reside in. The singlet ground state Sy is the lowest
energy level of the molecule and each subsequent number 1, 2 and so on is used to refer
to the next excited state. Transitions occur in very short time-frames as shown in the
diagram, these times are too short for significant displacement of nuclei which is known
as the Franck-Condon principle [95]. We can illustrate the Frank-Condon principle for

the transition probability for vibrational energy levels in Figure 2.4.2.

Energy

Nuclear Co-ordinate

Figure 2.4.2 — Transition probabilities between energy states for a molecule in the ground
state promoted to an excited state and relaxing back for the favoured energy transitions
due to overlap in the initial and final vibrational wave functions [97].

Once in the excited state, the electron rapidly decays through the vibrational energy
levels (shown by the thinner black bars in Figure 2.4.1). This process is known as internal
conversion and happens over a period of 10~!? seconds. During internal conversion,
energy is lost to the environment or within the molecule itself as a result of heat losses via
vibration. After this, the electron will be in the lowest level of the S; state. From there, the
electron will decay to one of the sub levels of the Sy state, a photon will be emitted with
sufficient energy to conserve the difference from the transition, this process will happen

over a period of around 1078 seconds. As energy is proportional to the frequency for the
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photon, and the emitted photon has less energy than the absorbed photon, it is shifted to a

longer wavelength.

2.4.1 Absorption

The process of optical absorption involves the energy transfer of an incoming photon to
the molecule, the photon is then said to be absorbed. Absorption requires conservation of
energy such that E = Ey — E;. Therefore, a molecule at energy level E; will be promoted
to an energy level E; by an incoming photon of energy E [76]. There are two main
types of optical absorption; infrared absorption and electronic absorption and they involve
the promotion of an electron to a vibrational and electronic state respectively. Infrared
absorption is not used in our work in this thesis, so we go into no further detail here.
Electronic absorption involves electrons in their ground state Sy being promoted to an
excited state via the absorption of a photon. For fluorophores, this transition occurs in the
visible region of the light spectrum and provides a complementary absorption spectrum

associated with the molecule for its allowed transitions [86].

2.4.2 Emission

Emission is the reverse process of absorption, a molecule in the excited state Ey relaxes
back to its ground state E; and emits a photon equal to their difference in energy. Emission
can be divided in two categories; spontaneous (Figure 2.4.3a) and stimulated (Figure

2.4.3b) emission.

Spontaneous Emission Stimulated Emission
E; —— E; mo—

Ei_

(a) b

Figure 2.4.3 — The emission process for (a) spontaneous and (b) stimulated emission.

Stimulated emission involves an incident photon of equivalent energy as an available
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transition for a molecule to produce the emission of a photon of the same energy, phase
and direction as the photon stimulating its release.

Spontaneous emission however occurs spontaneously as the name suggests, resulting
from photons in the vacuum field. A molecule in the excited state relaxes back to its
ground state and thus emits a photon in the absence of the influence from stimulation
from an external source. This decay process occurs randomly, however, the distribution
of electrons decaying over the lifetime T will be described by an exponential function. In
the absence of nonradiative processes, this radiative decay rate, I' = % [95, 98], can be

described by Fermi’s Golden Rule in section 2.4.2.1.

2.4.2.1 Fermi’s Golden Rule

Fermi’s Golden Rule describes the transition from an excited state to a lower energy
state via a radiative process [99]. The rate of spontaneous decay can be expressed in the

following form:

2n
o= %\ (Ef |H|Ei) |*p (©) (2.4.1)

Where Hjy, is the Hamiltonian operator , E¢ and E; are the excited and ground states
shown in Figure 2.4.3. The Hamiltonian operator describes the transition as a result of
the interaction of the electric field amplitude (E) and the electric dipole (u) of the atom
Hjn = —u.E. Finally, p (o) is the density of photon states available for an emitted photon
with frequency ®. The density of states is defined such that p (®)dE is the number of
final states per unit volume that fall within the energy range for transition for the emitted

photons. The density of photon states in a vacuum is given by:

2
pl@)= 573 (2.4.2)

Fermi’s Golden Rule can therefore be said to characterise the spontaneous decay rate
for excited atoms via the emission of photons and is proportional to the density of final

states. [100, 101].
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2.4.3 Luminescence

Luminescence describes the emission of light from a material via the transition of elec-
trons from an excited state to a lower energy level. It can be divided into two categories;
fluorescence and phosphorescence, and is dependent on the nature of the excited state
in question. Fluorescence occurs from electrons in excited singlet states, where the elec-
tron in the excited state is paired to a complementary electron in the ground state with
opposite spin. Emission via phosphorescence results from photons in the triplet excited
states. In this case, the electron in the excited state has the same spin as that of its paired
counterpart in the ground state. Because of the Pauli exclusion principle, transitions to
the ground state are forbidden resulting in slow emission rates (typically around 103 to

109 s—1) [86].

2.4.4 Fluorescence

Fluorescence is the culmination of the processes described in the previous sections, where
electromagnetic radiation is absorbed and then re-emitted at a longer wavelength. The
emission process is irrespective of the excitation wavelength (known as Kasha’s rule).
The incident photon is absorbed by the target molecule and the electron at the ground
state is promoted to a higher energy state. When the electron relaxes back to the ground

state, it emits a photon with less energy which corresponds to a different wavelength.

2.44.1 Quenching

Quenching is a process that can occur during fluorescence leading to a decrease in the
intensity. It can result from a number of different mechanisms, for example, collisional
quenching occurs when the fluorophore in the excited state collides with another molecule
in the solution (known as the quencher). Collisional quenching prevents the emissive
process of the fluorophore and instead returns it to its ground state via a non-radiative

process. [95].
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2.4.5 Conjugated Polymers

Conjugated polymers consist of chains of repeated sequences of alternating single and
double carbon bonds. In this thesis, we investigate Raman spectra from F8-PFB which is

a conjugated polymer, where the chemical structure is shown in Figure 2.4.4.

CeHiz CaH17 B B
S OMO+0+Or
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- 0.05 N
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Figure 2.4.4 — Chemical structure for F8-PFB [102].

Conjugated polymers are known for their light emitting properties with their proper-
ties applying to many different research environments such as light emitting diodes [103],
photovoltaics [104] and even bio-sensing [105]. Due to the absence of work regarding
their detection at the single molecule regime via Raman spectroscopy, they are of partic-

ular interest for investigations throughout this thesis.

2.4.6 Scattering

When electromagnetic waves interact with matter, the incident wave excites the discrete
electric charges within the material. These charges then re-radiate electromagnetic energy,
the secondary radiation is therefore a result of the absorption and emission processes and
the resultant photon is said to be scattered light [76, 86]. Scattering is an immensely
important area of physics as it describes the interaction of light with media. All media
will scatter light in some way and scattering processes are used to describe how these
phenomena occur [86]. Scattering can be classified in two ways, as either elastic, or

inelastic scattering which we will discuss in terms of the Raman effect.
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2.5 The Raman Effect

Raman scattering was first discovered in 1928 by C.V. Raman (who won the Nobel Prize
for his work) and K.S. Krishnan in India. It was also discovered independently by Leonid
Mandelstam and Grigory Landsberg at a similar time [35, 100]. Raman spectroscopy is
a very powerful, non-invasive technique for material studies. It functions via the cre-
ation and annihilation of quantum vibronic modes in the target molecule which shift the

frequency of the scattered photon as seen in Figure 2.5.1 [100].
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Figure 2.5.1 — Energy level diagram of Raman scattering showing elastically scattered
light in the form of Rayleigh scattering, as well as inelastically scattered light in the forms
of Stokes and anti-Stokes scattering [76].

When electromagnetic waves are incident on a material, they interact with matter

in a number of ways, the Raman effect exploits certain characteristics of light scatter-
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ing. When light interacts with a material the majority of photons are scattered elast-
ically in the form of Rayleigh scattering, however, the small percentile of inelastically
scattered photons leads to the Raman effect. The energy difference between the incident
and scattered photons is equal to the energy of a high-frequency vibration in the target re-
lated via E = h®. Where, /i (known as the reduced Planck constant) is equal to /2w and
h is Planck’s constant (6.636070040 x 10734 J - ). This vibration corresponds to either a
phonon in the crystal lattice of the target or a vibrational mode in a molecule.

Light emitted via Raman scattering functions differently to what we have seen previ-
ously in the emission process. In this case, Raman occurs without changes in the elec-
tronic state of the molecule. The scattered photon is created in the Stokes or anti-Stokes
process with the molecular vibration upon interaction of incident light with the molecule.
Therefore, instead of considering the molecule to be excited to discreet energy levels, we
describe the transition so that the energy exchange between light and the molecule can be
thought of as involving a virtual state as seen in Figure 2.5.1b [74]. In the cases of Stokes
and anti-Stokes scattering, the photon shifts in frequency to account for the change in en-
ergy. The Stokes and anti-Stokes processes are dependent on the populations of the initial
states of the material, which in turn depend on the temperature. At room temperature, the
the upper state will be less populated than the lower state. Therefore, transition rates from
the more populated lower state to the upper state (Stokes transitions) will be higher than
in the opposite process (anti-Stokes transitions). Accordingly, Stokes scattering peaks are
stronger than anti-Stokes scattering peaks. The ratio between Stokes and anti-Stokes scat-
tering depends on the temperature, and can therefore be exploited to measure it. Because
the transition associated to Raman scattering is very fast (Tgs ~ 0.66 ps [106]), which we

can calculate from the following relationship [107-109]:

h
4ATAER S

TRS ~ (251)

Where the lifetime Tgs, is related to AEgg (eV) (used to denote the line-width of the
Raman mode [110]) via Heisenberg’s uncertainty principle. Therefore, the quenching

effect described in section 2.4.4.1 does not have time to occur [95]. The anti-Stokes
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process is typically much weaker than that from regular Stokes scattering and requires
the molecule to already be in an excited energy state, therefore Stokes is more commonly
used [76].

The Raman spectrum of a target material has a unique “chemical fingerprint” used to
identify its molecular structure. The Raman peak positions are dependent on the frequen-
cies of the Raman-allowed vibrational modes of the molecule, while the peak intensities
depend on the symmetries of the vibrations. The Raman shift vgg (cm™1), which is used
in spectroscopy to define the shift in frequency relative to the excitation wavelength can

be expressed as:

Vs = ((1/Maser) = (1/Asignat) ) 107 (2.5.2)

Where Ay, (nm) and hsignal (nm) are the wavelengths of the laser source and the
peaks in the Raman spectrum associated to the target respectively. Through observations
of Raman spectra, different features such as shifts in frequency or increased intensity to
the observed peaks give indications that changes to the position of the target analyte or
enhancement have taken place. The peaks produced in Raman spectra are very narrow,
typically around 5 — 20 ¢m™! varying in intensity based on surface selection rules [76].

Raman scattering rate, which describes the probability I'gg of scattering into a mode

of frequency ®; can be written in the form [100, 111]:

2

2 1
T (00.01) = 2001 (0) 5] (N(coo o (wo) 2.53)

Where S is the matrix element for the transition in question, while N(wp) and N(;)
are the photon numbers for the incident and scattered frequencies of light. The first and
second terms in the brackets of the equation describe the stimulated and spontaneous
scattering processes respectively. The coefficient 1/4w means the density of states is
calculated per unit solid angle. Since our work only considers spontaneous Raman pro-
cesses, by substituting in the expression for the photon density of states in a vacuum from

equation 2.4.2, we can rewrite this expression for spontaneous Raman scattering as:
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3
Lo s

1
Trs (@0, ®1) = 55 00N (@) NE L (2.5.4)

Where the refractive index term, n, comes from the medium in question. As @y ~ ®y,

we can state that the spontaneous scattering is proportional to 0)3 [111].

2.5.1 Raman vs Fluorescence

The main drawback from Raman when compared to fluorescence is the low efficiency.
Fluorescence cross sections for fluorescent dyes (dG sy, /dQ ~ 10716 ¢em? /sr), are much

0~2% cm? /sr), even for the

larger than the equivalent Raman cross sections (d6 s, /dQ ~ 1
most ideal case scenarios. As fluorescence can be 10”8 times more efficient than Raman
at scattering light, this means Raman signal is typically overpowered by the fluorescence
background [68]. Fluorescence is capable of single molecule detection on a routine basis,
whereas Raman requires enhancement from surface characteristics and metallic features
to produce the signal output required.

Raman does have advantages however, offering 102~ times sharper signals than fluor-
escence [68]. Raman offers full fingerprint spectra of the molecule being studied. The
spectra will be unique with highly specific features dependent on the molecular vibrations
from the bonds within the molecule. It is also “label free”, which is an attractive feature as
fluorescence usually requires fluorescent tagging of a non-fluorescent molecule. As Ra-
man is label free, the surface binding characteristics of the molecule under investigation
are unchanged.

Raman is more flexible, functioning at almost any wavelength of excitation. Not only
this, but Raman can be achieved from analytes adsorbed directly to the metallic substrate,
whereas quenching would occur given this situation for fluorescence measurements [112].
Although each technique provides its own benefits, Raman offers far more specificity
and molecular identification. Dealing with its shortcomings in signal output is achievable
through careful experimentation and systematic optimisation via surface enhanced Raman

spectroscopy, which is why this thesis utilises this technique.
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2.6 Surface Enhanced Raman Scattering

By combining the fundamental principles of plasmonics with Raman spectroscopy, we
arrive at Surface Enhanced Raman Spectroscopy (SERS). SERS allows for the generally
weak Raman signals to be amplified over several orders of magnitude, via the inclusion
of metallic nanostructures as a result of the highly localised regions of field enhancement
generated at their hot spots [71]. SERS offers non-invasive, label free detection character-
istics from these structures, which are extremely beneficial when working with biological
systems [38, 40-42, 54, 84, 113-119]. The narrow spectral width of the vibrational Ra-
man bands, and the relatively large spectral bandwidths of plasmonic resonances combine
to make SERS a highly versatile sensing tool for providing specific information about the
target molecule of interest.
Generally, Raman cross sections tend to be very low, usually of the order of ~ 10726 ¢m?

[57], and ~ 1022 cm? for single molecules [36]. However, it has been shown that using
metallic nanostructures boosts the low yield given from Raman signal, enhancing by or-

ders of 10’8 and even as high as 1010~11

within nano-gaps and via the use of metallic
tips [38, 76]. Still, the exact enhancement is difficult to quantify due to the estimation of
the exact number of molecules contributing to it. Also, it is worth noting that these num-
bers are generated from the maximum area of enhancement from the substrate or device
where the hot spots are generated, and the enhancement levels are generally lower for av-
erage enhancement across the samples. This enhancement can be attributed to two main
mechanisms; electromagnetic and chemical enhancement.

The main contributing factor is the electromagnetic enhancement via the light interac-
tion with the metals and is a direct relationship to the plasmon resonances discussed earlier
in the thesis. Electromagnetic enhancement is described by enhanced fields at the surface
of the metal which boost field strengths of materials in close proximity. Enhancement
factors of the orders of 1078 [38] have been reported and detection of materials down

to single molecule levels has been proven on numerous occasions [38, 52, 53, 56, 61—

63, 113, 120, 121].
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Secondly, chemical enhancement involves molecules with lone pair electrons or elec-
tron rich compounds which only has been shown to contribute around 10" — 10? times to
the enhancement [71]. In this process, the analyte adsorbed to the surface of the SERS
active site begins a charge transfer complex. The excitation radiation in this case gener-
ates an electron-hole pair and charge is transferred between the metal and analyte through
the bond generated between them. The Raman process occurs in the molecule and the
energy is transferred back to the metal for scattering to occur [112]. The actual cause of

this effect is controversial and still subject to debate.

2.6.1 Electromagnetic Enhancement Factor

To simplify concepts, we use the electrostatic approximation demonstrated in section
2.3.1, where the electromagnetic field is constant over the area of the sphere due to its
diameter d being much less than the incident wavelength of light given as Aj,.. In other
words, during excitation, the sphere is within the confines of a homogeneous external field
Ep, resulting in an induced dipole moment. The polarisation P is related to the magnitude
of the electric induced field within the sphere in the following way:

Eing = (2.6.1)

3g
As the polarisation is defined as the sum of dipole moments per unit volume, in this

instance P can be represented by:

_ Hind
4/3nR3

(2.6.2)

The induced dipole moment y;,; o Eg, where this proportionality is given via the
polarisability o, therefore leading to u;,; = 0tEy. Given the electrostatic approximation,

the polarisability for a sphere can be given by:

_ En(®) —84 | 13
o = dneg Lm OF ZEJ R (2.6.3)

Where €, and €, are the dielectric constants for the metal and the surrounding medium
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respectively. By substituting the polarisation and polarisability from equations 2.6.2 and
2.6.3 into equation 2.6.1, the following expression, which relates the induced electric
field with the dielectric constants of the material and surrounding medium as well as the

magnitude of the external electric field is given by:

| en(w)—gg
Eina = |:8m ((D) +28d:| Eyp (264)

Relating these concepts back to plasmonics, it can be stated that the magnitude of
the induced electric field is expressed in terms of the optical properties of the sphere, the
surrounding medium and the magnitude of the external field. This in turn leads to the
induced dipole moments within the metal which is attributed to the collective oscillation
of the delocalised sea of electrons within the metal oscillating with respect to the ionic
core lattice. In this instance, the LSP generated here not only enhances the incident field
(] E (wo) [*) but also the scattered field (| E (@) [*). Where @y is the frequency of the
incident photon and ®; is the frequency of the scattered Raman photon. Therefore, the

enhancement factor G is given as [62]:

(2.6.5)

Go |:£m(w0)_8d r[gm(m])_gd r

€n (00) +2€4] |&m(01)+2¢4
We can plot equation 2.6.5 for gold and silver under the assumption of the electrostatic
approximation using experimental data provided from Johnson and Christy [75]. This is

shown in Figure 2.6.1.
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Figure 2.6.1 — Electromagnetic enhancement factor G plotted from equation 2.6.5 for
gold and silver under the assumption of the electrostatic approximation. The experi-
mental data is provided from Johnson and Christy [75].

As stated previously, and shown in section 2.3.1, the induced field is enhanced optim-

ally when ® = ®,, and Re [ (wy)] ~ —2¢,4, leading to the excitation of the LSP.

2.7 The Figure of Merit Linking Near to Far-Field SERS

Emission

In Raman scattering, the maximum available near-field enhancement due to electromag-
netic mechanisms is proportional to the fourth power of the ratio of the overall electric
field to the incident electric field at the location of the molecule, corresponding to en-
hancement at both the excitation and emission stages. Additionally, consideration must
be given to the orientation of the Raman active dipole moments, and therefore of the mo-
lecule relative to the direction of the local enhanced electric field. By considering the
enhancement of the incident field (excitation stage) and the increase in the optical density
of states (emission stage) due to the presence of the metallic nano-structure, the SERS
enhancement can be expressed as a contribution of these factors, which we use as our

Figure of Merit (FoM) [74, 112]:
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Where Ej is the incident electric field, E is the electric field at the location of the
molecule, my is the frequency of the incident photon and ®; is the frequency of the photon
after Raman scattering. Ko and E are the polarization directions of the incident electric
field and the electric field at the molecule respectively, while [ refers to the orientation of
molecular dipole associated with the Raman transition. p is the optical density of states
in the presence of the plasmonic nano-gap and pg is the vacuum optical density of states.
Arguably, this is regarded as one of the most fundamental principles of SERS [76]. The
enhancement in SERS processes is particularly strong when the incident and scattered
fields align with the plasmon resonance.

