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Abstract

Traditionally, localised surface plasmon resonance, LSPR, spectroscopy sensing surfaces are pro-
duced with a highly specific functionalised layer atop a plasmonic nanostructure. Here we present
that by removing this functionalisation, not only is the difficulty of the fabrication procedure
reduced, but the 'naked’ plasmonic nanoparticle template is still able to act as a high quality
optical sensing surface for detecting the surface abundance of a lead salt, showing a clear and
measurable shift to the optical response of the template from as little as 0.0001at% or 100ppm.

The increased desire for flexible devises is driving a need to be able to fabricate a high quality
micro- and nano-structures on flexible substrates. This research describes a methodology for the
laser fabrication of a plasmonic nanoparticle template on a polymer substrate by modifying the
polymer surface to increase the surface roughness of the polymer substrate and the inclusion of
a silicon dioxide interlayer between the polymer and the metallic thin film. By combining these
two processes, laser annealing can be transplanted onto a substrate as thermally sensitive as
PET and still allow for the fabrication of a plasmonic nanoparticle template, with the highest
quality template being produced with a PET/Si02(100nm)/Ag(10nm) structure.

Through the a simultaneous experimental and computational investigation of the effect an
interlayer has on the laser annealing process, caused by multiple reflections within a silica in-
terlayer. Demonstrating a direct correlation between the experimentally seen variance of the
processing window - increased threshold energy and a reduction to the ablation limit with the
calculated minimum and maximum absorption of the laser line in the silver thin film. Allowing
this understanding to provide an additional control on the laser annealing process.

Further to this, a novel optical characterisation technique to assess the angle and polarisation
dependent reflectance, at both specular and diffuse angels. Due to the lack of a commercially
available system to measure this effect, a custom designed and built goniometric system to accur-
ately and reliably quantify this effect was produced. The analysis of the angle and polarisation
dependent reflectance of the nanoparticle templates revealed that the S-polarisation reflectance
showed minimal (up to a maximum of 5 nm) variation at any angle of incidence, while the
P-polarisation reflectance showed a dramatic blue shift to the LSPR peak of the nanoparticle
templates at steep angles (above 50°). This colour changing phenomenon can be attributed to a
combination of thin film interference, and the differing planes being probed by the two separate

polarisations.
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Chapter 1

Introduction

Plasmonics is a field that has gained remarkable popularity over the course of the last 20 years.
However, despite the vast amount of new research occurring all around the world, the effect being
exploited has been known and exploited for a thousand years by glass-smiths. This cannot be seen
more clearly than when looking at the Lycurgus Cup, as shown in figure 1.1. The Lycurgus cup,
and the field of plasmonics unique optical phenomena stems from the localised surface plasmon
resonance effect. This is a resonant oscillation of the surface electrons of a nanostructure caused

by the coupling of an incident photon with a corresponding frequency.

Figure 1.1: Image of the Lycurgus Cup, from the British Museum. The cup appears green when

viewed with an external light source (left), while when viewed with an internal light source the

cup appears red (right).



CHAPTER 1. INTRODUCTION 2

The LSPR effect results in a significant increase in the scattering and absorption cross-section
of the nanostructure, where this is characterised by a Lorentz peak specific to the material, size,
shape, surface distribution and local dielectric environment of the nanostructure. This effect
has been achieved with a variety of different materials, but most commonly the coinage metals:
copper; silver; and gold, with silver allowing for a LSPR response across the visible wavelength
region.

Plasmonic nanostructures have been shown to offer superior performance in a wide range of
applications, including but not limited to: solar cells; memory devices; cancer treatment; and
optical sensing. Due to the extreme correlation of the exact spectral position of the LSPR peak
to the local dielectric environment, optical sensing with plasmonic nanostructures has been able
to show single molecule detection, identification of drug delivery to specific binding sites and
in situ process monitoring. To date, despite the vast array of research work, there are a very
limited number of commercially available plasmonic devices, and of that limited number, they are
predominantly sensors or sensing techniques. To date, there has been extensive investigations,
both experimental and theoretical, into the mechanics of the laser annealing process on a silicon
substrate. But there has been limit development of a laser fabricated nanostructure on a more

versatile substrate such as a polymer.