It is common to approximate the Raman enhancement scaling to the 4" power of the
field enhancement [76, 85]. However, this makes the assumption that the plasmon reson-
ance is sufficiently broad such that the shift in frequency from the incident and scattered
photons is smaller than the line-width of the plasmon resonance. Moreover, a calcula-
tion involving an incident plane wave will provide a local field, E(®;), for a particular
incident wave vector. However, the vacuum field that is responsible for spontaneous Ra-
man scattering contains all possible wavevectors. That is, the molecule interacts with its
own radiated Stokes field scattered back from the metal nanoparticle. Therefore, more
accurate calculations for SERS enhancement should consider both the enhancement in
the excitation and emission stages.

The first term, G,,, describes the Raman excitation enhancement whereas the second
term, G, describes the emission enhancement due to the increase in the optical density
of states in the presence of the plasmonic nano-gap. S, represents the alignment of the
transition dipole moment with respect to the local enhanced field.

In terms of the electric field, the near-field excitation enhancement is given by:
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_ [E(w0)
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With Raman cross sections being considerably low, the enhancement given via metal-
lic nanoparticles is an extremely beneficial attribute when excitation takes place at their
LSPR. For the emission enhancement, we can equate the ratio of the density of photon
states with and without the metallic structure to the electric field projected to the far-field.

This is characterised by:

_ p(col) _ Wrad
po(@1) Wy

Gem (@) (2.7.3)

Where W,,; /W is the ratio of the radiated power in the presence, and in absence of
the metallic nanostructure, © represents the emission angle from the gap and ; is the
frequency of the scattered photon. The ratio of the radiated power in the presence and the
absence of the metallic nanostructure is equal to the ratio of the electromagnetic density

of states.

2.7.1 Single-Molecule SERS: Molecular Orientation

The molecular orientation relative to the field associated with the plasmonic nanostruc-
ture is very important, especially when considering very low concentrations of the target
analyte. The Raman scattering process results directly from the analyte within the hot
spot of the plasmonic nanostructure. Therefore, the dipole moment associated with the
Raman mode aligned with the local enhanced electric field of the plasmonic nanostruc-
ture will generate higher intensities than those not aligned [74, 112]. Also, this effect will
be more pronounced when reaching very low concentrations of the target material as the
contribution to the scattered Raman signal will be attributed to few or single molecules.
When considering orientational effects, the effective single molecule enhancement
factor differs relative to the molecular position and orientation to the metallic nanostruc-
ture it is in contact with. Due to the random orientation of molecules, at high concen-

trations the contribution of the analyte orientation averages to around 1, leading to the
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full fingerprint spectrum of the material being observed. However, when concentrations
drop to sufficiently low values, this averaging disappears and only the modes for which
the Raman dipole aligns with the enhanced electric field are expected to be observed in
the SERS signal, depending on the molecular orientation relative to the nano-gap field
[63]. An in depth study of the literature regarding single molecule sensing is provided in

section 3.1.2 of Chapter 3.

2.7.2 Surface Enhanced Resonant Raman Spectroscopy

Another feature of Raman spectroscopy occurs when the excitation frequency used to
generate the Raman scattering is close in electronic energy to a chromophore in the target
analyte. This effect is known as Resonance Raman Spectroscopy (RRS). However, even
in the case of this resonant Raman scattering, no real electronic transitions are involved.
The intensities from fluorescent dyes have been shown to be ~ 10° larger from RRS than
its normal Raman counterpart [76].

When coupled with plasmonics, Surface Enhanced Resonant Raman Spectroscopy
(SERRS) amplifies the signal from the normal SERS signal. For example, SERS meas-
urements from pyridine have been calculated at 10°. Whereas, SERRS measurements
have been shown to produce enhancements of 10'3=15 for R6G [112]. SERRS can be
attributed to the contribution of the electrodynamic enhancement being boosted by the
molecular resonance of the analyte under investigation. SERRS has been shown to be
able to detect analytes to the single molecule level [55]. Molecules such as dyes have
higher Raman cross sections of the order of 10727 — 10~2® for SM-SERRS, typically
requiring enhancement factors of 10’ % to be detectable. Whereas, for non-resonant mo-
lecules, which have cross sections 10722 — 1073 SM-SERS requires enhancements of the

order 10°~11 [122].
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2.8 Finite-Difference Time-Domain

The Finite-Difference Time-Domain (FDTD) method is a powerful technique for solving
Maxwell’s equations and analysing electromagnetic interactions with materials in 1, 2 or
3 dimensions. It is a useful tool for plasmonics research as it allows devices to be tested
in a simulation environment prior to fabrication and enables their design to be optimised
for a desired resonance wavelength [77, 123]. The algorithm for FDTD methodology
was first proposed in 1966 by Kane Yee [124], and has become the standard for optical
simulations. It is incredibly useful for modelling homogeneous media with the added
benefit of providing reliable field interactions from metals and lossy media, making it
an effective method for modelling in research [28, 60]. The system involves solving
Maxwell’s equations (detailed in section 2), if an object’s dimensions are much less than
the wavelength of incident light then quasistatic approximations are suitable for providing

solutions, otherwise, alternate methods are required.

2.8.1 The Yee Algorithm

The FDTD method is applied by solving Maxwell’s equations via finite differences or
approximations to the spacial and temporal derivatives of Ampere’s and Faraday’s laws.

The Yee algorithm can be broken down into these basic steps [125].

1. Begin by replacing the derivatives in both Ampere’s and Faraday’s laws with finite
differences. Allow the electric field and magnetic field to be staggered in both space

and time.

2. Solve the difference equations such that the following equations express the fields

to be projected into the future in terms of the fields preceding them.

3. Extrapolate the magnetic fields one time step into the future making them known

effectively making them the past fields

4. Repeat step 3 for the electric fields
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5. Repeat steps 3 and 4 throughout the course of the simulation. (Usually until a preset

time has passed or the field has dissipated to a desired level).

In an FDTD workspace, the 3 dimensional environment is formed by a grid of electric and
magnetic fields with every E component surrounded by four circulating H components

and vice versa. We can see this illustrated in Figure 2.8.1.

Z Ez H

Figure 2.8.1 — Yee cell showing the £ and H components along the x, y and z axis [124].

By using Maxwell’s curl equations in time and space, it is possible to solve both
the electric and magnetic fields. To implement this, we can present the Yee algorithm
in one dimension. Starting with Faraday’s law for an electric field with a z component
propagating in the x direction [125]:

oH JE,

—u— =VxE=—-4,—=% 2.8.1
Hor =V Y ox (2.8.1)

In this case Hy is the non zero term of the magnetic field with varying time. Now, for

Ampere’s Law:

JE OH,
e—=VxH=a,—>
ox

o (2.8.2)

46



Chapter 2. Theory

Therefore we can say for the scalar terms

OH, 9E,
A vl (2.8.3)
and
OE, OH,
et =22 (2.8.4)

The equations here give the temporal derivative of the magnetic field in terms of the
spacial derivative of the electric field for equation 2.8.3, and vice versa in 2.8.4 respect-
ively. Therefore, equation 2.8.3 is used to project the magnetic field in time, whereas
equation 2.8.4 is used to project the electric field in a consecutive process. This is known
as the leapfrog method and is intrinsic to the Yee algorithm. Where electric fields are
calculated at a point for a particular time from a previously calculated magnetic field, and
the subsequent magnetic field is then calculated from this. We can see this illustrated for

a 2 dimensional space in Figure 2.8.2.
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Figure 2.8.2 — £ and H field nodes represented by dots (£ field), and triangles (H field),
as a function of space and time on the x and y axis respectively. The dashed line indicates
the crossover between the past and the future field projections. Where (a) is the point in
time before, and (b) is the point in time after updating H,, field.

Then accordingly, in 1 dimension the half step progression is represented in Figure

2.8.3.
Ax
A= — = = = = = -
El[m—1] Ellm)] Ellm+1]
4 @ r o—
H;l,+1/2 [m—3/2] H;+1/2 m—1/2] Hz+1/2 [m + 1/2] Position

Figure 2.8.3 — 1D FDTD calculation for spacial offset of the £ and H fields.
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Where, in these figures we use Ax and At to refer to the spacial and temporal offset
respectively, m represents the incremental step in space and g here represents the step in
time. Figure 2.8.2 shows the E and H fields (with their nodes represented by the dots
and triangles respectively) are offset by Ax and Ar in space and time. The Yee algorithm
dictates the passage of these fields from below the dashed line considered to be in the past
to the future state, i.e. projecting the fields from their previous step.

As fields propagating in the simulation domain are dictated by the fields at the previ-
ous node, in order to prevent temporal steps becoming too large a stability check can be

performed using the Courant number denoted by S, where [125]:

_cAt_

1 (2.8.5)

Stability checks restrict simulation steps from becoming too large, and hence mean-
ingless results from the Yee algorithm. For the optimum ratio of energy propagation for a

single temporal time-step we get a value of 1 for ideal conditions.

2.8.2 Perfect Matching Layer

The Perfect Matching Layer or PML, is a standard boundary condition used in FDTD
solvers to terminate fields at the bounding interfaces of the simulation grid. It is designed
to absorb fields with little reflection, regardless of angle or frequency. The basis of a
PML is to act essentially as an anisotropic lossy material to absorb all incoming fields. It
was originally proposed in 1994 by J.P. Berenger [126] who, in his original work divided
the field components into two parts, such that the PML could be defined with the neces-
sary phase velocity and conductivity to eradicate the interfacial reflections at the PML’s
interface. Berenger’s proposed method is referred to as the “Split field” PML. It is signi-
ficantly advantageous to terminate boundaries of a simulation environment with a PML
due to its inherent material independence i.e. it will eliminate fields regardless of whether
the material is dispersive, lossy, inhomogeneous or non linear.

Throughout the work in this thesis, we use Lumerical solution’s FDTD Maxwell

solver which employs a PML based on the stretched coordinate formulation proposed
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by Gedney and Zhao [127]. The main purpose of the PML is to terminate the fields via

absorption with minimal reflection.

2.8.3 Near to Far-Field Transformations

When studying electric field interactions in a simulation environment, it is often useful
to determine their projected behaviour when considering the far-field. The benefits of
far-field projections from near-field monitors is that it allows for the far-field behaviour
to be determined without the need to extend the FDTD domain, thus saving calculations
times and memory requirements. We use the built in far-field calculation methods which
are included with Lumerical’s FDTD Maxwell solver [128].

In this thesis, the far-field scattering efficiency is calculated from a projection of the
near-field at the centre of the nano-gap formed between the nanoparticle and an extended
metal film. This is where the target material will be located in practical SERS measure-
ments. Hence, it represents the Raman scattering to be obtained from our nano-gaps. We

can see this configuration in Figure 2.8.4.

Glass

Figure 2.8.4 — Near to far-field transformation diagram where the near-field is projected
to the far-field from the monitor located at the centre of the nano-gap.

A full description of transformations of Near To Far-Fields (NTFF) in the time domain
was first presented in A Finite-Difference Time-Domain Near Zone to Far Zone Trans-
formation [129]. The method used in this paper describes an approach for transformations
of the NTFF in FDTD computations by calculating the tangential electric and magnetic

fields from a closed surface encompassing the scatterer at each time-step. Post processing
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takes place after the simulation to convert these vector fields to the far-field region. In
order to obtain the results in the frequency domain, it is necessary to perform Fourier
transformations. NTFF transformations in the frequency domain are generally only valid
at single frequencies and require subsequent calculations to be performed if further fre-
quencies are required. A more in-depth discussion of the mathematical principles for
projecting the far-field from the near-field can be found in Computational Electrodynam-

ics the Finite Difference Time Domain Method [130].

2.8.4 Limitations of FDTD

FDTD methodology although powerful, does have its drawbacks. The modelling envir-
onment must be gridded sufficiently around the structures involved to produce reliable
results. This means that fine geometrical features such as arrays or nanoparticles in the
simulation domain can draw large memory requirements. This factor scales as a function
of the volume and wavelength such that the memory requirements for 2D are approxim-
ately equal to ~ a x (A/dx)*. Whereas for 3D, this factor becomes ~ V x (A/dx)*. Where
a and V are the area and volume in each case, and dx is the mesh size. Similarly, the sim-
ulation time will scale as ~ a x (A/dx)> and ~ V x (A/dx)* for 2D and 3D calculations
accordingly, meaning that times for simulations to be carried out can increase rapidly.
Far-field projections from near-field monitors usually require post processing which
can take time. Because the modelling environment must be finite, FDTD solvers utilise
Absorbing Boundary Conditions (ABCs) to terminate fields at their boundaries. An ABC,
such as the PML provides the best means to prevent internal reflections within the domain.
Staircasing is another problem that arises when considering a Yee lattice to provide
solutions to the electric field interactions. A square lattice may be sufficient for most
structures, however when complex geometry is involved, such as a spherical nanoparticle,
problems can occur. We can see the problem with using a grid mesh to represent a spher-
ical particle in Figure 2.8.5 where at the boundaries of the structure more than one material

will occupy each cell shown more clearly in Figure 2.8.5b.
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(@ (b)

Figure 2.8.5 — Using Yee cells to simulate the curvature of a spherical nanoparticle we
can see that even when fine meshing is used more than one material can occupy the same
Yee cell.

Different methods can be applied to deal with this issue such as volume averaging or
conformal FDTD methodology. One such conformal method is proposed by Wenhua Yu
and Rah Mittra in 2001, and is a basis for the theory applied behind Lumerical solutions at
curved interfaces [131]. Their method makes use of an individual electric field component
along the edges of the Yee cell, as opposed to other methods which calculate the volume
which is partially filled with dielectric medium. By doing so, it utilises the information at
the edges of the cell to formulate an update algorithm for the field. Because the technique
outlined here can produce accurate results, whilst satisfying a case in which all sides of
the cell represent a different dielectric constant, it is possible to apply this to cells housing
more than two different material properties. The technique agrees with other theoretical
analysis of curved surfaces and eliminates the need for volume calculations of materials

within cells or ultra fine gridding to nullify the staircasing effect.
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Literature Review

This review describes the relevant papers researched throughout the project categorised
by the field, taking the beneficial information towards forwarding the experiments to be
carried out. The review analyses the conditions used for optimal research with plasmonic
devices and their experimental procedures. Also, this chapter takes the form of a crit-
ical discussion, showing insight and an awareness of differing arguments, theories and
approaches. We give a comparison of different approaches to the work detailing their
methods and opinions on the subject, noting areas of disagreement. Methodology will
be taken into scrutiny to establish correct and proper techniques for the work to be com-
pleted. Any gaps in the research will be shown to allow for work in these highlighted areas
to be improved upon with the work in this thesis. Carrying out a study of this nature is
important to reduce the possibility of reproduction of work and to allow efficient research

practices as well as establishing the current meta of the field.

3.1 Plasmonics

Optical properties of noble metal nanoparticles have been a focus of study for many re-
searchers, the LSPRs achieved are subject to the nanoparticle spacing, size, shape, com-
position and dielectric environment [15, 17, 18, 23, 25, 34, 65, 132-136]. Mie theory,
which was first described in 1908 can be utilized to understand LSPRs in a simple sphere,
however, in more complex geometry more advanced numerical methods are required for
the description of nanoparticle properties [12].

Plasmonic nanostructures can be utilised for refractive index sensing which relies on
measuring the spectral shift of resonant modes of the structure relative to changes in

the refractive index of the surrounding media. Changes to the dielectric environment in
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proximity to plasmonic nanostructures produce shifts in the LSPR peak location and can
be exploited to detect binding events from molecules. In a study by Sherry et al. [22],
the LSPR from silver nano-cubes with a glass substrate is investigated using dark field
microscopy. Two resonance peaks are discovered when the silver nano-cube interacts
with the glass substrate. One is red-shifted relative to the bulk spectrum and the other is
blue shifted and considerably narrower which makes it very suitable for applications in
plasmonic sensing due to its high figure of merit. The second peak was later confirmed
with theoretical simulations using FDTD electrodynamic calculations. This can all be

seen in Figures 3.1.1a and 3.1.1b.
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Figure 3.1.1 — (a) Nano-cube ensemble extinction (black) single nano-cube via dark field
scattering (red). (b) Single nano-cube via dark field scattering (red) and FDTD theory
(blue) for a 36 nm silver nano-cube on a glass substrate [22].

From the work in this paper, it can be seen that nanoparticle geometry holds the key to
higher sensitivity in detection methods. Cube shaped particles are ideal for the production
of two resonances with the blue shifted peak having high potential for sensing capabilities

due to its extreme sharpness [22].

3.1.1 Nano-Gaps for Raman Enhancement

As plasmonic systems are brought into close proximity to one another, the nano-gap cre-
ated at their boundaries allows the surface plasmons in each system to interact together.

The coupling of plasmons is known as plasmon hybridisation, and leads to intense regions
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of confined field known as hot spots.

In 2010, Min Hu et al. published a paper titled “Single Particle Spectroscopy Study
of Metal-Film-Induced Tuning of Silver Nanoparticle Plasmon Resonances” [133]. It
presents an experimental study of the tunability of the silver nanoparticle LSPR in close
proximity to a gold film substrate, via exploitation of the strong electromagnetic coupling
between the nanoparticle and the film. Single particle spectroscopy took place on 250 sep-
arate silver nanoparticles and distinct resonance features were presented for the excitation
at the horizontal and vertical modes which were based on dipole-dipole interactions. The
paper presents promising results in the fields of plasmon enhanced sensing applications
in the visible regime as well as SERS methodology.

The nanoparticles exhibit peak resonance wavelengths within the range 450 — 490 nm.
A significant red-shift was observed for silver nanoparticles deposited onto the glass sub-
strate and then subsequently onto the gold film. It should be noted that the particles
deposited on the gold film exhibit a stronger scattering intensity compared to those on
glass by a factor of 2 — 3. By varying the dielectric spacer layer of the substrate, different
resonance peaks were observed for the coupling of the nanoparticle and the gold film as

shown in Figure 3.1.2a.
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Figure 3.1.2 — Optical scattering spectra for silver nanoparticles on varying substrate
thicknesses [133].

The peak wavelength passes through the entire visible spectrum 440 to 670 nm. Not-
ably, the silver nanoparticles exhibit a resonance very close to the wavelength of a Helium

Neon (HeNe) laser at 632 nm meaning that using this setup in conjunction with SERS is
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a possibility. It is clear that by reducing the spacer layer between the gold film and silver
nanoparticle, the spectra exhibit a red-shift in the plasmon resonance. The red-shift can be
described by a simple dipole interaction model, whereby both the horizontal, and vertical
LSP modes can be excited on the particle. These vertical and horizontal modes also play
a role in the single and double peaks exhibited in Figure 3.1.2b.

This study shows the large LSPR for single silver nanoparticles and the tunability of
silver nano-spheres near a thin gold film through changing the distance of the particle
to the metal film via a dielectric spacer layer. The single particle spectroscopy in this
experiment revealed high tunability for the silver nano-spheres from the near UV to near
IR spectrum by varying the coupling strength to the particle and film. However, higher
enhancement factors could be found through more thorough optimisation of nano-gap
spacing and plasmonic nanostructure hybridisation [133].

A theoretical paper by Hill et al. studies the features of gold nanoparticles and the
behavioural characteristics they exhibit through 3 dimensional FDTD methods during
dark field excitation [29]. The paper studies the plasmonic interaction when nano-gaps
are introduced between the nanoparticle and the substrate surface. The results shown in
Figure 3.1.3d demonstrate that although the nanoparticles exhibit strong enhancement in
the near-field, the effect decays quickly as the size of the spacing layer is increased. We
also see in Figure 3.1.3c that the scattering has a related effect with higher scattering

efficiency associated to the narrower gaps, also red-shifting as a function of gap width.
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Figure 3.1.3 — (a) White light scattering due to nanoparticles separated from gold sub-
strate via spacing layer (scale bar used at 1 um). (b) Electric field distribution via dark
field illumination from 633 nm exciter. Max E gives the highest field obtained in each
configuration. (c) Scattering efficiency taken from the scattering cross section integrated
over the numerical aperture NA = 0.9 at different spacing levels. (d) Averaged values
for E*/ E(‘)‘ for dark field measurements at 633 nm plotted against the NP spacing layer
thickness [29].

This data is very useful for comparison with the modelling done in Chapter 5, and
will allow the validity of the results to be referenced [29]. It gives a clear indication of
the sensitivity of device fabrication and the scattering characteristics of nanoparticles.

A study by Kleinman et al. also investigated hot spot dominated systems. In this
case, single nano-antennae consisting of 90 nm gold nanoparticles functionalised with a
reporter molecule, lightly aggregated and then coated with a SiO; protective shell [137].
The paper investigated the dependence of far-field scattering properties in relation to the
LSPR and subsequently the enhancement characteristics of the plasmonic system for hot
spot based structures.

The paper used LSPR-Transmission Electron Microscopy (TEM) to investigate the

SERS spectra of the material. The single nano-antennae in this study revealed peak en-
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hancement factors for excitation wavelengths of lower energy red-shifted from the scat-
tering peak of the system. Overall, the enhancement factor ranged from (2.5 +£0.6) x 10*

to (4.540.6) x 10® where the maximum enhancement occurred at 785 nm.

Aex=785.0 nm
o 0 o 0]
O (2] o o
A o0 © o =
2.01x10°» 5
_ 10°
] >
< S %
> g £ ! NRS |
G 3 £ Hey=1.093 mW/!
5 o = i
- 103 8 .
> 2 £ :
k= o o o0 © I}
& 2 ®~ DFT g ) 2
£ g © v ppgsg O = o
o = H
n . i
10 5
< 621x10° e
O A
] 1 T 1 T T
500 600 700 800 900 1800 1500 1200 900
Wavelength (nm) Raman Shift (cm™)
(a) (b)

Figure 3.1.4 — (a) Scattering spectrum for the nano-antenna dimer (red), plotted with
the excitation profile of the 1200 cmn~! Raman band of the target material at different
excitation wavelengths. (b) Line (B) represents SERS spectra from the 785 nm excitation
of BPE coated nano-antennae. Line (C) shows Raman spectra from the same material in
solution while (D) represents the theoretical analysis of trans-1,2-bis(4-pyridyl)-ethylene
(BPE) modes [137].

This study presented SERS measurements from fourteen individual nano-antennae
including two dimers and three trimers with varying gap sizes, these basic structures were
the main focus of the investigation. The paper states that SERS behaviour is dominated by
hot spots, which is influenced by the excitation of dark plasmon resonances. It attempts to
do so by utilising eight excitation wavelengths (575.0, 602.1, 630.0, 672.4, 757.0, 785.0,
830.0 and 870.0 nm) to generate the excitation profile as shown in Figure 3.1.4a.

The study found that independent of cluster composition of the nano-antenna, the
highest electric fields from the SERS was observed for excitation wavelengths of 785 and
830 nm. It claimed that the enhancement trend of a hot spot dominated system is inde-
pendent of the spectral position of the LSPR. Their reasoning being, that the interfering
excitations of conduction electrons, which generate large enhancement of electromagnetic

fields in the near-field do not have phase coherence with the individual particle plasmons
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in the far-field.

Lombardi ef al. shows a similar system to the one used throughout this thesis to
probe the near-field optical response, and compare it to the far-field to see the relationship
between them [138]. The experiment uses spectral-scanning from a tunable laser to record
SERS spectra via dark field from individual nanostructures. The nanostructure configura-
tion used in this study involves 60 nm gold nanoparticles deposited onto a gold film with
a p-terphenylthiol (TPT) molecular spacer between them, known as the Nanoparticle on

Mirror (NPoM) geometry as seen in Figure 3.1.5.
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Figure 3.1.5 — (a) NPoM diagram. (b) Raman spectra as a function of scattering
wavelength. [138].

The near-field NPoM resonance in this configuration was found to be blue-shifted
from the scattering peak in contrast to the red-shifts found in isolated nanoparticles. This
is explained via transformation optics to show that individual modes will give different

radiative processes interfering constructively in the near-field, while destructively in the

far-field.
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Figure 3.1.6 — (a) SERS spectra from individual 60 nm NPs with laser excitation ran-
ging from A, = 500 — 700 nm in 10 nm intervals. (b) SERS intensity of TPT molecules
peak wavelength, inlaid with the scattering spectrum (black). (c) FDTD simulations of
scattering (black) and maximum near-field (red) [138].
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There is no shift with the change in wavelength of the SERS peak wavelengths, how-
ever, at 640, 650 and 670 nm the 1585, 1256 and 1080 cm~! modes respectively show
increased intensity. The results show when analysing a range of NPoMs, the near-field
resonance is always blue-shifted from the far-field resonance by 4 to 55 meV depending

on the nanoparticle.
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Figure 3.1.7 — (a) Simulation diagram. (b) Field distribution perpendicular to NP surface
for dipolar and quadrupolar modes, labelled n = 1 and 2 respectively. (¢) Maximum field
in the gap (near-field) vs wavelength. (d) Scattering (far-field) vs wavelength. (e) Phase
of modes n = 1, 2 and 3 in the near-field. (f) Phase of modes n =1, 2 and 3 in the far-field
[138].

It is interesting to see from Figure 3.1.7 that the plasmonic resonance from modes
n =1 and n = 2 strongly interfere with one another. Most importantly, noting that from (e)
that they are opposite in phase in the near-field causing destructive interference. Whereas,
in the far-field they radiate coherently, owing to the blue-shifts in resonance in the near-
field and red-shifts in resonance in the far-field, as seen in (c) and (d).

The simulations in this report suggest these shifts based on a classical treatment of
the system, neglecting non-locality and the electron crossover between metals. However,
they note that the quantum effects here would be negligible as both the experimental and
theoretical resonance shifts agree.

Fu et al. used SERS on silver nano-cubes on a silver grating to experimentally demon-
strate that the performance of this strategy can be improved vastly over the use of a silver
film substrate [139]. This is because the silver nano-cubes have more areas of interaction
with the substrate which result in hot spots leading to further enhancement of the Raman

signal.
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The experiment compared two substrates; one with a silver film technique and the
other using the silver grating, from this, a comparison of performance was shown. The
nano-cubes measured around 70 nm in all directions. The target molecule R6G identified

in the spectra shown in Figure 3.1.8 was used and detected in low concentrations.
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Figure 3.1.8 — Rhodamine 6G Raman spectra for three dual layer SERS substrates [139].

The results in Figure 3.1.8 show that for gratings with a 550 nm separation the Raman
signal was enhanced by 15.6 times for the silver grating over the simple silver film and
a further 78.8 times for the silver grating with silver nano-cubes. It was also discussed
during the paper that the concentration of nano-cubes affected the enhancement of the
Raman signal. It is anticipated here that this strategy will be useful for high sensitivity
biosensing methods [139]. The silver grating with nano-cubes were then used in conjunc-
tion with decreased quantities of R6G to enable the system to detect down to essentially
single molecule levels. Figure 3.1.9 shows the spectra taken from sample concentrations
of 107%, 1073, 10710 and 10~!> M with integrations times of 0.3, 1, 3 and 10 seconds
respectively.

As shown, the decreased concentrations correlate with a lowering of intensity in the
Raman scattered signal. However, with an increase in detection time, the experimental
setup still has the detection capabilities to this level. The methodology used in this paper
was very useful and the spectra are comparable for reference to those taken in Chapter
6. It signifies the importance of the strong coupling between nanoparticles and the film

geometry below. It should be noted however, that the contribution of Raman signal also
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Figure 3.1.9 — Raman spectra for Rhodamine 6G at decreasing concentrations [139].

arises due to clustering effects shown by SEM images from the paper which is difficult to
reliably reproduce.

A similar effect has been seen in other research [140], where enhancement around
the scattering modes is said to stem from phase-coherent excitation of LSPRs. Whereas,
alternate high field strength regions result from the collective, and coherent excitations
of conduction electrons in the metal that have interfered and dephased because of the
scattering of plasmons and light from surface and gap features.

This work aims to shed light on understanding scattering and enhancement from metal

nanoparticle aggregates, and is less applicable to consistent nano-gap geometry.
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Figure 3.1.10 — (a) Experimental and calculated LSPR and SERS data for the nano-
antenna trimer: Experimental dark field scattering (red) and excitation profile of the
1200 cm~! Raman band (blue). (b) Far-field (top row) and near-field (bottom row) for the
nano-antenna trimer, A and C represent the 708 nm excitation, whereas B and D represent
the 820 nm excitation [137].

We can see in Figure 3.1.10b, the top images depict that the far-field scattering intens-
ity (|E|?) is lower at 820 nm than at 708 nm. This can be attributed to the destructive inter-
ference of the multipole contributions to the polarization of the individual spheres when
the excitation wavelength is 820 nm. The plasmon resonance modes which are difficult to
excite are termed dark modes. The authors conclude that the measurements demonstrate
there is no relationship between far-field scattering of a system, with a hot spot and the
SERS wavelength response. However, the conclusions drawn do not take into considera-
tion the absorption component of the extinction spectrum we have covered in our work.
By presenting both the absorption and scattering components, a clearer picture of the be-
haviour of the structure is presented. This information is needed to describe whether the
structure is dominated by scattering or absorption at the wavelengths investigated. Also
the scattering here is a result of the entire system and not from discrete nano-gaps. In
our work, we project the far-field directly from the nano-gap we are investigating at the
location of the analyte under investigation. On top of this, the non-locality of the system

has not been accounted for. At gaps < 1 nm the quantum regime takes precedent and
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the classical approach no longer applies [79]. This is evident in their structures, so their
approach can not apply to the broad sense of all hot spot dominated systems.

Wang et al. presents work performed using a nano-gap situated between gold nano-
particle dimers (55 nm diameter) deposited onto a gold film (200 nm thickness) [27]. The
research involved both experimental and theoretical work to investigate the enhancement
for the system, as well as SERS from probe molecules at certain excitation wavelengths.
Because 98% of SERS signal is only contributed to 2% of molecules adsorbed to the hot
spot regions of a plasmonic nanostructure, it is therefore of the utmost importance to op-
timize the conditions for generating these regions. Therefore, it can be said that a SERS
probe molecule can be used to detect the location of the strong near-field enhancement of
these structures. By using two Raman probe molecules with distinct Raman fingerprints
but similar cross sections located at different regions of the nanoparticle, the system can
then be investigated with different excitation frequencies to selectively excite both probe

molecules.
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Figure 3.1.11 — (a) Extinction spectrum from nanoparticle dimer on gold film system
via FDTD. Electric field distribution from; (b) 587 nm, (c) 532 nm, (d) 722 nm, (e) and
633 nm [27].

The 587 nm peak from Figure 3.1.11 (a) is contributed from the LSPR mode of the
gold nanoparticle relating to a relatively low electric field, whereas the 722 nm mode
results due to the coupling mode of the SPR and the two gold nanoparticles, here the

electric field is much more enhanced. Although the 722 nm excitation electric field is
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Figure 3.1.12 - (a) Two probe molecules adsorbed to different regions of the nanoparticle
dimer system with their respective SERS spectra. Thiophenol (TP) is situated within the
nanoparticle gap and benzenedithiol (BDT) is between the particle and the film. Green
lines indicate 532 nm excitation, whereas the red lines correspond to the 633 nm excita-
tion wavelengths. (b) Same system with molecule sites exchanged [27].

intense, the distribution of field is not localised specifically to either the dimer gap or the
gold surface. However, with a slightly weaker signal, the 532 and 633 nm excitations
produce near-field intensities localised to these regions specifically.

The study used two probe molecules, thiophenol (TP) and 1,4-benzenedithiol (BDT)
to investigate SERS at different regions of the dimer system. These materials were chosen
due to their similarities in Raman cross sections and adsorption characteristics on the
gold surface. Due to the fidelity of Raman spectroscopy, it is possible to distinguish their
similar molecular structure from the 1000 cm~! band which is present in TP but absent in
the BDT.

It should be noted however, that although the nanoparticle dimer is simulated in the
FDTD measurements, the experimental work is a result of a monolayer of gold nano-
particles over the surface of the gold film, the contributions of other plasmon coupling
modes could well have an effect on this. Not only this, but also a contributing factor for

any discrepancies stems from the gold layer in the simulation being only 50 nm thick. At
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these thicknesses, fields are able to penetrate and leak through to the opposite side, this
is not taken into consideration during the report. The benefits of using a system with a

partial nano-gap arrangement can be further shown in Figure 3.1.13
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Figure 3.1.13 — A comparison of two substrate designs (a-d) vs (e-h). (a and e) Schematic
with and without the nano-gap. (b and f) Scattering spectra for the gap structure using
dark field measurements. (c and g) Raman mapping images via normalised intensity
of the 1064 cm™! peak with step size 1.5 um over a region of 30 x 30 um?. (d and h)
Intensity distribution of the SERS peak for both respective substrates [27].

The scattering spectra shown for the nano-gap substrate is much narrower than that
without the gap. Also, by using Raman mapping through a 633 nm laser over an area
of 30 x 30 um? for a single mode of the target molecule, we can see the uniformity is
much better for the gap based structure. Finally, through the Relative Standard Deviations
(RSD) from the SERS intensity, it can be shown that a RSD of about 9.3% and 10.9%
is present for the gap-mode SERS substrates. Whereas, the RSD for the two traditional
SERS substrates are 28.4% and 28.7%. Therefore, it can be concluded that the gap mode
substrate outperforms traditional SERS substrates.

Huang er al. investigates the plasmonic effect exhibited between dimers of nano-
particles [136]. The study uses a dipole model in Finite Element Method (FEM) calcula-
tions to analyse the power dependence of the near-field enhancement as a function of gap

size. It should be mentioned that there are distinct differences between near and far-field
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characteristics of plasmon resonances, therefore a quantitative description of the system
requires both near and far-field descriptions of the system. Using COMSOL and 0.33 nm
meshing parameters, the study used the Drude-Lorentz model for the silver and gold nan-
oparticle dimers in the near-field. Far-field calculations were performed by integrating the
power flow through the system via time averaged Poynting vectors, S,,;, over the surface,

Q, encompassing nanoparticle dimers.
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Figure 3.1.14 — (a) Near-field electric field. (b) Extinction spectra of d = 120 nm silver
dimers with gap size g ranging from 1 — 30 nm with triangles to represent the bonding
mode between the nanoparticles [136].

It can be seen from Figure 3.1.14 that the enhancement can range from 103 for a 30 nm
gap up to a massive 107 for gaps as small as 1 nm. Also, as gap size decreases the resonant
mode red-shifts, and due to increased coupling strength, the extinction spectrum broadens

leading to broader resonances.
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Figure 3.1.15 — (a-d) Local normalised electric field E* / Eg for nanoparticle dimers at
resonance wavelength. (e-h) Surface charge distributions with red and blue representing
positive and negative charges respectively. Gaps sizes and resonance wavelengths are;

g=1nm(A=700 nm), g =2 nm (A=660nm), g =8 nm (A=610 nm) and g = 30 nm
(A =570 nm) [136].

o

Figure 3.1.15 shows E*/ Eg for nanoparticle dimers as well as the corresponding sur-
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face charge distributions, with red and blue representing positive and negative charges
respectively. From the surface charge distributions, a generalised power-law dependence
was established for the near-field electric field and the gap size. For perfect electric con-
ductors, a E* =~ 1/g* dependence is drawn, however, for practical systems the behaviour
more closely resembles E* =~ 1/g2. This paper shows the significance of investigating
both the near-field, and the far-field, for nano-gap systems using nanoparticle dimers,
emphasizing the differences between them as a function of gap width.

Zhang et al. investigates a novel cavity design for excellent tunable SERS detec-
tion via a rolled, tubular nano-resonator with silver nanoparticles deposited onto its inner
surface [141]. This design approach yields a further 10° enhancement in comparison to
the non-resonant flat SERS structures by supporting Whispering Gallery Modes (WGMs)

within the cavity.
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Figure 3.1.16 — (a) Plasmonic structure diagram schematic. (b) SEM image of WGM
nano-cavity. (¢) Simulated electric field over tube wall with WGM plasmon nano-cavity
as a function of the cavity diameter and excitation wavelength demonstrating tunability
[141].

Figure 3.1.16 shows the schematic diagram of the WGM device. The tubular nano-
cavity consists of a 3 nm layer SiO, and a 3 nm layer of TiO, patterned with 25 nm silver
nanoparticles. The SPR between the silver NPs is transferred to enhance the Raman

signals of chemicals on the cavity walls.
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Figure 3.1.17 — (a) SEM image of WGM. (b) Raman intensity mapping of R6G signal
from the 1364 ¢cm™' mode using 514.5 nm excitation. (c) Raman spectra via scans of
the WGM where the purple line refers to the intensity of the 1650 cm™' mode. (d)
Comparison of Raman spectra between; (I) Silver NP nano-cavities on flat substrate,
(IT) nanotubes in absence of nanoparticles and (III) full WGM NP nanotube. It is also
noteworthy to mention the concentration of the target analyte from the acquired spectra
is significantly lower for the nanotube design [141].

The study investigated three configurations of the device; silver nanoparticle nano-
cavities on flat substrate, nanotubes in absence of nanoparticles and full a WGM NP
nanotube, all with R6G concentrations ranging from 10~! to 10~!3 M deposited via drop
casting onto the respective devices. The substrates were excited with a 514.5 nm laser
line, and it can be seen from Figure 3.1.17 that the lowest detectable concentration came
from the nanotube patterned with the silver nanoparticles.

The tunability of the device is owed to the diameter of the tube coupled with the
excitation wavelength. When using different tube diameters different resonant modes are
accessed. The calculated electric field and measured Raman intensity is plotted in Figure
3.1.18. For (a), where WGMs for 500 nm (mode 3) and 820 nm (mode 5) tube diameters
are shown for 514.5 nm excitation, whereas (e), demonstrates the modes achieved via a

632.8 nm laser line.
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Figure 3.1.18 — (a) Calculated field enhancement (red line) with measured Raman intens-
ity (blue dots). (b) FDTD calculated electric field distribution with 514.5 nm excitation
with varying tube diameter (conical cavity). (c) Calculated field profiles for the resonant
cases in plasmon nano-cavities with a 514.5 nm excitation. This shows the WGM for the
500 nm and (d) 820 nm respectively. (e) Modes achieved via a 632.8 nm laser line sim-
ulated (red) and experimental (blue dots). (f) FDTD calculated electric field distribution
with 632.8 nm excitation with varying tube diameter (conical cavity) [141].

To further demonstrate the potential of the device, it can be shown that by using cm
lengths of the nanotube, the device can be used as a optofluidic sensor with the material
flowing through its centre. This allows for trace sensing of analytes and a potential cost

effective nano-fluidic sensor for trace materials.
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Figure 3.1.19 — (a) SEM image of a long and uniform WGM tube plasmonic nano-cavity.
Scaler bars: left 10 um; right 500 nm. (b) Illustrated representation of the plasmon nano-
cavity functioning as a nanoscale optofluidic detector. (c) Microscopy image of small-
volume pesticide solution pumped in the plasmon nano-cavity. Scale bar is 3 wm. (d)
Measured Raman spectra of parathion in four configurations of the device and solvents.
(D) On a flat silver NP array using methanol and (II) water as the solvent. (III) In the
tubular plasmon nano-cavity using methanol and (IV) water as solvent. Concentration of
pesticide parathion is 107> M [141].
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Figure 3.1.19 demonstrates successful proof of this concept and overall successful
use of a unique plasmonic geometry designed for optical sensing based on a whispering-
gallery-nanoparticle coupled nano-cavity. Here we can see that at low concentration of
the pesticide parathion, in low solution volumes (0.02 pL) much higher enhancements of

the target materials vibrational fingerprint are observed.