1.1 Research Aim

The primary aim of this research is to investigate the sensor and sensing applications of metallic
plasmonic nanoparticle templates fabricated with a unique laser annealing methodology. Beyond
this, the aim is to develop several sensors or sensing techniques on a known substrate (silicon)

as well as on new substrates, such as polymers.

1.2 Research Objectives

Here we will present the research objectives of this research work.

Identify LSPR focused optical sensors and sensing techniques.

Investigate the use of laser fabricated plasmonic nanoparticle templates, on a silicon sub-

strate, in a sensing application.

e Preform laser annealing on a polymer substrate.

Optimise the laser annealing process on a polymer substrate.
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e Investigate the use of laser fabricated plasmonic nanoparticle templates, on a polymer

substrate, in a sensing application.
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Chapter 2

Literature Review

2.1 Introduction

This chapter will present and discuss the background information and leading literature on the
phenomenon of the localised surface plasmon resonance effect, its applications, with focus on its’
use within sensing, and how the effect is characterised. Further to this we will present photonic

processing for nanostructuring and how this relates to this research.

2.2 Plasmonics

Plasmonics is a relatively new, but rapidly developing field within nanophotonics, which is dedic-
ated to understanding and exploiting the interactions between electromagnetic fields and matter
at an interface between a metal and a dielectric medium. One of the many advantages of plas-
monics, is the remarkable fact that the underlying mechanisms involved are firmly rooted within
a classical electromagnetism approach, based on Maxwell’s equations, a free electron gas and an
understanding of the negative real component of the dielectric function. While as a field of active
research plasmonics is relatively new, being prominent for the last 30 years with predictions for
plasmonic effects appearing as early as 1957 [3], the optical effect that this field describes have
been exploited by glassmiths for centuries when producing red and yellow stained glass.

To understand the optical properties any given material you must first consider their complex
dielectric function. This allows for a prediction of the variation in optical response based on the
spectral regime that the material is illuminated by. However, in the case of metals and metal-like
materials within plasmonics, the dielectric function can be used to predict their optical behaviour.
As we see in our daily lives metals like gold and silver, for electromagnetic (EM) radiation or fields
with frequencies up to and including the visible spectrum, are highly reflective and do not allow
EM fields to penetrate deeply into them (skin depth) or even to travel through them. However,
at higher frequencies, such as in the ultra-violet (UV) region and beyond, the behaviour of these
metals shifts, and they gain characteristics more generally associated with dielectric materials,

due to absorptions between electron levels within the metal. This phenomenon, in conjunction
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with the electron band transitions of the noble metals, particularly in the case of a metal like
gold, result in significant absorption bands at these frequencies, allowing for a fuller description

of a metals optical properties.

This behaviour can be quantified and explained using the modified Drude model, or plasma
model, where we can consider a free electron gas oscillating against fixed position positive ion
cores. Using the Drude model allows us to fully describe the optical properties and behaviour of
metals over varying spectral regions depending on their band structures. However, this method
cannot be used exclusively to fully describe these properties, but it can be used until the pres-
ence of interband transitions, at certain frequency regions, be it below at or above the visible

frequencies, limit the validity of this approach [4,5].

While the Drude model can be used as a basis for describing the optical properties, the
complex dielectric function, (w), can be used across the entire electromagnetic spectrum and
can be used at a more fundamental level to categorise a material, where the equation defining the
complex dielectric function can bee see in equation 2.1. In equation 2.1, e(w) is the frequency
dependent dielectric constant, w, is the plasma frequency of the free electron gas, w is the
frequency of the electric field and v is the collision frequency (1/7). When an electromagnetic
field is incident onto a metal, the oscillation of the electrons within the metal changes in response
to this applied field. This induced oscillation is inherently damped by the relaxation time (7)
of the free electron gas. This induced motion of the electrons caused by the applied field itself
induces an additional independent electromagnetic field. This induced field is out of phase with
the applied field and the combination of these two fields contributes dramatically to the overall

macroscopic polarisation.

w2

e(w) = ——L2— (2.1)

T Wt YW

To fully categorise the optical properties of a material, while it is possible to use the dielectric
function, more commonly, optical materials are grouped based on their complex refractive index.
The refractive index can be calculated from the dielectric function, where the complex index,
n(w), is defined as: n(w) = /e(w) [6]. By solving Maxwell’s equations, we can derive the
dielectric function of this free electron gas, where considering this equation at different frequency
regimes, such as when w < w, where traditional metals behave with their characteristic metallic

optical behaviour.
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2.2.1 Surface Plasmon Polariton and Localised Surface Plasmon Res-

onance

The field of plasmonics focuses its attention on the interaction of light with metallic surfaces at a
dielectric interface, such as air and one of the noble or coinage metals (gold, silver and copper).
However, this field can be subdivided into two main areas of research, surface plasmon polaritons

(SPP) and localised surface plasmon resonance (LSPR) [7,8].

SPP’s are a type of dispersive evanescent surface wave that occur at a single, flat interface
between a dielectric medium and a metallic film, where SPP’s can be initiated by either an
electron or photon interaction [9-11]. For the case of either photon or electron excitation, for
this effect to be realised, vitally the incident momentum of the photon or electron must match
and be able to couple directly to that of the free electron gas at the metal’s surface. As such,
to achieve a SPP, a coupling system is required to achieve the necessary momentum matching.
This coupling can be achieve with a prism or a waveguide in one of two primary configurations,
either where the matching system is in direct contact with the metal surface, as in the case of
the Kretschmann configuration [12,13] or where there is a dielectric gap between the matching
system and the metal, as used by the Otto configuration [14,15]. Most commonly, the Otto
configuration is used with a waveguide mating system. To assess SPP’s, a monochromatic light
source is illuminated on to the matching system, be it either a prism or a waveguide, at a specific

angle to induce the surface wave.

Similarly, yet distinctly different, is the localised surface plasmon resonance, LSPR, effect.
The LSPR effect is a non-propagating, resonant oscillation of the conducting electrons at interface
between the surface of a metallic nanostructure and a dielectric material such as air. Unlike SPP,
LSPR can only be triggered by an incident photon, when this incident photons frequency can
couple to the plasma frequency of the free electron gas. Due to the nature of the nanostructure
surface inherent to the LSPR effect, the incident light can couple directly to the nanostructure,
completely removing the need for a complex matching system. Once coupled, the free electron
gas oscillates against the restoring force of the positive nuclei. This resonant oscillation causes
several changes to the optical properties of the nanostructure, including a significant increase to
its’ scattering and absorption cross section. This can be attributed to the induced oscillation,
as we can now consider the nanostructure to be behaving as a dipole [16]. In addition to this,
the induced oscillation leads to an amplification of the local electric field, internally and in the
near-field zone around the nanostructure [6,17,18]. In contrast to SPP’s, the unique optical
properties of the LSPR effect can be assessed with relatively simple equipment and processes via

far-field optical techniques such as reflectance, transmission and absorption spectroscopy. LSPR
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can be assessed with such relatively simple techniques due to the presence of a characteristic
Lorentz peak associated with the LSPR effect. The exact spectral position and bandwidth of
this peak is highly dependent on a number of factors including: the size; shape; composition and
distribution of the nanostructure; and the exact nature of the dielectric environment that the

nanostructure experiences [6,19-21], as can be seen in figure 2.1.

(a) (b)

Scattered Light (arbitrary units)

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

Scattering Intensity (arb.u.)

Photon energy (eV)

Figure 2.1: Image a) Dark-field scattering spectra of individual silver nanoparticles, showing
the dependence of the spectral position of the LSPR peak and the shape. Image b) Optical
dark-field images and corresponding scattering spectra for light incident along the long axis of

the asymmetric nanoparticles. Images taken from [1].