3.1.2 Single Molecule Detection

Different methods have been used throughout recent years to push SERS to the ultimate
limits of detection. This section details the techniques researchers have used to manip-
ulate plasmonic nanostructures to be able to achieve single molecule spectroscopy and
overcome the low signals generated from Raman.

The pioneering work in this field stems from two papers back in early 1997 [52, 53].
The first work from Kneipp et al. describes the exploitation of the large cross sections
(10717 —10716 cm? /molecule) obtainable from SERS probes. In this study, spectra from
individual molecules of Crystal Violet (CV) were measured from solution using colloidal
silver. The sample solution consisted of 3.3 x 10~'* M CV in methanol with colloidal
silver. The study provides a statistical analysis of Raman spectra to conclude single mo-
lecule detection capabilities of the system.

Research performed by Nie and Emory also used low concentrations of the target
analyte (in this case R6G) to achieve single molecule detection. This work studies single
particles and aggregates non-uniform in size and shape. The concentration at which single
molecule detection is observed here is within the range of 1070 M. This work is the
fundamental basis for establishing that single molecule detection is possible via SERS
and opened the door for this research environment.

The bi-analyte technique for single molecule measurements was first shown in 2006
by Eric Le Ru and Pablo Etchgoin, the paper provides evidence of single molecule activ-
ity by performing SERS measurements from two different analytes [120]. It begins by
explaining the shortcomings of the current techniques proposed in other papers for single

molecule detection, focussing on low concentration analysis and the low probability of
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single molecule events. In their approach, they use higher concentration samples to en-
sure that each nanostructure will pertain to a scattering event from one or more molecules.
These samples are made by the combination of two dyes and use probability to determine

the number of active molecules in a given SERS event.
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Figure 3.1.20 — (a) Average SERS spectra taken from solutions A (BTZ), B (R6G) and C
(mixture), all at 100 nM concentrations. (b) Individual spectra of the dye mixture where
SERS from pure BTZ, R6G and a mixed signal is shown [120].

Given the large number of scans and the fact that the two analyte’s spectra can be dif-
ferentiated from one another, when two representative scans comprising of a single dye is
discovered, the researchers determine that it must undeniably be derived from a single (or
few) molecule scattering event. By using statistical analysis and assigning the proportion
of total signal to be pp with signal on average attributed to each analyte and pp being typ-
ically equal to 0.5, events where pp is very low for either molecule would indicate a low
number of molecules influencing the SERS spectra. The data is then summarised in his-
tograms and shows that for the collection time used in this experiment, most nanoparticle
clusters are capable of generating SM detection. The experiment goes on to confirm that
the measurements are statistically less probable from larger concentrations by observing
the effects of a 200 nM concentration solution. Here the extreme events of pp < 0.2 or

pp > 0.8 are not seen.

72



Chapter 3. Literature Review

777,100 nM
== Model y=4
Y 200nM

Number of events
H

SERS Intensity [arb. units]

R Y

7

0.0 02 0.4 06 08 1.0
BTZ percentage P, BTZ percentage P,

o
o
o
1Y
e
F
o
o
o
o[
o

Figure 3.1.21 - (a) Histograms representing the distribution of pp for SERS measure-
ments from solution C, which contained a mixture of both dyes with 100 nM concentra-
tion (blue), a Poissonian model with u = 4 as well as measurements from the doubled
concentration solution 200 nM for comparison. (b) A scatter plot showing total SERS
intensity vs the pp value for the respective spectra [120].

It is promising that this research demonstrates that single molecule events can be ob-
tained from relatively high concentrations of target analytes. The techniques used in this
study, however, have no control over the nanostructures used to generate the enhance-
ment. They state that the origin of the single molecule scattering events is a result, not
only of the generation of hot spots in the particle-particle gaps, but also due to the mo-
lecule actually being within this region. Something that is looked into more detail within
our theoretical study.

In 2006, Katrin and Harold Kneipp published a SM-SERS study utilising non-resonant
excitation of two variant nanostructure configurations [56]. Firstly, clusters of gold and
silver nanoparticles in solution and secondly, fractal silver surfaces. Due to their inhomo-
geneous nature, structures like this are less applicable to our work than the nano-gap
formations we have previously discussed. However, they are worth mentioning due to
the large enhancement characteristics associated to them. Also, in these cases the target
analyte will likely bind to the nanostructure in question leading to chemical enhancement
and potentially blinking at low concentrations (in this case 10! M). Low concentration
measurements took a statistical approach, where on average 0.6 CV molecules were pre-
dicted to be within the target accumulation area and Poisson distributions of the spectra
showed they were associated with 1, 2 or 3 molecules.

Moving through this era of research, an extensive summary compiling the details of

the approaches used in SM-SERS were then given shortly after in 2008. Where a review
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encompassing techniques such as Tip Enhanced Raman Spectroscopy (TERS), as well as
the Langmuir Blodgett (LB) technique [58].

A follow on from Le Ru’s work in single molecule detection came in 2011, where a
more in depth understanding of the properties of single molecule bi-analyte SERS detec-
tion was studied. A clearer picture is drawn from the interpretation of the inhomogen-
eous peak broadening of SERS spectra [61]. They do so by implementing the bi-analyte
technique, which observes contrasting SERS spectra from different materials and uses
the statistical fluctuations in the signal relative to its partner. Therefore, detecting signal
from both molecules simultaneously with one serving as a reference as well as an ana-
lyte. Doing so leads to analysis of the spacial information from the hot spot scattering
process. The study uses Nile Blue (NB) and R6G for the two analytes, and an excitation
wavelength of 633 nm, specifically investigating the 590 and 612 nm peaks from both
materials respective Raman fingerprint to spectrally resolve from one another.

Following this, in early 2013 Wang et al. measured highly directional Raman scat-
tering from nano-antennae comprised of optical gaps between nano-rods, surrounded by
a ring of plasmonic metallic material [64]. The study investigates more than a thousand
single molecule events implementing the isotopologue method of single molecule detec-

tion.
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Figure 3.1.22 — (a) Structure used throughout experiment with each antenna consisting
of two silver particles separated by 5 nm, surrounded by a silver ring, deposited onto a
SiO; spacer layer on a silver mirror on ITO-coated glass. Silver rings have inner and
outer radii of 300 and 380 nm, respectively. The rings are 40 nm thick (in z-direction),
whereas the silver particles are rods (70 nm long and 60 nm wide in x and y-directions)
with rounded ends (30 nm radius). Periodicities of the antennas in x and y-directions are
both 2 um. (b) Profile of the simulated intensities of electric field at the wavelength of
A =532 nm on x —y plane in the centre of the silver ring structure, including a zoomed
view of the central nano-rods. (c,d) SEM images of optical antenna chip. Optical antenna
array is 100 pum x 100 um. Left-hand rod of optical antenna is 80 nm long and 70 nm wide.
Right-hand rod of optical antenna is 68 nm long and 62 nm wide [64].

The structure configuration seen in Figure 3.1.22 shows the experimental schematic
used throughout the study. The silver ring excites surface plasmons on the mirror which
then converge to the ring’s centre, further enhancing the signal between the particle pairs.
Simulations in the supporting information in this report show that the device allows for
2.5x larger signals with the silver ring when compared to the nanoparticle dimer alone.

The study uses the isotopologue method for characterisation of single molecule de-
tection as opposed the the bi-analye method seen in other studies [61, 120]. This method
was implemented over the bi-analyte approach as with the bi-analyte method, a complete
understanding of the differences between the Raman cross sections, absorption spectra
and surface binding properties to the metals is required. Here, this is not necessary, as
the molecules in the isotopologue approach are just isotopes of one another. This study
uses two types of R6G (dO and d4), where SM-SERRS from a 532 nm laser reveals Ra-

man spectra from each isotope from thousands of nano-antenna investigated, specifically
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investigating the 620 and 610 cm ™! line which appears for the R6G-d0 and R6G-d4 re-
spectively. The spectra is divided into 3 categories; spectra from R6G-d0, R6G-d4 and
spectra which contain both analytes.
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Figure 3.1.23 — (a) Histogram of three cases of target analyte spectra recorded from
antenna. (b) Raman spectra from R6G-d0 and R6G-d4 [64].

From the 1120 events recorded, the supporting information in the report predicts that
the SERS signal originates from 1.097 molecules on average per hot spot. The histogram
of results regarding the relevant target analyte spectra can be seen in Figure 3.1.23. We
can also see the high directionality of the device from Figure 3.1.24, calculated from the
far-field simulations for both the nanoparticle dimer with and without the surrounding

ring (red and blue lines respectively).
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Figure 3.1.24 — (a) y — z plane far-field and (b) x — z plane for the far-field radiation power
intensity where the red lines show the structure with the ring encompassing the device
and the blue lines show the structure without the ring [64].

The SEM images show the cavity being 15 nm, whereas simulations were taken at a
5 nm gap so enhancement factors may be disproportionate. We have shown in this thesis
the exponential increase of enhancement characteristics relative to nano-gap size, so it
may suggest that all the nano-antennae in this study wouldn’t posses the capability of

enhancement levels required for SM-SERS. The ring surrounding the structure provides
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additional enhancement, and in-depth analysis of the near and far-field dynamics of this
system could be investigated further. Overall though, the paper shows successful single
molecule behaviour of R6G isotopes with a highly directional nano-antenna device.

Just shortly after, during the middle of 2013 Zhang ef al. published work pertaining to
single molecule detection via TERS [63]. By using the Scanning Tunnelling Microscope
(STM) setup to form a cavity between the tip, and the silver surface, selectively locat-
ing single molecules of HyTBPP imaged via STM topography of the substrate, SERS

measurements were possible with immense precision.
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Figure 3.1.25 — (a) TERS schematic diagram where the cavity is formed between the tip
and silver film below. (b) STM topography of the HyTBPP molecules deposited onto the
silver film. (c) TERS spectra under different film geometry and tip conditions. In these
cases the measurements were taken at 120 mV with an NA = 0.5 lens for 3 s accumulation
time. Spectra were taken from the tip in a powder sample of the material (brown), above
the molecular island (green), above the single molecule (red), on bare silver surface (blue)
and on the molecular island with the tip retracted 5 nm (black) [63].

The study also shows orientational effects of the molecule and its relationship to the
associated Raman spectra, where different molecules produce different intensities of cer-
tain peaks. This is important as it will form the basis of our understanding of the single
molecule regime in our experiments.

More work came in 2013, in this case using gold nanoparticle dimers with small separ-
ations to achieve the fields necessary for SM-SERS [113]. The paper discusses a number
of approaches to SM-SERS nanostructure fabrication, with notable efforts at biosensing
from Gold-Silver Core-Shell Nano-Dumbbells (GSNDs), which exhibit the blinking ef-
fect from sequential Raman measurements. Intensity blinking is a characteristic of single

molecule events. By using these GSNDs functionalised with DNA to the gold surface,
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and allowing the silver layer to grow around the nanoparticle, SM events were measured
from a Raman probe located in the gap between the nanoparticle dimer. This example
of intensity blinking is shown to be achievable from our gap structure later in Chapter 7,
where we exhibit the same characteristic intensity blinking from the fluorescent conjug-
ated polymer F8-PFB.

It can be said that the potential of SM-SERS is becoming more and more evident.
With techniques being constantly refined and developed and more accurate control of
nano-geometry becoming possible, SM-SERS has a promising future. Functionalising
SM detection into microfluidics, investigating orientational properties of molecules, and
measuring Raman events from specific molecules are all interesting territory which need

to be explored [38, 62].

3.2 Biosensing

Biosensing is of key interest when it comes to plasmonic research, the fields generated
and enhanced by the confinement of light associated with metallic nanostructures are
massively beneficial towards detection of complex molecules in biological systems. Also,
when combined with spectroscopic methodology such as Raman, it becomes a refined
tool for detecting not only binding events, but also the chemical processes that take place
during them.

Both SPP and LSP based biosensing exist, and each have their own inherent advant-
ages and disadvantages. The two types for SPR based biosensing are reflection and trans-
mission, conventionally the Kretschmann configuration is generally used for reflection
based measurements [4, 42, 142]. Since this report mainly focusses on LSP based nano-
sensors, SPP types are neglected here. However, useful studies using their methods can
be found from the following resources [42, 142], which describe their sensing techniques
and configurations to light to couple to flat metal surfaces.

Proteins are an important study focus for biosensing, performing many vital functions
within the human body. Through their detection and characterisation, early diagnosis

becomes more viable. Two well characterised proteins include BSA [41, 44, 118, 143—
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145] and lysozyme [40, 43, 118, 146, 147]. By modifying the surface properties of silver
nanoparticles with an iodide layer, Xu et al. provides a novel method for SERS detec-
tion of proteins. The surface characteristics are changed to prevent any direct interaction
between the nanoparticle and the protein, thus allowing the protein to remain unaltered by
any surface contaminants. This would allow for reproducible, reliable results. The study
uses BSA and lysozyme from AMRESCO, mixed in high purity water with colloidal sil-
ver nanoparticles with an average diameter of 50 nm. Figure 3.2.1b shows the spectra
taken from BSA with Raman and SERS methods. The schematic diagram for the iodide

modified nanoparticle analysis technique from this paper can be seen in Figure 3.2.1a.
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Figure 3.2.1 — (a) lodide modified silver nanoparticle detection schematic diagram. (b)
Raman spectrum for BSA (green) SERS spectrum from BSA (red) at 300 ug/ml. (c)
Lysozyme spectra at 300 ug/ml using regular silver NPs (blue), silver IMNPs (red),
their respective references with no material (brown and pink) and regular Raman from
lysozyme solution at 100 ug/ml (green) [118].

Observation shows that the SERS signal and conventional Raman measurements are
not identical, this can be accounted for by the following reasons; firstly, strong chemical
interactions between the target analyte and the metal surface may lead to electromagnetic
changes in the materials characteristics. Secondly, is the surface selection rule, which will

selectively enhance the vibrational mode with the closest proximity to the nanoparticle.
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It is still uncertain why the modified nanostructures with iodide layers allow for more
reproducible Raman measurements. However, the paper hypothesises that it may be a
result of the iodide layer reducing the interference from the surface impurities [118].
Another BSA paper from David et al. also investigates the reproducibility of bio-
molecule detection with SERS methods. Using gold nano-cylinders with dimensions
from 100 — 180 nm in diameter at a constant height of 50 nm and with spacings of 200 nm
between them, SERS is performed on BSA samples at 1 mM concentration in water solu-
tion, purchased from Sigma Aldrich and drop cast onto substrates. The study performs
measurements at the characteristic LSPR for the nanostructure using a 632.8 nm laser.
SERS spectra were collected through a 100x objective, the spectra are shown in Figure

3.2.2.
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Figure 3.2.2 — Raman spectra for BSA (a) 1 mM concentration, 100 s exposure time, (b)
in aqueous solution, (¢) powder form [41].

These spectral peaks will be further analysed along with the experimental data taken
in this report for comparison of peaks. This study provides reproducible results using gold
nanoparticles at this particular wavelength, and is important to consider the Raman signal
characteristics for different nanostructure geometry. The paper gives strong indications
that SERS is a reliable method for protein analysis [41].

These methods and reference spectra are important for fabricating and analysing samples,
they will be essential for efficient lab practice and taking accurate measurements. Raman

spectra has been shown to provide deep insight into the structural properties of proteins.
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Experimental Setup and Methodology

In this chapter, we outline the methods used for fabrication of the plasmonic nano-gap
devices. These nano-gaps are formed between metallic nanoparticles and an extended
metal film below. Here, we describe the techniques used to make these structures as
well as the equipment involved. Following this, we show the experimental setup used for
Raman measurements and outline the experimental methods that were used to study these

nano-gaps.

4.1 Nano-gap Fabrication Methods

4.1.1 Cleaning Substrates

The structures used throughout the experiment consist of a nano-gap formed between a
metallic nanoparticle and an extended metal film. These structures had to be prepared in
a consistent manner to allow results to be reproducible at a later date. Glass slides were
cut to size and marked to distinguish the top from bottom. Cleaning the glass substrates
took place in a three stage process: First, they were cleaned in deionized water, and then
acetone and finally with isopropanol for 10 minutes periods in an ultrasonic bath with
each solvent. This allowed any debris to be removed from the glass surface and would

allow for a more homogeneous layer to be added. Afterwards the slides were left to dry.

4.1.2 Thermal Evaporation of Metallic Layers

Throughout the work in this thesis, we used an Edwards E306A bell jar evaporation sys-

tem to deposit the metallic films. This setup suspends the blank substrates in a mask above
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the tungsten boat which is heated to evaporate the material of choice onto the slides. The
heater functions via current passing through the boat supplied by two electrodes at either
end, this then forms a high current, low voltage circuit. By increasing the current passing
through the boat, the metal will vaporise and deposit onto the substrates. While the source
is heated and a stable evaporation rate is achieved, a shielding plate blocks the samples.
This allows for a consistent rate of evaporation to take place once evaporation rates sta-
bilise.

The deposition rate and thickness of the film is monitored via a quartz crystal oscil-
lator. The thickness is measured by the change in resonant frequency of the quartz crystal
suspended between two electrodes as a function of the mass deposited on its surface. The
change in frequency is linear as a function of the change in mass on its surface, and hence
can be used to accurately monitor the thickness of the samples within the dome. With this
type of quartz crystal micro-balance, it is possible to measure films to within an angstrom
[148].

The evaporation process allowed samples to be coated with metallic layers, the thick-
ness of the layers evaporated onto the samples could be controlled using different masses
of the material. By passing a current around 55 — 60 amps through a tungsten boat the
material was heated to boiling temperature inside a vacuum container pumped down to a
pressure of 5 x 1076 mbar, this prevented oxidisation within the chamber. The evapora-
tion took place using gold or silver wire supplied from the university with < 0.01% trace
metal impurity.

It was discovered however, that the Edwards E306A coating system shown in Fig-
ure 4.1.1 had a large spread of thicknesses when applied to multiple target samples in a
template mask held at a distance 15 cm above the evaporated material. The evaporator is
shown in Figure 4.1.1 along with the position of the samples relative to the tungsten boat

via the overhead view.
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Y
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Figure 4.1.1 — Edwards E306A coating system. (a) Evaporator setup with vacuum dome
removed. (b) Overhead view of evaporator used to ensure accurate repeatable placement
of sample template mask.

Figure 4.1.2 shows the variation in the average thickness across the evaporated silver

layers relative to their position on the mask.
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Figure 4.1.2 — (a) Thicknesses measured using Dektak of samples taken from centre of
each sample. (b) Dektak measurements for material profiles with relative mask position.

As shown in Figure 4.1.2, the sample variation in thickness could range with a differ-
ence of ~ 26 nm, this could easily affect the outcome of results where the thickness of the

metal layer is important to the design of the structure. This happens due to the distance
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between the sample and source as well as the dispersion of the evaporation process. In or-
der to reduce this occurring, the samples are selected from certain regions of the mask for
the desired thickness and measured with Bruker’s DektakXT® Stylus Profiler to ensure
the correct thickness. Figure 4.1.3 shows the surface profile and thickness of a 100 nm

silver film.
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Figure 4.1.3 — Dektak measurements for a layer of silver (100 nm)

The Dektak we used allows for surface profilimitry measurements to take place. It
does so by using a fine stylus tip with a 12.5 um radius to scan across the substrate surface,
quantifying the roughness over a given region by measuring the vertical displacement
of the stylus from the surface as a function of its position. For accuracy, the thickness
measurements are repeated from different regions of the sample near the edge and close

to the centre of the substrate and averaged.