2.3 Applications of Plasmonics

Since its inception, plasmonics has become a key, and in some cases vital, component or factor
within a remarkable number of diverse devices and application spread across a wide range of fields
[8]. Plasmonic nanostructures have found a place in: solar cells [22,23] improving their efficiency
by introducing scatting centres; cancer therapy [24,25] by exploiting a photo-thermal effect;
non-volatile memory devices [26,27] acting as a charge trapping layer; and wave guides [28-31]
allowing for 2D mode-confinement perpendicular to the propagation plane. While potentially the
most abundant and well-known application of plasmonics is sensing [8]. Due to the unique optical

properties of plasmonic nanostructures, they have allowed for the development of existing sensing
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methodologies and have even enabled the creating of techniques that could not exist without this

plasmonic behaviour [32].

Perhaps the most famous sensing methodology to utilise a plasmonic nanostructure is surface
enhanced Raman scattering (SERS) [8,33]. SERS functions by exploiting the LSPR effect to
locally enhance the electric field of either the incident, or scattered illumination to enhance the
detectable signal. Since the discovery of an increased Raman signal from a roughened silver
electrode [34], surface enhanced Raman spectroscopy has become one of the most widely used
analysis techniques used across all areas of scientific research [35]. SERS has allowed for increased
signal to noise ratio my many orders of magnitude, enhanced sensitivity and remarkable chemical
identification at increasingly lower and lower concentrations. SERS is a prime example of a
plasmonic nanostructure allowing for the improvement of an existing sensing technique [36-38],
where Raman scattering has progressed from being limited by inherently low signal and has
progressed to detecting micro-, nano-, femto- and pico-molar concentrations. This has culminated
in a plasmonic nanoparticle template and a single nanoparticle, being able to detect a single

molecule of a given Raman active analyte [39-41].

While SERS is perhaps the most widely recognised plasmonic sensing methodologies, it is
most certainly not the only technique to utilise the power of plasmonic effects to great advantage.
Perhaps one of the simplest plasmonic sensing techniques is colourmetric sensing. This technique
uses the sensitivity of a plasmonic structure to changes in its local environment, which causes a
specific change to their optical response. This sensitivity can be exploited by a nanoparticle array
on a substrate; a single isolated nanoparticle; a colloidal suspension of nanoparticles; or a metallic
film. This optical response change can be attributed directly to the presence of a given material,
molecule or compound [42,43]. This is the exact methodology used within LSPR spectroscopy
[44-46]. LSPR spectroscopy, where the spectral position of the characteristic plasmonic peak of
a plasmonic nanoparticle template or single nanoparticle, changes when a material or compound
is captured by a functionalisation layer on the structures surface. This technique is used heavily
within the field of filtration, to monitor the growth of thin films and monitoring drug delivery
and surface binding. While the LSPR effect is more widely used for sensing, it would be unfair
to ignore the power of SPP sensing techniques [47], used extensively within biochemistry to
monitor surface binding, such as drug delivery and DNA binding events. Additionally, SPP
sensing has been shown to monitor the success and rate of solution-based reactions and binding
events by assessing changes to the refractive index of a buffer solution [48-50]. Where the change
in refractive index can be quantified by the change of the initiation angle, wavelength or energy

of the surface plasmon polariton.
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2.4 Nanostructuring

Modern technology has developed too such an extent that the capabilities of devices double every
12 - 18 months [51]. This has led to a global incentive to be able to equip devices with more
applications, which in turn has led to a need to be able to fabricate components at smaller and
smaller scales. This is clear when considering the development of the range of routes towards
nanofabrication, allowing for new techniques and methods for precisely and reproducibly fab-
ricating these necessary structures. This technology has become the backbone of plasmonics,
being used by research groups worldwide to produce highly ordered nanostructures, as at a fun-
damental level, the localised surface plasmon resonance effect involves the interaction of light
with a nanostructure. Thus far, we have presented the phenomenon, but little attention has been

paid to the nanostructure itself.

The shrinking of structures has been driving research since the late 1970’s, where groups
were able to produce a sub-micron feature size [52] and by the 1980’s groups such as H. Ahmed
L. Lee could be seen to produce features of between 100 - 1000 angstroms (A) [53,54] using
the techniques of nanolithography [55-58], in a traditional top-down methodology. Top-down
techniques use physical process where material is removed from the bulk to produce the desired
features. A prime example of a top-down technique utilised for nanofabrication is lithography.
The wide range of lithographical techniques exemplify the disadvantages of top-down processes,
namely being extremely expensive in terms of both time and essential equipment and limited
potential processing area. Nanolithography has been shown to be able to produce nanoscale
features by using an electron and ion beams to restructure a material as well as using photons to
selectively cure areas of a resits material. Simultaneously however, nanoscale lithography offers

incredible levels of control and specificity [59].

Despite the extensive number of publications and demonstrations of traditional lithographic
techniques being used to produce nanoscale features, there are several other possible routes
towards this goal. One of the more widely realised methodologies for this, is an inverse approach
decried as a bottom-up technique. Such techniques use an existing nanoscale (or microscale)
material as a building block to create a desired structure. These building blocks are driven by
local chemical and physical forces to self-assemble into a specific structure. A primary example
of this type of nanofabrication is referred to as natural or colloidal lithography [60-62], where
the building blocks are initially stored in a colloidal solution that can be spun, drop cast or
evaporated onto a given substrate. Natural lithography has been highlighted by groups such as
B. Tang, et al. and V. Ng et al., who have demonstrated the ability to produce features in the

order of the size of the initial nanoscale building blocks [63,64]. This type of approach has a
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number of advantages over more traditional lithographic techniques, as it can be used to pattern
large areas [65,66]; is a very fast process; can be used on substrates which are highly chemically
and thermally sensitive; in addition to its most desirable advantage that it does not require the
use of complicated and specialist equipment [67,68]. Despite the number of advantages, natural
lithography and other bottom-up processes do not offer the levels of control, specificity, or more

vitally reproducibility offered from a more traditional top-down technique.

2.5 Photonic Processing

While these two schools of thought, top-down and bottom-up processes, are most often com-
pared and contrasted [69,70] and even combined [71,72], there does exists a third option for
nanofabrication, namely photonic processing [2] where light is utilised to modify an existing
surface or structure. Light has been used for high quality micro- and nanostructuring most
notably via photolithography [73]. Photolithography has been shown to function across a wide
range of variations, from single-photon [74] and multi-photon [75] methods to interference-based
techniques [76]. However, all these photolithographical approaches are based on traditional litho-
graphic techniques and can be considered as a layer-by-layer production method as opposed to
a direct fabrication technique offered by other forms of photonic processing.

As shown in figure 2.2, lasers have become an increasingly common tool in a wide variety of
processing methods due to their phenomenal versatility in terms of wavelength, pulse width and
length, power delivered and spot size which has led to such a diverse range of laser processing
techniques.

With the development of higher power and shorter pulse length lasers, more direct laser
processing techniques have been developed, many of which can and have been utilised for nan-
ofabrication. Photonic processing has been developed from the existing and well understood
processes such as laser machining and thermal annealing. Laser machining processes such as
ablation, milling, drilling, cutting and welding [77-79] have been re-purposed at the micro- and
nanoscale, by exploiting the same mechanisms as their macroscopic counterparts [80, 81].

One of the most widely used laser processing techniques is laser ablation [82,83]. Laser
ablation describes the removal of material due to the localised super heating of a material caused
by the specific absorption of the laser wavelength in the processed material. Laser ablation
has been used extensively within macro- and microscopic laser drilling and patterning of hard
materials such as steel [84] and ceramics [85,86]. In addition to being able to modify traditionally
tough materials, laser ablation has been shown to function equally well for softer, more thermally

sensitive materials such as polymers [87] and biological materials [88,89]. Another widespread



CHAPTER 2. LITERATURE REVIEW 12

Emission characteristics
{mode of operation,

Laser wavelengths, power/pulse
type Gain medium  energy) Application
Ar-ion Gas cwi(*) operation Spectroscopy,
laser A =488 nm, 514.5 nm holography,
some Watt machining
He-Ne Gas cw operation Alignment,
laser A =633 nmsome 0.1 Watt spectroscopy,
holography,
interferometry
He-Cd Gas cw operation Lithography,
laser A =325 nm interferometry
some 10 mW
Excimer Gas pulsed operation (ns) Lithography,
laser A =157 nm (F,), 193 nm ablation,
(ArF), 248 nm (KrF), 308 machining,
nm {XeCl) surgery
some Joule
CO, laser Gas cw, pulsed operation (ps) Machining, cutting,
A=106 ym welding, drilling
10-100 kW
Nd:YAG  Solid state cw, pulsed operation (ns, ps] Material processing,