4.1.3 Spin-Coating Thin Films

Preparation of solutions required accurate measurements for the masses of the analytes
involved, we used the Sartorius Micro-balance MES when weighing out sample materials
as it is capable of weighing up to 5 g with 1 pg readability. In order to create a good thin
film, the materials and matrixes had to completely dissolve in the solution. First attempts
proved unsuccessful mixing R6G with solvents such as toluene, ethanol and chloroben-
zene due to sediment remaining in the mixture (this would lead to inhomogeneous layers

and inconsistent solution concentrations). By changing the solvent to chloroform, the
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mixture completely dissolved the R6G and polynorbornene (C;H;g) matrix. Polynor-
bornene (more commonly referred to as zeonex) has molar mass 94.16 g - mol~! and
in order to achieve a 5 nm nano-gap we used a concentration of 1 x 107> M. Further
details of concentrations used are given in the results section in conjunction with the res-
ultant spectra discussion. Once the solutions were prepared, they could be applied to the
structures using a Gilson pipette pipetman classic P100 which has a working range of
20— 100 ul. The material was dispersed onto the substrate surface using the spin coater at
2000 rpm or by drop casting the mixture and allowing for it to dry overnight. Throughout
our work, we used the Suss Microtec Delta 107’ T spin coating system.

Analysing surface thicknesses of layers added to the structures could not be carried
out directly due to potential damage to the structure. Therefore, a replica slide was made
under the same conditions to check for surface characteristics. The Dektak allowed for
surface profilimetry to be carried out, by scoring the surface of the duplicate structure,
the surface profiler enabled high resolution, detailed analysis of thin film thickness and
surface roughness. These repeatable measurements were essential to demonstrate that
the thin film had been applied to the correct thickness without inhomogeneity to a res-
olution of < 1 nm. We can see the thicknesses for the thin films of zeonex at different

concentrations in Figure 4.1.4.
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Figure 4.1.4 — Dektak measurements for a thin film zeonex matrix at; 3 x 1072 M
(18.94 nm), 2 x 1072 M (12.52 nm) and 1 x 102 M (5.00 nm) respectively.

The final step was to deposit the nanoparticles onto the surface of the thin film. This
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was carried out in the same way as the thin film itself, however the nanoparticles were
suspended in solution of ethanol at a concentration of 2.7 x 10® particle - L~'. This
is to ensure there would be sufficient spacing between them when spin coated onto the
substrate surface. Therefore, Raman measurements could be taken from discrete nano-
gap areas.

The zeonex matrix was used as it would not dissolve in ethanol, allowing it to protect
the layer of R6G to remain intact when depositing the nanoparticles. These results enable
the thin film to establish a nano-gap under the nanoparticles of the desired thickness based

on the concentration of the zeonex as seen in Figure 4.1.5.
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Figure 4.1.5 — Nano-gap thin film, the effect of thin film structure with and without a
Zeonex matrix.

4.2 Raman Setup

This section details the instrumentation and methods used throughout the thesis for col-
lecting data during Raman scattering experiments. Our optical bench is set up with three
laser lines, we use a 532 nm LSR532NL diode laser with a < 2 mm beam diameter for
Raman spectroscopy. In conjunction with this, we also use a 405 nm LSR405SNL diode
laser in a dark field configuration with a beam size of 5 mm, this allows us to image the
particles from their scattering. We also have a 635 nm LSR635NL diode laser with a beam
size of < 4 mm set up for Raman spectroscopy. All of our diode lasers are supplied by
LASEVER. In order to analyse data in the experimental sections, each laser’s central peak

position was taken for calibration. This data can be seen in Figures 4.2.1a and 4.2.1b.
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Figure 4.2.1 — Laser peak spectra taken with notch filters removed using a 0.01 mm slit
width with 0.05 s integration time. (a) Green laser central peak. (b) Red laser central
peak. Both graphs include peak width information and position via Gaussian fit.

4.2.1 Experimental Setup

The optical configuration for the experiment was carried out via direct illumination, whereby
the light is incident perpendicular to the sample surface and the scattered light is collected

back through the same objective lens. The experimental setup is shown in Figure 4.2.2.

Figure 4.2.2 — Optical bench diagram used for Raman experiments. (1) 532 nm diode
laser (2) Beam expander. (3) Beam-cube. (4) Objective lens NA = 0.55. (5) Sample
stage. (6) Focussing lens and notch filters used to remove Rayleigh scattering. (7) Horiba
iHR320 Imaging spectrometer. (8) Liquid N, cooled CCD (visible). (9) 405 nm diode
laser. (10) Thorlabs CMOS camera. (11) Fibre optic white light source. (12) Liquid N;
cooled CCD (IR).

We perform Raman measurements in reflection using a 532 nm laser. In this configur-
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ation, two Kaiser holographic notch and super-notch filters centred at 532 nm were used
to reject the Rayleigh scattering. We can see that the laser line begins by passing through
the beam expander (BMX) (2). This is used to expand the beam to the desired spot size
for the objective pupil, accomplished by using two lenses in the Keplarian configuration
shown in Figure 4.2.3. This allowed for a consistent spot size through the line at the same

diameter of the objective pupil.

Beam expander (BMX)
Keplarian S

f1 f2

Figure 4.2.3 — Keplarian beam expander

The two lenses were used at a distance between them equal to the sum of their focal
lengths f; and f>. The optical setup works most efficiently when the beam size is collim-
ated to the same diameter as the optics used, therefore with the initial beam diameter from
the laser D being ~2 mm the required beam diameter Dg can be calculated from equation
4.2.1[149].

0
Do = (M, x D) +LtanM—1 4.2.1)

p

Where L is the sum of the two lens focal lengths and M), is the magnifying power
given by M), = g—(‘) = g—‘l’. 09 and 6; correspond to the input and output beam divergences.

The collimated beam was then diverted using the two mirrors onto the beam-cube (3),
which diverts the beam back through to the 50 x infinity corrected Mitutoyo objective lens
with numerical aperture NA = 0.55 and a working distance of 13 mm (4). The beam-cube
is then rotated to optimise the intensity of the spot onto the objective lens. The sample

stage (5) is brought within the focal length of the objective lens in order to focus the spot

88



Chapter 4. Experimental Setup and Methodology

size down to the smallest size possible. Once the spot is focussed the light is reflected
back from the sample through the objective lens and beam-cube onto the notch filters
(6). These are used to remove the Rayleigh scattering from the Raman measurements.
Afterwards, a lens (focal length 80 mm) is used to focus the remaining light onto the
spectrometer (7). Inside the spectrometer, a 1200 g/mm (groove /mm) diffraction grating
is used to generate spectral images by diverting the light onto the Symphony II Horiba
charge coupled device (CCD) (8).

The CCD is cooled with liquid nitrogen to allow for low light level detection keeping
the noise to a minimum. By cooling to very low temperatures (—130 °C), the system
retains a high signal to noise ratio. The resolution of the CCD is 1024 x 256 pixels,
with 1024 pixels in the horizontal direction or spectral range and 256 pixels covering the
vertical image height. The light is passed through the entrance slit and the system can
also be used for imaging at zero order, where the diffraction grating behaves essentially
as a mirror.

Working in conjunction with the Raman line is a 405 nm laser in a dark field config-
uration (9). The scattered spots indicate a nanoparticle is present, therefore allowing the
green laser spot to be focused in that area. This allows for spectra to be taken in a specific
area of the device in order to ensure plasmonic enhancement is being observed from the
nanoparticles. Figures 4.2.4a and 4.2.4b show the surface nanoparticles imaged with the

405 nm laser and the focused spot from the 532 nm laser.

(@ (b)

Figure 4.2.4 — 118 nm silver nanoparticles of surface of structure. (a) 118 nm silver
nanoparticle scattered light from 405 nm laser. (b) Focused 532 nm laser on the silver
surface.
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The blue spots are a result of the scattered light from the metallic nanoparticles. The
image is fundamentally limited in resolution by the diffraction limit of the optical system.
The diffraction limit can be described by:

A

dspor — ———— 4.2.2
PO D nsin® ( )

where dy), is the diameter of spot size, A is the wavelength of light, # is the refractive
index of the medium the light is travelling in, and 6 is the angle of convergence. Also,
nsin® is equivalent to the numerical aperture NA. This laser is incident on the sample
stage from an angle, from here the scattered light is collected from the objective lens and
diverted through beam splitters to the Thorlabs CMOS camera (10). This allows us to
image the nanoparticles and focus the Raman line on discreet individual particles. We
also have a white light source (11) set up in a similar configuration which is used to find
and image the surface of the substrate.

There are a number of challenges when working on a fine tuned optical setup such
as this. Physically locating, and imaging the nano-gaps takes precision, however the
fine tuning of this process was made easier by working with a motorised two dimensional
Newport piezo motor driven linear stage, which has a precision of 50 nm in each direction.
The focusing of the objective was also motorised using a ThorLabs compact motorised
translation stage, which can focus in and out with a precision of 50 nm. This allowed for
accurate control over the focusing of the individual particles. Due to the small sizes of the
particles and high magnification involved, we must also consider the chances of physical
movement of the sample from vibration in the setup. This effect is reduced by using an

air stabilised optical table.

4.2.2 Detectors and Grating

The Horiba iHR320 Imaging spectrometer uses a 1200 g/mm with a typical spectral resol-
ution of 0.18 nm to disperse light into its constituent wavelengths [150]. This is achieved
by the high density of grooves running from edge to edge across the grating. The rela-

tionship between the groove spacing and the angles of the incident and diffracted light
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functions under the principle of the grating equation.

m\ =d (sin®; + 6,,) (4.2.3)

Where m is the diffraction order, A is the wavelength of incident light, d is the groove
spacing, 0; is the incident angle of light and 0,, is the maxima for diffracted angles of light
with respect to the grating’s normal [151]. We can see the grating configuration in Figure

4.25.

Normal to grating

Incident Beam M=1 (15t Order) M = 0 (reflected)

Figure 4.2.5 — Diffraction grating showing the incident and diffracted light for a mono-
chromatic light source.

When m = 0, no diffraction occurs and the constructive interference simply yields
the reflected light. At the first order when m = 1, this corresponds to the first order of
diffracted light used for spectroscopy. The Huygens-Fresnel principle states that upon
interaction with a diffraction grating at normal incidence, a monochromatic plane wave
will act as an individual point source diffracted from each groove [151]. The individual
point sources of light from each groove represent light propagating outwards in all direc-
tions and will interfere either constructively or destructively with one another. If the path
difference Ax of a point source is equal to a full or half wavelength to that of the groove
adjacent to it, this will create maxima and minima respectively due to constructive and
destructive interference of light. We can see this phenomenon occurring when a diffrac-
tion grating creates points of intensity at instances where the waves are in phase, and dark

regions where the waves are out of phase in Figure 4.2.6.
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Ax = 23X

Figure 4.2.6 — Diffraction grating showing the interference of light for a monochromatic
light source. The green lines represent light propagating in phase with a path length
difference of 1A, the other coloured lines represent light rays propagating out of phase,
these rays destructively interfere with one another leading to dark regions of intensity
minima.

The corresponding coloured light paths in Figure 4.2.6 are in phase with one another
in the case of the green rays, and out of phase with one another in the cases of the other
coloured path lines. Therefore, for these cases when Ax = %‘, we see dark regions of in-
tensity minima. The constructively interfering green lines produce intense regions of light
associated to diffraction gratings. These intensity maxima correspond to the propagation
mode of interest.

During Raman spectroscopy, the emitted light will be polychromatic and therefore
is required to be split into the individual wavelengths before being recorded by the de-
tector. The grating disperses light onto the CCD in our setup which contains a large array
of pixels. By converting the electric charge accumulated in each pixel as a result of the
incident light, the detector converts the resultant voltage and produces an image. Altern-

atively, each pixel can be used to represent a discreet wavelength to produce a spectral

image.

4.2.3 Calibration

Calibration of the Raman system was carried out via spectra taken from a silicon chip, us-
ing the smooth side as this produced a better scattering signal. Once the 532 nm laser light

has been focused onto the sample, the white light fibre optic source can be focused onto
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the same area allowing the surface of the sample to be imaged. This process guaranteed
that the laser spot was focused onto the surface of the sample. Imaging was accomplished
using a beam splitter, diverting some of the light back from the sample onto the CCD.
Fine tuning of the stage can be done manually or with the Thorlabs stage control system.
Now that the sample is imaged the scattered light is made central to the notch filters, these
allow the Rayleigh scattering to be filtered out during direct incidence Raman scattering
measurements. Once these steps have been carried out, spectra can be taken.

Complete optimisation is required from the system due to the weak intensities of Ra-
man scattering. Therefore, spectra are taken in real time control while slight adjustments
are made to the sample’s focus and the scattered light position in order to reduce the size
of the slit width of the front entrance of the detector and reduce the exposure time.

Figure 4.2.7 shows the optimised signal from silicon gathered during the calibration
process at normal incidence using both the 532 nm and 635 nm lasers. Larger signals are
obtained from the 635 nm laser for the same detection parameters due to its high output

power, 200 mW compared to the 100 mW of the 532 nm laser.
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Figure 4.2.7 — Raman spectrum of silicon via direct illumination. Measurements taken
with 1 s exposure time with a 0.025 mm entrance slit at a central wavelength of 570 nm.
The first order peak for silicon is shown at 520.86 cm™!.

A comparison of silicon spectra taken from an optimised system can be seen in the

literature [152—-154].
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FDTD Investigations of Metallic Nano-

gaps for SERS

By illuminating metallic nanostructures with light, it is possible to enhance the Raman
signal from materials in close proximity by several orders of magnitude [4, 8, 74]. The
enhancement attributed to these plasmonic nanostructures are a result of highly confined
regions of electromagnetic field. Coupling plasmons is known as plasmon hybridization,
and leads to extreme field intensities known as hot spots [155, 156]. One such method
of the generation of hot spots is to use a nano-gap formed between a nanoparticle and a
metallic film [27, 29, 119, 133, 134, 138, 156-165]. Such systems have been shown to
produce the fields necessary to successfully produce Raman spectra from single molecules
[119, 156, 161, 162]. In most of these studies, the SERS signal is predominantly attributed
to the near-field enhancement in the nano-gap region. Very little attention is paid to the
efficiency of collecting the emitted Raman photons in the far-field. Understanding the
complex interplay between the near-field enhancements and the efficiency to emit the
Raman photons to the far-field are prerequisites for the development of fully optimised
plasmonic devices for SERS application.

In this chapter, we proceed with a theoretical, systematic study of the topographical
nature of the nano-gap formed between a nanoparticle and an extended metallic film. In
these structures, the dielectric spacer would house the analyte under investigation. The
study provides an in depth look at the absorption and scattering behaviour of nano-gaps. It
then focusses on electric field enhancement attributed to these nano-gaps by investigating
the effects of changing certain parameters such as the cavity thickness, the particle size

and shape, as well as the metallic film material and thickness. We continue the invest-
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igation, by projecting the near-field from our nano-gap to the far-field, to understand the
efficiency of emitting the generated Raman photons within the gap to the far-field. The
study investigates in detail, nano-gaps in this configuration by linking the near and far-
field characteristics all using three-dimensional FDTD calculations via Lumerical solu-
tions. We aim to classify the ideal excitation wavelength of these systems to maximise
light output for SERS scattering and hence determine which will be used throughout the
experimental sections of the report.

It is integral to optimise these parameters and establish the resonant excitation wavelength
which will convert near-field enhancement to far-field scattering most efficiently for Ra-
man. Therefore, we can later apply this knowledge and perform SERS detection of materi-
als approaching the single molecule regime in subsequent chapters. Scattering is typically
measured from the entire structure, the novelty of our method lies in the projection of the
far-field emission originating directly from the centre of the nano-gap. This is because
the molecule under SERS investigation will reside here and will emit light from this po-
sition. We explore near-field excitation enhancement and the resultant far-field emission
enhancement to discuss the overall contribution of the signal and define this information

into a Figure of Merit (FoM) for this geometry.

5.1 FDTD Approach for Modelling Plasmonic Nano-Gaps

for SERS

The structure studied throughout this thesis involved a nano-gap formed between a
nanoparticle and metallic film, in which, a target analyte would situate within the gap
formed between the plasmonic nano structures as illustrated in Figure 5.1.1. The cav-
ity was simulated as a dielectric material with refractive index 1.5 to represent a poly-
mer matrix. The analyte would be mixed with the dielectric layer (in our case we used
polynorbornene, more commonly referred to as zeonex), and the refractive index is in ac-
cordance with the material properties found in [166]. Material properties of noble metals

used throughout the study came from Lumerical’s material database which is based on

95



Chapter 5. FDTD Investigations of Metallic Nano-gaps for SERS

the work from “Optical constants of the Noble Metals” by Johnson and Christy [75].

Figure 5.1.1 — Overall schematic of the nano-gap formed between a metal nanoparticle
and an extended metallic film. The shape of the particle is defined in the respective
section of the text and data. Structures use silver or gold where specified.

5.1.1 Total Field Scattered Field Excitation

Figure 5.1.2 shows the x — z cross section for the schematic diagram of our structure
within the FDTD environment. Simulations used a 0.75 nm sub-mesh surrounding the
nanoparticle and nano-gap region. This ensures the curved surfaces of the structure are
adequately meshed. We also use Lumerical’s conformal variant 1 mesh, which evaluates
the fields in each cell but accounts for sub-cell properties where more than one mater-
ial can occupy the same Yee-cell. It utilises the Yu-Mittra method and accounts for all
materials including metals [131].

The boundaries of the structure utilise stretched co-ordinate PML to eliminate the
fields at these interfaces based on formulation proposed by Gedney and Zhao [127]. The
glass, metal and dielectric layers extended through this PML region to simulate an exten-
ded film. The sensors are located at the centre of the gap in the x — y plane and through
the centre of the structure taking a cross section in the x — z plane. The sensors allow
us to quantify the properties of absorption and scattering, while also retrieving informa-

tion regarding the electric fields passing through these regions as a function of frequency.
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Figure 5.1.2 — x — z view of the simulation environment with a nanoparticle-cavity sys-
tem. Here, we see the electric field monitors for the x — z profile and the x — y within the
cavity for hot spot analysis.

Additionally, we are able to project these electric fields to the far-field to determine the
scattering properties from specific regions of the device, namely, the nano-gap. We al-
low for long pulse lengths from our sources with simulation times being set in excess of
1000 fs, such that fields deteriorate to 1 x 107> of their original value and the auto shut
off is triggered.

The simulations took place using a total field scattered field (TFSF) source to begin
with. The TFSF source works on the basis of two regions, the internal region of the
source contains the total field which is a contribution of the incident and scattered fields.
Whilst the external region contains only the scattered fields. We can obtain the absorption,
scattering and therefore extinction characteristics of a system with this source type with
the plane wave injection axis of the source in the z direction above the particle and the

electric field oscillating in the x axis.

5.1.2 Charge Distribution

The charge distribution over the nano-cavity system allows the modes of the electric field
to be visualised more clearly. We calculate this charge distribution p using the current

charge density analysis group from the advanced analysis section of Lumerical’s object
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library. It works by treating the system as a cloud of free electrons. We obtain p from the

differential form of Gauss’s law [4, 11]:

V-D=pey (5.1.1)

Where V - D is the divergence of the electric displacement field D and p., is the

external charge density.

5.1.3 Gaussian Beam Excitation

The Gaussian source functions differently to the TFSF source which is limited to a wave
injected from a single planar direction. Because it is formed from a contribution of many
plane waves at varying angle, it will give more realistic scattering dynamics, allowing
coupling from light we would not have previously observed from a single injection axis.
The custom Gaussian field profile uses the superposition of plane waves (in this case 200
plane waves were used to give a realistic beam profile). The beam can also be focused to a
specific region of the device and an NA can be defined. These simulations use NA = 0.55
which is more realistic than a single injection plane wave and identical to the objective we
use in our practical setup. The source positioned above the structure has its focal point at
the centre of the 5 nm cavity. This was the most beneficial approach as the target material
would be ideally contained within the cavity and excited directly by the laser setup.

The Gaussian calculations differ slightly relative to the TFSF counterparts, where
previously, TFSF performs the calculations for the structure and reference simultaneously
Gaussian excitation require that the two calculations to be performed in succession. First,
a reference structure is simulated (here we used an empty simulation region), then, a
second calculation is performed with the structure and the difference in the fields from
the two calculations constitutes the scattering field.

We performed calculations from three particle sizes, the 118 nm silver particle, as
well as 60 and 200 nm particle cavity systems (owing to the fact that these sizes are
physically available to us). We demonstrate the size dependency with regards to the near-

field confinement and far-field scattering characteristics.
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5.2 The Figure of Merit Linking Near to Far-Field SERS

Emission

The papers we have discussed in section 5.1 generally discuss the near-field contribution
to SERS and the high field confinement generated from plasmonic nano-gaps. However,
there is very little work regarding the transmitted light to the far-field directly from the
nano-gap and how efficiently this enhances the Raman signal. Therefore, in our study we
use the FoM discussed in section 2.7 of Chapter 2, which takes into consideration both
the enhancement in the near-field excitation (G.,), as well as the far-field emission (G,;,)

[74]:

FoM (L) = (Gey) X G () (5.2.1)

To account for the random distribution of target molecules within the gap, the near-
field is averaged across the particle cross section. We express the excitation enhancement
as the spatial average of G, over the cross sectional area of the nano-gap:

2
1/ |E (o)

Goy)=—- | —————=d (5.2.2)
(G =4 | 1B (o) 2

Where Eg is the incident electric field, E is the electric field at the location of the
molecule, y is the frequency of the incident photon and a = TR? is the area of under the
particle with radius R. For the emission enhancement, G,,,, the ratio of the radiated power
in the presence and the absence of the metallic nanostructure is equal to the ratio of the
electromagnetic density of states [74].

E? (0,0
p((l)l) _WradN% ( : )

“po(or) W YE2(0,6)
0

Gem () (5.2.3)

Here, we approximate the ratio of the radiated power in the presence and absence of
the metallic structure W, /Wy, which is equal to the ratio of the electromagnetic density

of states p (1) /po (@), to the far field emission enhancement from the position of the
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analyte. Where, E*(®,,0) and E§ (©;,0) are the far-field intensities as a function of the
frequency after Raman scattering ®;, and emission angle 6, in the presence and in the
absence of the plasmonic nano-gap.

Together, (G,,) and G, give the overall Raman enhancement which we characterise

as our FoM for our FDTD calculations:

2
1 E@)P

FoM (M) = (Gex) X Gem (@) = 4 W

Y |E (o))
] x 2 (5.2.4)

%IEO (o1)]?

By investigating the influence of the excitation enhancement from the centre of the
nano-gap, which is where the material under investigation would be localised, as well
as the emission enhancement and how effectively the light is emitted from the device,
we have compiled the data necessary to completely define our system. The FoM en-
capsulates both near-field excitation as well as far-field emission from particle on a film
nano-gap systems, cataloguing in detail their behaviour under the influence of electric
field excitation. We have done this by the amalgamation of the excitation enhancement
(Gey), and the emission enhancement G,,. The system is far more complex than what
can be described by simple scattering from the entire structure or near-field enhancement
alone, and the ideal excitation wavelength must be specified systematically from its near-
field, as well as the far-field emission properties from this specific region. The emission
enhancement from our calculations is extrapolated via Lumerical’s built in near to far-
field transformation functions based on the work in Computational Electrodynamics: The

Finite-Difference Time-Domain Method [130].

5.3 Nano-Gap Results

In this section, we explore the physics of the nano-gap formed between a metallic particle
and an extended metallic film. We investigate the near-field enhancement and far-field

scattering characteristics of nanoparticles ranging in size from 60 — 200 nm as we have
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particles of these sizes available to us. The purpose of this section is to explore the physics
of these nano-gaps, comparing them to isolated particles on their own, and to discuss
their potential use for SERS. These particles are deposited onto a thin film of the polymer
matrix which houses the target analyte at a specified concentration. This is then defined as
the nano-gap between the particle and the extended metal film below. By investigating the
effects of changing certain parameters such as the cavity thickness, the particle size and
shape, as well as the metallic film material and thickness, we demonstrate the versatility
of this plasmonic nanostructure. We fully investigate the optimal conditions for excitation

which will produce the most efficient Raman scattering from our optical setup.

5.3.1 Nano-Gap vs Single Nanoparticle

We begin by comparing the fundamental physics for a single 118 nm diameter silver
particle and a gap formed between it and a 100 nm silver film as this is shown to be a
realistic particle size. By comparing the extinction calculated from the FDTD simulations
of the nano-cavity system with the particle on its own, we can see that the cavity demon-
strates two distinct modes. Both of these modes are much narrower than that seen from
the particle in absence of the metallic film below. The cavity based structure has a much
stronger extinction spectrum than that of the isolated particle, this can be broken down
into two regions, one with a peak at 415 nm and the other peaking at 523 nm as seen in

Figure 5.3.1.
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Figure 5.3.1 — A comparison of the extinction spectrum from the cavity system (black)
and the nanoparticle on its own (red). The dashed line represents 532 nm.

5.3.2 Near-Field Distribution

The aim of this section is to describe the near-field characteristics at the peak wavelengths
for the modes of the hybridized system shown in Figure 5.3.1. By doing so, we will
be able to show which wavelength generates the highest field confinement in the near-
field. By analysing the spacial distribution of the electric field, we can see the difference
between the system with a cavity below and without.

Figure 5.3.2 gives the field enhancement for the system in the x — z plane for the
nanoparticle in the absence of the nano-gap for 415 nm in Figure 5.3.2a and Figure 5.3.2c.
As well as the same scenario for the peak at 523 nm in region 2 of the extinction spectrum
given by Figure 5.3.2b and Figure 5.3.2d respectively. These wavelengths are selected as
they are the peak intensities for the extinction of the system.

The graphs show high confinement and enhancement of the electric fields from the
devices when used in conjunction with the cavity system. The field enhancement, defined
by the 4 power of the electric field is boosted by a factor of 107 for region 1 and 10°
for region 2. It is therefore evident that the cavity system provides huge amplification

to the electric fields within the nano-gap. This means that coupling from nano-gaps in
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this geometry has the potential to enhance the generated Raman signal of the material

confined to these regions.

50 nm A =415 nm 50 nm A =523 nm

(b)

50 nm A =523 nm

(© (d

Figure 5.3.2 — The field enhancement plotted as a function of area for the nanoparticles
without the cavity system (a and b) and the nanoparticles with the nano-gap below (c and
d). (a and c) and (b and d) relate to the 415 nm and 523 nm resonant modes respectively,
where all data is recorded as |E|/|Ey|.

Figure 5.3.3 provides insight to the behaviour of the electric field located at the centre

of the cavity itself.
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Figure 5.3.3 — Field enhancement for the x — y plane sensor taken from the centre of the
cavity showing the hot spots for the (a) 415 nm and (b) 523 nm resonant modes, where
all data is recorded as |E|/|Ey|.
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The FWHM of the hot spot regions differ dramatically. Although the 415 nm excita-
tion has the benefits of the larger G,,, its hot spot diameter is only 13.3 nm. This is less
than 3 times the size of the hot spot generated by the 523 nm excitation, which is shown to
be 40.6 nm over the most intense regions. SERS requires maximum field intensity, we can
see there is far more confinement of the fields in the near-field from the 415 nm region.
Through further investigation of the far-fields, we will find how much of this is scattered

into a collectable region.

5.3.3 The Origins of the Two Extinction Peaks

We can see from Figure 5.3.4, that for a nanoparticle 118 nm in diameter, the scattering
dominates the absorption. Therefore, the main contribution to extinction will be from the

scattering component.

3x10° . ,
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w— Scattering
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& = Scattering
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Scattering (n
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1 " 1 ! " 1 n
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Figure 5.3.4 — Absorption and scattering spectra from the 118 nm silver nano-cavity
system. The dashed line represents 532 nm.

This is important for this system as a strong scatterer will be required for SERS
measurements. Two regions arise as a result of this coupling plasmon hybridisation phe-
nomenon. The first peak in the scattering spectra can be attributed to the hybridized
quadrupole mode of the coupled system, and the second peak to the dipolar mode We
utilise the method for calculating the charge distribution highlighted in section 5.1.2 us-

ing equation 5.1.1.
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Figure 5.3.5 — Charge distribution for the 118 nm particle cavity system under the influ-
ence of a TESF source using 0.5 nm meshing for (a) 415 nm and (b) 532 nm excitation.
The red regions indicate positive charge and the blue regions depict the negative.

We can see here that the 523 nm mode behaves more like a dipolar mode, whereas the
415 nm excitation would generate a quadrupolar mode. Where the red regions indicate
positive charge and the blue regions depict the negative. When compared to the same
sized particle on glass taken at its respective peak extinction maximum, we see there is a

dipolar mode for this system shown in Figure 5.3.6.

A =424 nm

Figure 5.3.6 — Charge distribution for the 118 nm particle on glass under the influence
of a TFSF source using 0.5 nm meshing for 424 nm excitation. The red regions indicate
positive charge and the blue regions depict the negative.

Now, we have introduced the nano-gap geometry, the following sections of the report
will detail the effects of changing certain parameters of the system such as film thickness,
particle size and shape. We can then see the effect that changing these criteria has on the

electric fields both in the near-field and the far-field projection.
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5.3.4 Gap Thickness Dependence

Figure 5.3.7 studies the effect of varying a gap width from a nano-gap formed between
a 118 nm silver nanoparticle and a 100 nm thick extended silver film. By looking into
the maximum field enhancement achieved (E,} ) within the nano-gap, we can see the

relationship between the gap thickness and enhancement in the near field [76].

1013 '
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3- E
8
. B
L

0 5 10 15 20 25 30

Gap size (nm)

Figure 5.3.7 — Field enhancement as a function of gap size for a 118 nm silver particle on
a nano-gap of varying thickness formed between the particle and the extended metal film
below. The data shows the maximum field enhancement as a function of gap thickness
collected at 3 common Raman laser wavelengths, 532 nm, 635 nm, and 785 nm and the
meshing of the system was set to 0.75 nm until gap thickness reached 5 nm and gridding
was reduced to 0.2 nm.

Also, by looking at the extinction for the system during the gap thickness sweep,
in Figure 5.3.8a the extinction peak gets narrower when reducing the gap width from
30 — 5 nm but does not shift significantly. Therefore, the system retains a stable plasmon
resonance for gap thickness with peak intensity becoming larger with a narrower cavity.

However, when the cavity thickness decreases below 5 nm the peaks shift and new
modes arise, see Figure 5.3.8b. These effects are seen similarly in literature [79], where
at separations approaching 1 nm higher order modes arise. This is to be expected as
classical representations depicted by Maxwell solvers such as Lumerical do not account

for non-linear effects at these spatial separations of plasmonic structures even with the
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Figure 5.3.8 — Extinction spectrum for a 118 nm spherical silver nanoparticle on a nano-
gap ranging from 30 — 1 nm in thickness (a) from 30 —5 nm in 5 nm intervals with
meshing set to 0.75 nm and (b) from 4 — 1 nm in 1 nm intervals using a 0.2 nm mesh for
more accuracy.

fine meshing of 0.2 nm used through these calculations. Therefore, as a 5 nm cavity

predicts strong coupling and significant field enhancement while being experimentally

reproducible via spin coating of materials, we proceed with this value.

5.3.5 Altering the Metallic Film Thickness

By altering the thickness of the silver film below the cavity, it is possible to show how the
changes to field enhancement and scattering. Figure 5.3.9 shows the differences between
a 20 nm, 100 nm and infinite silver film. We can see from Figure 5.3.9 that when using a

thinner film both modes become far broader.
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Figure 5.3.9 — Scattering and absorption spectra of the silver nanoparticle system using
20 nm, 100 nm and infinite film thicknesses.

We can also see a shift in the peak position, the quadrupolar mode shifts from 415 nm
to 433 nm, while the dipolar mode shifts from 523 nm to 605 nm. This tunability is
credited to the coupling to the plasmon continuum [89], which we discussed in more
detail in section 2.3.3. Although this mode is weaker than the strongly coupled system
with the 100 nm metallic film, it does have potential for added optimisation of the ideal
excitation wavelength.

The 20 nm film is detrimental to the scattering properties of the system, whereas the
100 nm system behaves exactly the same as if the film were infinite. When comparing
the 415 nm quadrupole mode of the 100 nm thickness metallic film to the 433 nm mode
of the 20 nm thickness system, the scattering is ~ 1.3 x stronger. Whereas comparing the
523 nm dipole mode of the 100 nm metallic film with the 605 nm mode of the 20 nm thick
film, we find a difference of ~ 5.8 x for the scattering intensity. Therefore, the 100 nm film
gives the ideal characteristics we are looking to achieve in terms of scattering. Although
scattering characteristics of the system are relevant, they do not show the entire picture
for how the system behaves. Further investigation is required regarding the different
properties in terms of directionality and electric field confinement characteristics.

By observing the electric field at the resonant modes from the scattering data, we can

see their confinement as a result of the localised surface plasmons. Figure 5.3.10 gives us
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Figure 5.3.10 — The electric field enhancement plotted as a function of area in the x —

z plane for nano-gaps formed between a 118 nm silver nanoparticle and an extended

metallic film. Where (a and b) give the electric field at 433 nm and 605 nm which are

the resonant modes for the 20 nm thick metallic film and (¢ and d) show the 415 nm and

523 nm resonant modes for the 100 nm thick silver film, where all data is recorded as

|E[/|Eol-
the magnitude of the electric field enhancement for the 118 nm silver nanoparticle and a
20 nm thick continuous silver film in the x — z plane.

We can see from Figure 5.3.10 that at this thickness, the electric field penetrates below
the metallic film. This is an undesirable effect from our perspective as our experimental
setup works in reflection of the target surface. We can also see the confinement of the
field hot spots for the system in Figure 5.3.11.

The 433 nm and 605 nm wavelengths for the 20 nm metallic film system are shown
to have relatively strong coupling with the hot spots localised to two small regions below
the particle. This is characteristic of the nano-gap formation and gives field strength
to be double what we observe from the isolated particle in absence of a nano-gap in
Figures 5.3.2a and 5.3.2b. However, when examined in contrast to the 100 nm film electric

field profiles, the 20 nm thickness system at 433 nm and 605 nm shows fields are ~

7.5x weaker within the cavity for the quadrupole mode and ~ 3 x weaker for the dipolar
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Figure 5.3.11 — The electric field enhancement plotted as a function of area in the x —y
plane sensor taken from the centre of the cavity for nano-gaps formed between a 118 nm
silver nanoparticle and an extended metallic film. Where (a and b) give the electric field
at 433 nm and 605 nm which are the resonant modes for the 20 nm thick metallic film
and (c and d) show the 415 nm and 523 nm resonant modes for the 100 nm thick silver
film, where all data is recorded as |E|/|Ep|.

mode respectively. This means electric fields in this configuration are less confined and

near-field enhancement of materials within the gap are likely to suffer during Raman

scattering.

5.4 Silver Nanoparticle Shape and Size Analysis

An advantageous characteristic of plasmonic nanostructures is that by changing the
size, shape and material of the metallic particle used in the simulations, it is possible
to tune the resonant frequency of the structure. Therefore, by studying the extinction
characteristics of the structures, it is possible to customise the peak wavelength and hence
determine the ideal working incident laser wavelength to use. Our experimental setup has
two functional Raman lines, one at 532 nm and the other at 635 nm so we will be focussing

on these wavelengths. The 532 nm laser is more ideal as there is less background intensity
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from the beam, hence when working at low concentrations of materials, their signal will
not be lost. In conjunction with this, a study of the electric field as a function of space
in the x — z and x — y configuration of the simulation the total field enhancement for the

structure at that wavelength can be given for each structure.

5.4.1 Silver Nano-Spheres

By investigating the extinction spectrum of the spheres under the influence of a TFSF
plane wave source as a function of their diameter, it is possible to determine the resonant
wavelength of excitation hence the structure can be tuned to the desirable wavelength
for the setup used in the experiment. Here, we present calculations conducted on nano-
gaps formed between silver particles with silver surfaces using particles of varying size.
The metallic film below was kept at a constant 100 nm thickness and the 5 nm nano-gap
consisted of a dielectric material with refractive index n = 1.5.

We can see in Figure 5.4.1, that the extinction spectrum consists of two peaks for each
cavity system, each peak shifts as a function of particle size at different rates. By dividing
the two peaks into regions (region 1 and region 2), we can see how they shift individually
with increased particle diameter as shown in Figure 5.4.2. Region 1 (blue) and region 2
(green) denote the peaks for the quadrupolar and dipolar mode respectively, as discussed
in section 5.3.3. It is notable to mention that the peaks also broaden as particle size

increases due to retardation effects.
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Figure 5.4.1 — Extinction spectra for spherical silver nanoparticles moving from 60 —
200 nm.

Figure 5.4.2 shows the peak wavelength from the extinction spectrum vs the particle
size. We include 60 nm and 118 nm diameter as we have these particle sizes physically
available to us. The peaks associated to the dipolar mode are far more tunable than the

quadrupole. They also shift throughout the majority of the visible spectrum.
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Figure 5.4.2 — Peak extinction wavelength as a function of particle size for spherical
silver nanoparticles moving from 75 — 200 nm in 25 nm intervals.
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In Figure 5.4.2, the peak from region 2 has a much larger tunability than region 1,
moving a total of 263 nm from 75 nm to 200 nm in diameter compared to 74 nm from re-
gion 1 over the same size distribution. This means region 2 has more range from resonant

excitation when compared to region 1.

5.4.1.1 Excitation Enhancement

Excitation enhancement of the electric field was theoretically analysed via the sensor
located in the middle of the nano-gap in the x — y plane with the same dimensions as the
diameter of the particle in question. By performing a 2D integral over the cavity area, we
can extract the field within the cavity as a function of wavelength spatially averaged to
the cross section of the particle. Our near-field contribution represented by (G,,), is given

from equation 5.2.2.
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Figure 5.4.3 — (G,,) as a function of wavelength for a distribution of spherical silver
nanoparticles moving from 60 — 200 nm in diameter.

As we can see in Figure 5.4.3, the excitation enhancement for the higher energy modes
is much stronger than at longer wavelengths. However, when considering the laser lines
available to us in our experimental setup, the 125 nm diameter particle has the strongest
(Geyx) value at 532 nm. Also, we observe that the quadrupole mode for near-field excitation

is stronger than the dipolar mode.
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The excitation enhancement however only shows half of the picture. We must consider
the fields scattered to the far-field in order to justify which structure to use for a given

excitation wavelength.

5.4.1.2 Emission Enhancement

We can show the far-field emission enhancement as a function of angle and wavelength
for three of the particles, which represent realistic sizes for experimental purposes, shown

in Figure 5.4.4.
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Figure 5.4.4 — G,, heat maps for showing the angular dependency as a function of
wavelength for the far-field scattering. For 5 nm nano-gaps formed between an (a) 60 nm,
(b) 118 nm and (c) 200 nm silver nanoparticle and an extended silver film.

As we can see, the far-field emission distribution shifts to longer wavelength as a func-
tion of particle size covering the majority of the visible spectrum over our size range. For
the 60 nm particle, the emission enhancement is relatively uniform across all angles. How-
ever, for the 118 nm particle, G.,, becomes more directional, where emission is mainly
confined within a 30° cone of collection. Our emission enhancement integrated over all
angles (6 = —90° to 90°) for these particles is shown in Figure 5.4.5. We can see that as
particle size increases the main emission mode of the system red-shifts. There is also a

decrease in intensity, with G, becoming broader and weaker.
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Figure 5.4.5 — G, as a function of wavelength for a distribution of spherical silver
nanoparticles moving from 60 — 200 nm.

By taking into consideration the far-field component, our understanding of these nano-
gaps changes. In this case, the emission peaks red shift relative to the near-field excitation
seen previously, and the 118 nm nano-sphere peaks directly at 532 nm. The near-field
contribution seen previously would suggest that the larger silver nanoparticles are unsuit-
able for SERS, however, their G, is almost on a par with the smaller nanoparticles but
just shifted to longer wavelengths. Another contrast we observe from the near-field, is
that the dipolar mode becomes dominant over the quadrupolar mode. The quadrupolar
mode is weaker due to internal processes [167]. By combining this information, we arrive

at the FoM for the system.

5.4.1.3 FoM: Silver Nano-Sphere Size Distribution

The FoM for the nano-gaps formed between a continuous silver surface and a distribution

of silver nanoparticle sizes is shown in Figure 5.4.6.
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Figure 5.4.6 — FoM for a distribution of spherical silver nanoparticles moving from 60 —
200 nm in diameter.

We can see that the most prominent maximum in the FoMs is attributed to the system
using the 60 nm silver sphere. The 424 nm mode for this particle size is 7.09x stronger
than the most intense maximum in the FoM for the 118 nm silver nanoparticle, which is
located closest to the 532 nm excitation we are interested in at 519 nm. However, when
comparing the two systems specifically at 532 nm, the FoM for the 118 nm systems is 2
orders of magnitude stronger. Although the quadrupolar mode in the near-field is more in-
tense for the 118 nm nano-sphere gap, when considering the combination of the excitation
and the emission enhancement, the FoM shows that the dipolar mode is more suitable for
SERS. Therefore the 118 nm nano-sphere gap is most suited for 532 nm excitation when
considering the near and far-field components contributing to SERS scattering in Figure

54.7.
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Figure 5.4.7 — FoM for the nano-gap formed between the 118 nm silver particle and an
extended silver film under TFSF excitation. (a) Shows the heat-map representation of
the emission enhancement as a function of wavelength and angle, and (b) the wavelength
dependence of the FoM summed over all angles for both NA = 1 (black line) and NA =
0.55 (red line).

We can see that the FoM for this device covers the excitation wavelength of our Raman
system, it also scatters within a cone of collection suitable for collection using an objective

lens with NA = 0.55.

5.4.2 Silver Nano-Cubes

This study investigates the extinction curves produced by silver nano-cubes as a function
of their size. Here, we use 25 nm intervals for the x, y and z lengths of the cubes allowing
the peak shifting and broadening effect to be observed relative to their size. The extinction
spectrum for the silver nano-cube cavity system seen in Figure 5.4.8 is more complex than
the spherical system. In this scenario, there are 3 regions (which we have highlighted with

blue, green and red boxes) to track relative to particle size as shown in Figure 5.4.8.
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Figure 5.4.8 — Extinction spectrum for silver nano-cubes moving from 75 — 180 nm in
size via 25 nm intervals. In this case, the 200 nm particle is omitted for the 180 nm as we
possess this size.

Figure 5.4.8 shows the extinction spectrum for nano-gaps formed between silver cubes
of varying size and an extended silver film below, moving in size intervals of 25 nm from
75 — 180 nm. We substitute the 200 nm for the 180 nm cube in this case as we have this

size for Raman measurements.
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Figure 5.4.9 — Peak extinction wavelength as a function of particle size for silver nano-
cubes moving from 75 — 200 nm in size via 25 nm intervals.
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Figure 5.4.9 shows that for the silver nano-cubes the extinction is more complex than
in the case of the spherical particles. Region 2 is very broad and is typically the most
intense from the simulation batch sweep. The two sub modes either side are labelled as
region 1 and region 3. Region 2 has an average FWHM of 90 nm ranging from 25 —
127 nm for particle sizes 75 — 200 nm. Region 2 covers 251 nm of the visible spectrum
from the 75 — 200 nm size distribution, whereas region 3 covers 280 nm of the visible
spectrum. Both are extremely tunable, however on average the peak in region 2 is 1.45x

more intense.

5.4.2.1 Excitation Enhancement

Excitation enhancement was calculated from a sensor located in the middle of the nano-
gap in the x —y plane. Our near-field contribution represented by (G,,) is given from

equation 5.2.2. Figure 5.4.10 shows (G,,) for the silver nano-cube size distribution study.
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Figure 5.4.10 — (G,,) as a function of wavelength for a distribution of silver nano-cubes
moving from 100 — 180 nm in diameter in 25 nm intervals.

As we can see, there are very narrow, intense near-field enhancement associated with
these nano-gaps. The 100 nm cube has huge potential for strong localisation of fields
at the 532 nm excitation we intend to use (although this peaks at 541 nm, there is a

shift potential due to size variation of particles under practical circumstances). Larger

119



Chapter 5. FDTD Investigations of Metallic Nano-gaps for SERS

cubes shift the value of (G,,) further to the red side of the spectrum, while systematically
lowering the peak intensity. In order to see how much of these intense fields are useful in

a practical sense for SERS purposes, we look at the emission enhancement in the far-field.

5.4.2.2 Emission Enhancement

We can see in Figure 5.4.11 that the directionality of the 100 nm and 180 nm silver

cubes using these nano-gaps is more narrow than what we saw previously from the silver

spheres.
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Figure 5.4.11 — G,, heat maps for showing the angular dependency as a function of
wavelength for the far-field scattering. For 5 nm nano-gaps formed between an (a) 100 nm
and (b) 180 nm silver nano-cubes and an extended silver film.

The collection from the most intense region for these gaps are confined between +27°
for the 100 nm cube, and +20° for the 180 nm cube. Although the excitation enhancement
of these nano-cubes is far superior to the nano-spheres, the emission enhancement for this

system is weaker in comparison as seen in Figure 5.4.12.
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Figure 5.4.12 — G, as a function of wavelength for a distribution of silver nano-cubes
moving from 100 — 180 nm in diameter in 25 nm intervals.

This means that although these nano-gaps are excellent at confining electric fields in

the near-field, they do not efficiently scatter light to the far-field.

5.4.2.3 FoM: Silver Nano-Cube Size Distribution

To culminate the data acquired from the nano-cubes, the near and far-field contributions

are combined into the FoM as shown previously for the nano-spheres.
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Figure 5.4.13 — FoM for a distribution of silver nano-cubes moving from 100 — 180 nm
in diameter where NA = 1.
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There is a sharp, highly intense mode associated to the nano-cube nano-gap systems.
The 100 nm particle has the most intense mode peaking at 541 nm which is very close
to our 532 nm excitation line. This could possess massive potential for enhancement of
Raman signal under practical circumstances. These calculations should be considered
tentatively however, because the sharp corners of the nano-cubes would not be present in
reality [139], and may be major contributors to the intense fields generated in the near-
field [164]. Considering the data shown, the system has the potential to be 2.15x more
effective than the spheres for Raman enhancement.

Another thing to consider with these systems, is that due to the narrowness of the
peaks, they may not cover both the excitation, and emission wavelength of light which is
enhanced in SERS. This will lead to detrimental effects for enhancement of the Raman

signal.
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Figure 5.4.14 — FoM plotted as a function of wavenumber for the 100 nm silver nano-
cube and 118 nm silver nano-sphere under 532 nm TFESF excitation. The FoMs here are
summed from angles within the collection cone from NA = 0.55.

From Figure 5.4.14, we can see a comparison of the silver nano-cube and nano-sphere
cavity systems which show FoMs most suited for the 532 nm laser line. By plotting
the FoMs as a function of Raman shift over a region where Raman modes occur for our
material of interest, we can see that the sharp mode from the silver nano-cube only covers

the beginning portion of the spectrum. This would relate to the excitation, the signal then
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lessens significantly. On the other hand, the nano-gap formed using the spherical particles
has a relatively consistent FoM across the whole region covering both the excitation and

emission portions of the spectra.

5.5 Gold Nanoparticle Shape and Size Analysis

5.5.1 Gold Nano-Spheres

By changing the materials of the nanoparticles to gold, we can see how the behaviour of
the extinction spectrum changes. In Figure 5.5.1, the extinction of the gold particles are
generally broader than previously seen from the silver. They also begin in the middle of

the spectrum at 575 nm for the 100 nm particle.
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Figure 5.5.1 — Extinction spectrum for spherical gold nanoparticles moving from 75 —
200 nm in 25 nm intervals.

When compared to the silver nanoparticle extinction seen in Figure 5.4.1, we can
see there is less tunability and the resonance for these particles are more localised to the
red region of the visible spectrum. This is due to interband transitions and absorption at
shorter wavelengths. We can also see that the two extinction modes for this system are far

less tunable than what we saw previously with the silver spheres. The dipolar mode shifts
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159.8 nm in wavelength from 573.84 nm to 733.6 nm. Whereas, the quadrupolar mode
only shifts 28.6 nm from 555.8 nm to 579.2 nm. This is mainly due to the quadrupolar
mode not being as distinct as seen from the silver system and only being visible from

larger nanoparticle sizes.
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Figure 5.5.2 — Peak extinction wavelength as a function of particle size for spherical gold
nanoparticles moving from 75 — 200 nm in 25 nm intervals.

5.5.1.1 Excitation Enhancement

Once again, the near-field enhancement of the electric field was analysed via a sensor
located in the middle of the nano-gap in the x — y plane. (G,,) for the nano-gap formed
between the continuous gold film and a spherical gold nanoparticle of varying size is

shown in Figure 5.5.3.
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Figure 5.5.3 — (G,,) as a function of wavelength for a distribution of spherical gold
nanoparticles moving from 75 — 200 nm in diameter in 25 nm intervals.

These particles show very little excitation enhancement for the 532 nm excitation. In
this case, for the gold sphere nano-gap formation, the 150 nm diameter spheres produce
the maximum excitation enhancement at 635 nm. Therefore from a near-field confine-
ment perspective, the 150 nm gold particle nano-gap system would appear to be the most
suitable for 635 nm excitation. To fully classify the system and determine how effectively

it scatters light, we investigate the far-field emission enhancement characteristics.

5.5.1.2 Emission Enhancement

Our far-field emission contribution (G,,,) for these particles is shown in Figure 5.5.4. It
shows that as particle size increases the main emission mode of the system red-shifts.
There is a peak in emission intensity for the system occurring for the 150 nm diameter

particle which has a peak intensity at 656 nm.
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Figure 5.5.4 — G, as a function of wavelength for a distribution of spherical gold nano-
particles moving from 75 — 200 nm in diameter in 25 nm intervals.

The information from the far-field correlates closely with the near-field for this sys-
tem. We see that the optimal G, for SERS is generated from the 150 nm diameter
particle. This was also seen previously where the highest field intensity in the near-field
was associated to the same sized particle. By combining this information and completing

the study, we arrive at the FoM for the system.

5.5.1.3 FoM: Gold Nano-Sphere Size Distribution

Taking into consideration the far-field component and combining with the near-field con-
tribution, we can generate a FoM given from equation 5.2.1. The FoM for the nano-gaps
formed between a continuous gold surface and a distribution of gold nanoparticle sizes is

shown in Figure 5.5.5.

126



Chapter 5. FDTD Investigations of Metallic Nano-gaps for SERS

Au Nano-Sphere :532 nm :635 nm
75 nm !
—— 100 nm
125 nm
= 2a0° | 150 nm
—— 200 nm

3x10° F

1x10°

400 500 600 700 800
Wavelength (nm)

Figure 5.5.5 — FoM for a distribution of spherical gold nanoparticles moving from 75 —
200 nm in diameter in 25 nm intervals.

We can see that the most prominent mode is attributed to the system using the 150 nm
gold sphere. This mode is ~ 2.6 stronger than the peaks generated from the 150 nm
silver spheres at this wavelength, but it is half as intense as the 150 nm silver cubes. It
is also very close to the excitation wavelength of our 635 nm red laser line peaking at
646 nm. However, when comparing to the 518 nm mode of the 118 nm silver particle, it
is considerably weaker with the silver system being 1.74 x the intensity. The bandwidths
of the 118 nm silver spherical particle system FoM and the 150 nm gold spherical particle
system FoM are relatively comparable at 67.4 nm (for the dipolar mode) and 72.3 nm

respectively.

5.5.2 Gold Nano-Rod

As well as investigations into size distributions of silver and gold nanoparticles, we also
investigate gold nano-rods which we have available for experimental SERS measure-
ments. Therefore, we also simulated nano-gaps formed between nano-rods and the metal-
lic film below. The gold nano-rods we have available practically have diameter d = 50 nm
and length / = 100 nm. As nano-rods are not symmetrical in the x and y axis as seen from

previous systems, we investigate calculations from electric field polarised along the trans-
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verse and longitudinal axis of the rod. Figure 5.5.6 displays the schematic diagram for

how the calculations were performed with the direction of the incoming electric field.
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Figure 5.5.6 — Schematic of the nano-gap formed between the gold nano-rod and an
extended gold film where the electric field is polarised in (a) the x and (b) the y direction

We can see that the extinction from the system in the two configurations produces
different intensity resonances. Figure 5.5.7a and 5.5.7b show the respective extinction
spectra for the system when under the influence of transverse and longitudinal excitation
respectively. Excitation along the width of the rod yields extinction spectra dominated by
absorption whereas excitation polarised along the length of the rod produces an intense

mode at 716 nm.
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Figure 5.5.7 — Extinction spectrum for gold nano-rod with diameter d = 50 nm and
length [ = 100 nm. Where the electric field is polarised along (a) the transverse and (b)
the longitudinal axis.

To fully classify this system, near-field data must be analysed at these extinction max-
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ima. Following this, the far-fields need to be calculated for the transverse and longitudinal

polarisations.

5.5.2.1 Near-Field Distribution

The near-field is shown for the x — z, y — z and from the centre of the nano-gap in the
x —y plane for the system. This gives us a full picture of the localisation of fields for the
nano-rod. Figure 5.5.9 displays the longitudinal polarised excitation electric field for the
system at the 716 nm mode (Figures 5.5.8a and 5.5.8b) in both the x — z and y — z plane
respectively. We can see from Figure 5.5.8b that when excited at 716 nm the field is most

intense for the system polarised along the length of the nano-rod.

(b)

Figure 5.5.8 — Electric field enhancement for longitudinal excitation of the gold nano-rod
with diameter d = 50 nm and length / = 100 nm taken from (a) the x —z and (b) y — z
sensor at the 716 nm extinction mode.

This is also confirmed when looking at the hot spots generated in the x — y plane.

Figure 5.5.9 — Electric field enhancement from the x — y sensor for longitudinal excitation
of the gold nano-rod with diameter d = 50 nm and length [ = 100 nm at the 716 nm
extinction mode.
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5.5.2.2 Excitation Enhancement

When averaging the fields as a function of area under the rod, we show the excitation
enhancement (G,y) as a function of wavelength. Figures 5.5.10a and 5.5.10b show the

excitation enhancement for the transverse and longitudinally polarised light respectively.
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Figure 5.5.10 — (G,,) as a function of wavelength for a gold nano-rod with diameter
d = 50 nm and length [ = 100 nm. Where the electric field is polarised along (a) the
transverse and (b) the longitudinal axis.

We can see that there are now distinct modes for both the transverse and longitud-
inal polarisations. Transverse polarisation yields a maximum in the near-field at 566 nm,
whereas longitudinal polarisation produces a mode at 585 nm with an additional max-
imum field at 718 nm. The transverse polarisation overlaps with the 532 nm excitation so
there is potential for this system to be useful for excitation at this wavelength. This shows
the information that is lost when focussing completely on the extinction modes and their
associated field enhancements. In order to determine fully if this is the case, we must

investigate the far-field distribution.

5.5.2.3 Emission Enhancement

The emission enhancement reveals that there is a shift in the resonant mode for the trans-
verse polarisation. The near-field is centred at 566 nm whereas the far-field shifts to
572 nm, this is important as it becomes less beneficial for the 532 nm line. Also, in com-
parison to the 118 nm silver nano-sphere which also peaks close to the 532 nm line, we

observe that these rods are 5 x less effective at scattering to the far-field.
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Figure 5.5.11 - G,,, as a function of wavelength for a gold nano-rod with diameter
d = 50 nm and length [ = 100 nm. Where the electric field is polarised along (a) the
transverse and (b) the longitudinal axis.

The longitudinal polarisation is also red-shifted to 729 nm approaching the near-
infrared making it less favourable for our 635 nm excitation. We can see the emission
enhancement as a function of wavelength and angle for the transverse and longitudinal

polarisation excitation in Figure 5.5.12.
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Figure 5.5.12 - G,,, as a function of wavelength and scattering angle for a gold nano-rod
with diameter d = 50 nm and length [ = 100 nm. Where the electric field is polarised
along (a) the transverse and (b) the longitudinal axis.

In terms of directionality, we can see that although the transverse polarisation is
weaker, it does scatter to the far-field within a +£50° cone of collection. Whereas, for
the longitudinal polarisation, the highest regions of emission enhancement intensity are

mainly found at the larger scattering angles.
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5.5.2.4 FoM: Gold Nano-Rod

To quantify this data fully, we use equation 5.2.1 to combine the near-field enhancement
with the far-field distribution of the system for both polarisations discussed previously.
Figure 5.5.13 shows the field maps for the two polarisations as a function of wavelength
and angle. In this configuration, we can see that the FoM for the transverse polarisation
displayed in Figure 5.5.13b scatters most intensely normal to the surface of the substrate,
dissipating towards larger scattering angles. Whereas, when dealing with the light po-
larised along the length of the nanoparticle in the y plane shown in Figure 5.5.13a, we
observe higher intensity at the larger scattering angles, where 0 is normal to the substrate

surface and +90° is parallel.
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Figure 5.5.13 — FoM for a distribution of a gold nano-rod with diameter d = 50 nm and
length [ = 100 nm. Where the electric field is polarised along (a) the transverse and (b)
the longitudinal axis.

This is a result of the far-field emission enhancement distribution for this system. To
take this into consideration, the final FoM for the nano-rods has both the sum of the field
maps across all angles representing Numerical Aperture NA = 1. As well as the sum of
the angles collected from a lens with NA = 0.55, which will be available to us in our
experimental setup for SERS. This data shown in Figure 5.5.14 will be represented by the
black and red lines plotted for the FoM respectively.

We can see in Figure 5.5.14a for transverse polarisation, the FoM peaks at 569 nm.
Whereas, in Figure 5.5.14b for longitudinally polarised light, the peak modes occur at

576 nm and 724 nm respectively. The FoM acquired via transverse polarised excitation
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Figure 5.5.14 — FoM for a distribution of a gold nano-rod with diameter d = 50 nm and
length [ = 100 nm. Where the electric field is polarised along (a) the transverse and (b)
the longitudinal axis. The difference between NA = 1 (black line) and NA = 0.55 (red
line) is also shown in each case.

1s 5.76x more intense at 532 nm than the longitudinal polarisation so therefore possess
more potential for resonant excitation under the influence of 532 nm light. We can see
that due to the directionality of the system when comparing the NA = 1 to the NA = 0.55
for each polarisation, the transverse polarisation loses 42% of its intensity whereas the
longitudinal polarisation loses 49% due to the highest FOM intensities occurring at the
larger scattering angles.

Although this system has a peak mode overlapping with the 532 nm laser line, when
in comparison to the silver nano-spheres, the FoM is ~ 121 x weaker. Therefore, for our
investigations from an experimental perspective, it would be more beneficial to use silver
structures as our main Raman line is centred at 532 nm.

This study thoroughly investigates nano-gaps formed between nano-spheres, cubes
and rods and a metallic film below, analysing the behaviour in the near as well as the
far-field. Doing so has allowed us to establish the ideal working conditions for excitation
and generation of surface plasmons in each case. We have performed an in depth analysis
to the size dependencies of each system demonstrating the tunable wavelength properties
the nano-gap is capable of, as well as determining which system would be suitable for
our work. We have found that the silver nano-spheres possess the ideal properties for
SERS measurements under the influence of 532 nm excitation. In order to corroborate

our findings, we switch from the TFSF plane wave excitation to a Gaussian source to
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provide a more realistic excitation profile which will allow an NA to be defined for the

source.

5.6 Gaussian Source: More Realistic Excitation

Contrary to the TFSF source which is limited to a wave injected from a single planar
direction, the Gaussian source is composed of many plane waves to produce a Gaussian
beam profile. The beam is focused to a specific region of the device and an NA can be
defined. These simulations use NA = 0.55 which is identical to the objective we use
in our practical setup, therefore giving more realistic scattering properties. The source
positioned above the structure has its focal point at the centre of the 5 nm cavity. This was
the most beneficial approach as the target material would be ideally contained within the
cavity and excited directly by the laser setup.

We performed calculations from three particle sizes, the 118 nm silver particle, as
well as 60 and 200 nm particle cavity systems (owing to the fact that these sizes are
commercially available), to demonstrate the size dependency with regards to the near-

field excitation and far-field emission enhancement.

5.6.1 Absorption, Scattering and Extinction

Using Gaussian source excitation; absorption, scattering and extinction cross sections
were measured for each particle size. The characteristic two region curve can be seen

again from the 118 nm particle nano-gap system in Figure 5.6.1. This was demonstrated

previously with the TESF source.
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Figure 5.6.1 — Absorption, scattering and extinction cross section from the 5 nm cavity
using 118 nm particle diameter under Gaussian illumination.

In this case however, the 415 nm and 523 nm peaks from the 118 nm particle system
have shifted to 430 nm and 543 nm respectively. This is most likely due to the system

coupling to more modes due to the nature of the Gaussian source [93].

5.6.2 Near-Field Distribution

Here, the near-field calculations were performed for the 60, 118 and 200 nm particle sizes
to show where the areas of high intensity field would be localised. We can see that for
the x — z components higher localisation is again found to be given at shorter wavelength
excitation. The field for the 430 nm excitation would be ~ 3x larger than that of the
543 nm excitation and more confined. We can also see that the higher confinement of
shorter wavelength excitation generates the smaller hot spots with larger electric field.

For the 60 nm particle, the extinction peaks are very broad and essentially the same
as the system in absence of the nanoparticle. The near-field intensity was extracted at
393 nm and 430 nm for its extinction maxima and is shown in Figure 5.6.2.

There is extremely high field enhancement localisation associated with the extinction
maxima for the 60 nm particle. We also see confined regions of higher intensity field

for the 118 nm particle cavity system from the 430 nm excitation relative to the 543 nm
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Figure 5.6.2 — Electric field distribution for the system in the x — y plane taken from the
centre of the nano-gap at (a) 393 nm and (b) 430 nm for the 60 nm particle cavity system.

excitation in Figure 5.6.3.

(a) (b)

Figure 5.6.3 — Electric field distribution for the system in the x —y plane taken from
the centre of the nano-gap at (a) 430 nm and (b) 543 nm for the 118 nm particle cavity
system.

We now observe strong coupling between the particle and the film below. This system

demonstrates the two regions associated with the strong coupling due to the nano-gap.

The field from the quadrupolar mode is around 3 times more intense than that generated

from the dipolar mode. Finally, the 200 nm system generates the fields shown in Figure

5.6.4 at its respective extinction peaks.

We can see that in this case the field intensities in region 1 and region 2 are weaker

than what we see from the 118 nm particle system. Therefore, when considering the near-

field at the extinction peaks for these gaps, the smaller particle sizes generate the larger

field enhancements.

136



Chapter 5. FDTD Investigations of Metallic Nano-gaps for SERS

(a) (b)

Figure 5.6.4 — Electric field distribution for the system in the x — y plane taken from
the centre of the nano-gap at (a) 495 nm and (b) 696 nm for the 200 nm particle cavity
system.

We can then extract the excitation enhancement for these nano-gap systems using the

same method as we did for the TESF calculations.

5.6.3 Excitation Enhancement

By averaging the fields across all the sensors located at the centre of the nano-gap in the

x —y plane, we obtain Figure 5.6.5.
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Figure 5.6.5 — (G,,) as a function of wavelength for nano-gaps formed between 60 nm,
118 nm and 200 nm spherical silver nanoparticles and an extended silver film under Gaus-
sian excitation.

This shows that the 60 nm particle generates a larger excitation enhancement at the
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shorter wavelengths in the near-field. At 532 nm, the 118 nm particle nano-gap system
generates 2.02 x the excitation enhancement as the 200 nm particle and 24.02 x that of the
60 nm particle gap geometry. We can see the two regions which represent the dipolar and
quadrupolar modes of the system more clearly with much higher field intensities shown
for the higher frequencies. This would give the impression that the field is more favour-
ably excited from shorter wavelengths in the region of 430 nm but this investigation has
so far only considered the field in the local sense i.e. the near-field. Further examination

is required to determine how the generated Raman signal is scattered to the far-field.

5.6.4 Far-Field Emission Enhancement Contribution to SERS signal

After investigating the near-field behaviour of the system, we now look to the emission
enhancement of the generated Raman signal in the gap to the far-field. We calculated the
far-field profile from the centre of the cavity in the x —y plane projected from the same
monitor used to calculate (G,,). This is because the Raman signal would radiate from
the target material located at this position in experimental circumstances. The angular
dependency of the far-field shows how the generated Raman signal is scattered to the

far-field.
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Figure 5.6.6 — Far-field angular dependence for (a) 430 nm and (b) 543 nm emission
wavelengths.
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Figure 5.6.6 shows the difference in the far-field distribution for peak emission wavelengths
of the 118 nm particle nano-gap structure. We can see in Figures 5.6.6a and 5.6.6b that
there is a stark difference for far-field emission of the 430 nm and 543 nm mode for the

118 nm system with a difference of two orders of magnitude.
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Figure 5.6.7 — Far-field angular distribution with cone of collection overlaid considering
an NA = 0.55 objective lens.

Clearly, from a practical standpoint the Raman photons scattered from the longer
wavelength emission will be done so more efficiently to the far-field, whereas with the
higher energy emission more will be lost due to internal processes. Therefore, despite
having a larger enhancement in the near-field, the quadrupolar mode is far less effective
than the dipolar mode when considering the far-field emission. We also observe in Figure
5.6.7, that the far-field from this system is moderately directional, with the majority of the
far-field profile residing within our cone of collection represented by the purple region.
This region highlights a 33.37° light cone which is equivalent to an objective lens collect-
ing at NA = 0.55. Therefore, our system could collect the majority of the emitted light
from this geometry.

To make sense of the practicality of the nano-gap geometry, it is important to plot
the emission diagram of the system. First, we can extract the far-field reference for a
simulation region containing no structure i.e a perfect vacuum as a reference. Then by
performing the same calculation for the nano-gap structure and dividing them by this
reference, we obtain the far-field emission as a function of angle across all wavelengths.
The emission enhancement (G,;;) of the system is therefore given from equation 2.7.3.

This is shown in Figures 5.6.8, 5.6.9 and 5.6.10. for a 60 nm, 118 nm and 200 nm particle
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system respectively.

G, (%.0)
30

Wavelength (nm)

o o o
52 [Sp)

o o
© ©

Angle (degrees)

Figure 5.6.8 — Emission enhancement for the system with angular dependence as a func-
tion of wavelength normalised to the reference simulation for the 60 nm particle system.
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Figure 5.6.9 — Emission enhancement for the system with angular dependence as a func-
tion of wavelength normalised to the reference simulation for the 118 nm particle system.
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Figure 5.6.10 — Emission enhancement for the system with angular dependence as a
function of wavelength normalised to the reference simulation for the 200 nm particle
system.
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In terms of intensity, the 60 nm shows to have the largest emission enhancement,
however the distribution is spread over all angles and therefore making it less directional
than the larger particles.

For the 118 nm particle system, G, shows that the high intensity mode at 430 nm
i1s weak due to Ohmic losses by the metal [167]. However, the 543 nm mode in region
2 yields excellent antenna-like properties scattering within the cone of collection of the
0 — 30° half angle region, with 0° representing normal incidence to the structure. This
is well within the parameters of our practical setup which utilises a 50x magnification
objective lens with NA = 0.55, which corresponds to a collection half angle of 33.37°.

Finally, the 200 nm particle is the most directional in the far-field emission enhance-
ment but in this case the emission enhancement intensity is sacrificed.

Taking the sum of this data now across all angles gives the emission enhancement as
a function of wavelength, and shows how each particle system behaves when scattering

light, shown in Figure 5.6.11.
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Figure 5.6.11 — Sum of normalised emission enhancement for the cavity systems across
all angles (a) 60 nm (b) 118 nm and (c) 200 nm particle nano-gap systems.

The data shows that the emission enhancement is most intense for the 60 nm silver
nano-sphere. As the particle size increases, the modes broaden and decrease in intensity.
The signal transmitted to the far-field is most intense at 532 nm for the mid sized nano-
particles. Whereas, the 200 nm spheres are most suitable for the larger wavelength regions
approaching the near-IR. To evaluate the near-field excitation and far-field emission, we

combine the two into our FoM and analyse the effectiveness of these systems for SERS.

5.6.5 Figure of Merit

By combining the data from the near-field excitation and far-field emission, we can use
equation 5.2.1 to define the SERS enhancement for each system and characterise the ideal

excitation wavelength in each case.
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Figure 5.6.12 — Figure of merits for each sized particle nano-gap system considering the
angles collected from an NA = 0.55 objective lens.

Figure 5.6.12 gives us the FoM for all three particle sizes. This data tells us that
when taking into consideration all factors, nano-gaps formed between a particle on a film
system can effectively be tuned to an excitation wavelength of choice. However, due to
the properties of the excitation and emission enhancement of such structures we see that
choosing the correct excitation wavelength becomes more complicated than looking at the
hybridised extinction modes or the highest region of field intensity in the near-field. We
can see in Figure 5.6.13 that for the 118 nm particle the most intense region of the FoM

peaks closest to our 532 nm laser line.
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Figure 5.6.13 — Figure of merit for the 118 nm particle nano-gap system showing the
difference between NA = 1 (black line) and NA = 0.55 (red line).

The graph in Figure 5.6.13 uses equation 5.2.1 to give the FoM for the 118 nm particle
system. We can see the difference from collecting with an objective of NA = 0.55 and
NA =1 from the red and black lines respectively by integrating G,,, over these angles. The
FoM tells us that when using the 118 nm particle, the ideal excitation is from a 532 nm
laser line. The 200 nm particle produces less signal, however functions relatively well
when approaching the near-infrared region. Smaller particles such as the 60 nm shown
here produce intense peaks in the blue region of the spectrum but perform the worst for
our 532 nm laser line. The nano-gap formed between the 118 nm silver nano-sphere and
the extended silver film produces 40.99x the enhancement relative to the 200 nm sphere
system, and 162.48x that what we observe from the 60 nm particle system.

Although the 60 nm particle seems to produce the largest FoM when excited at its
peak wavelength, when considering the data in terms of the output with respect to Raman

shift, we produce the graph shown in Figure 5.6.14.
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Figure 5.6.14 — FoM plotted as a function of wavenumber for the 60, 118 and 200 nm
silver nano-particle nano-gap systems, considering the angles collected from an NA =
0.55 objective lens.

We can see that although the 60 nm particle has a more intense FoM, in terms of
Raman shift it will only enhance the lower wavenumbers of the Raman spectra. When
compared to the 118 nm particle nano-gap system we can see that there is a more stable
enhancement produced from this across the entirety of the spectrum. Therefore, smaller

particles are less likely to benefit Raman enhancement.

5.7 Summary

Overall, this work gives a complete picture of the system behaviour and demonstrates the
characteristics of the nano-gap with a clear systematic approach to its field enhancement
and emission properties. We can see the tunability of the system in this configuration
as well as the extreme confinement of light the structure is capable of. By fully invest-
igating the excitation and emission enhancement, we are able to determine the optimal
wavelength of Raman excitation which will yield us the best photon output within the vis-
ible regime. We can say from this study, that simply investigating the extinction spectrum
or the near-field confinement is not conclusive for determining the ideal SERS enhance-

ment of the system. Our study has investigated a range of nanoparticle sizes and shapes
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from both gold and silver to determine the ideal characteristics of near-field excitation
enhancement and far-field emission enhancement to be used in SERS experiments. By
investigating these structures through FDTD calculations, we have formulated the ideal
working conditions for SERS.

Our FDTD modelling showed that the SERS signal from the investigated nano-gaps
is strongly dependent on the particle size and choice of excitation wavelength. This beha-
viour is attributed to the complex interplay between the near-field excitation enhancement,
and the far-field emission enhancement for various particle size nano-gaps. We have per-
formed an in depth analysis to the size dependencies of each system, demonstrating the
tunable wavelength properties the nano-gap is capable of, as well as determining which
system would be suitable for our work. Using our FoM, we have simulated the resonant
properties of each nano-gap. Our findings show that the 118 nm silver nano-sphere nano-
gap possesses the ideal properties for SERS measurements under the influence of 532 nm
excitation.

Not only did we investigate nano-gaps from plane wave excitation but we also provided
further evidence of our claims by studying the effects of using a Gaussian source excita-
tion. The Gaussian beam functions differently to the TFSF source used in the preliminary
calculations, where TFSF uses a single plane wave from one plane injection axis the
Gaussian beam gives a more realistic excitation profile. The Gaussian source can also be
focused to a specific region of the device and an NA can be defined. These simulations use
NA = 0.55 which is more representative of practical SERS measurements. The Gaussian
source excitation revealed that the 118 nm silver nanoparticle system produces the highest
intensity FoM at the 532 nm laser line. Therefore, we can conclude that of the systems we
have studied, this optimised structure is theoretically most capable to produce the max-
imum signal for SERS measurements. The information obtained from this chapter will be
applied practically to our subsequent experimental chapters, where nano-gaps are used to

probe materials at low concentrations via Raman spectroscopy.
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Chapter 6

Plasmonic Nano-gaps for Single-Molecule

SERS

This chapter deals with experimental methodology for detection of trace substances
using SERS. We utilise the plasmonic nano-gap formed between a metallic nanoparticle
and an extended metal film below. In Chapter 5, comprehensive 3D FDTD calculations
were performed to explore the near-field and far-field behaviour of the nano-gaps. We
investigated the effect of changing the particle size and shape, as well as the materials
used for both the particle and the film below. We also altered the thickness of the nano-
gap as well as the film below and discussed the effects of changing these parameters.
Using the information obtained from these calculations, we refined the characteristics
of the plasmonic cavity for use with 532 nm excitation as this laser line is available to
us practically. This chapter aims to investigate through SERS experiments the effect of
changing the nanoparticle shape, size and materials in order to design a cavity structure
capable of single molecule detection. From this investigation, we will discuss the relat-
ive enhancement from each plasmonic structure and its effectiveness at SERS detection
comparing where possible to the theoretical study. We show through practical experiment-
ation that our structure is capable of detection of common Raman probes, Rhodamine 6G
(R6G) and Crystal Violet (CV), when approaching the single molecule level. We define
the single molecule SERS (SM-SERS) characteristics in this study by the observation of

orientational effects attributed to the enhancement of specific Raman modes due to the
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alignment of molecular dipoles with the cavity dipole moment.

6.1 SERS from Nano-Gaps Using Different Shaped Sil-

ver Nanoparticles

Practical investigations of the nanostructure geometry support the simulation data and
theoretical investigations from Chapter 5. We can provide spectroscopic information for
a fluorescent SERS probe, in this case R6G, for different cavity systems formed between
the nanoparticle and the metallic film below it with varying particle sizes and shape.
To analyse these spectra, we average SERS data from many nano-gaps formed between
each particle size. By doing so, we eliminate any variation in the SERS signal intensity.
Any fluctuations in enhancement can be attributed to variance in particle size, molecular
position in the cavity relative to the hot spot as well as the number of molecules in each
particular cavity. This is due to the low concentration of the Raman probe within the gap
and the manufacturing process. Because of this, the distribution of the analytes is not
guaranteed to be uniform. Throughout the course of these investigations, the metal film
below the cavity is fixed at 100 nm and the nano-gap is a constant 5 nm.

By using these dyes with our 532 nm excitation source, we take advantage of Surface
Enhanced Resonance Raman or SERRS. The excitation wavelength coincides with the
electronic transition of the Raman probe. This means that SERRS could be exploited to
further enhance the radiated light by exciting electrons near the electronic transition of
the molecule of interest [112, 168]. This allows maximum enhancement to take place and
increases the possibility of SM-SERS to occur.

There was slight variations in the nanoparticle sizes when observed via SEM. The size

distribution of a sample of the 100 nm silver nano-spheres is shown in Figure 6.1.1.
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Figure 6.1.1 — SEM image of silver nanoparticles on the substrate with an average dia-
meter of 118 nm.

The average size from this sample is shown to be 118 nm. We have used the average
size throughout our simulations to allow for enhancement comparisons with our experi-

mental work.

6.1.1 SERS from Silver Nano-Sphere Size Study

To start with, simple particle radius changes for silver nanoparticles are used to produce
spectra from R6G at 2 x 10~ M. At this concentration, the cavity effect was evident and
the enhancement of the Raman probe from the nano-gap was measurable relative to the
system in absence of the particle. Figure 6.1.2 shows Raman spectra of varied intensities

for the nano-gaps formed between silver spheres and the 100 nm silver layer below.
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Figure 6.1.2 — SERS spectra measured from a 5 nm nano-gap doped with the molecular
dye R6G at a concentration of 2 x 107% M. In a nano-gap formed between a 60 nm
silver particle and a 100 nm thick silver film, a nano-gap formed between a 118 nm silver
particle and a 100 nm thick silver film, and a nano-gap formed between a 200 nm silver
particle and a 100 nm thick silver film. For comparison, we also plot the measured SERS
from off nano-gap regions. SERS measurements used 3 s collection time from 532 nm
excitation with a slit width of 0.1 mm.

We performed our Raman measurements on systems with particle sizes used in the
theoretical Gaussian study in section 5.6. Where, a comprehensive study of the extinction
profiles as well as the near and far-field electric field coupling effects of 60, 118 and
200 nm particle cavity-systems were compared to one another. We can see the 118 nm
particle nano-gap system produces large enhancements relative to the other particle sizes.
This follows a close agreement with our simulation results which demonstrated that the
118 nm silver system to be well optimised for a 532 nm excitation. In order to demonstrate
the power of the cavity system, the enhancement of the nano-gap formed between the
118 nm silver sphere and the 100 nm silver film below it was measured and compared to
the the system with no nanoparticle as well as the with no fluorescent material all shown
in Figure 6.1.3.

From this, we notice a huge signal intensity dependence on this system. The fluores-
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Figure 6.1.3 — Raman spectra from the 118 nm silver nanoparticle cavity system at
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