A=1064 nm, 532 nm (SH**), Laser Pumping.
355 nm (TH), 266 nm (FH) Research, Surgery

some kW
Ti:S Solid state pulsed operation (ps, fs) Spectroscopy,
A = 670-1080 nmsome mJ nonlinear material
processing
Nd:Glass Solid state pulsed operation {ms, ns, ps} High energy multiple
A =1062 nmsome 100 J beam systems,
Laser fusion
AlGaAs  Semiconductor cw, pulsed operation (ps) Machining, medical,
A = 780-880 nmsome kW optical discs, laser
(laser diode bars) pumping
AlGalnP  Semiconductor cw operation Machining, medical,
A =630-680 nm optical discs, laser
pumping
InGaAsP  Semiconductor cw, pulsed operation (ps) Machining, medical,
A= 1150-1650 nm optical discs, laser
pumping
GaN Semiconductor cw operation Optical discs,
A =405 nm lithography
Dye laser Dye cw, pulsed operation (ns) Spectroscopy.
A =300-1200 nm, depends research, medical
on used dye

Notes: Cf. Bauerle (2008).
(*) cw = continuous wave; (**) SH = second harmonic; TH = third harmonic; FH =
fourth harmonic.

types.jpg
Figure 2.2: Table showing a range of different types of lasers, their emission characteristics and
the application / technique most commonly associated with the given laser type. Table taken

from reference [2], chapter 6, table 6.1, page 169.

and commonly experienced application of laser ablation is within the field of thin film fabrication,
where laser ablation is used as part of pulsed laser deposition [90-92]. This phenomenon has
been shown to be able to produce features ranging from 10’s of nm to 1micron, across large areas.
The phenomenon used for pulsed laser deposition is identical to that used when patterning a
sample at a micro- and nanoscale. Beyond a direct fabrication technique for producing a specific
surface structure, laser ablation has been shown by a wide number of groups to be able to
produce nanoparticles from a bulk target. Laser ablation of a bulk material has been shown
to produce nanoparticles in a gaseous environment [93,94] and allows for the direct deposition
of metallic nanoparticles onto a specific substrate. Beyond this, nanoparticles can be directly
fabricated as a colloidal solution wvia laser ablation [95,96], were the produced nanoparticles can
be produced as a pure nanoparticle or in a core-shell morphology dependent on the solution
used. The production of these nanoparticles in solution are produced via the same phenomenon

as pulsed laser deposition and in fact often makes use of identical experimental equipment.
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In addition to using laser processing to fabricate a nanostructure. Laser annealing [97] is
a highly similar yet distinctly different technique exists that allows for the modification of an
existing nanostructure like a colloidal suspension of nanoparticles [98-100] and within the field
of semiconductor research to modify thin film properties [2,97,101-106]. Laser annealing is
based on the concept of rapid thermal annealing [107,108] which has been shown extensively
within the semiconductor research to alter dopant densities; the nature of the film interfaces;
and change the crystal structures of the films being processed. Laser annealing makes use of
material specific absorption of the laser wavelength to allow for localised heating. Through the
selection of the processing wavelength to correspond to the specific absorption maxima for the
given material gives rise to a local temperature rise of for an ultra-short period of time can
be achieved with minimal heating to surrounding layers and therefore minimising stress to the
sample entire [97,109]. Laser annealing has been shown to be able to recreate all the notable
effects of rapid thermal annealing, with the specific advantage of being able to specifically treat
only the desired areas. Laser annealing has the additional advantage that because of the ability
to treat only specific areas of the sample, laser annealing can be used to produce a specific pattern

on a single sample [110-112].
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Chapter 3

Experimental Methods

3.1 Introduction

This chapter will focus on the range of experimental techniques used for fabrication and char-
acterisation throughout this research. Here we will focus on the underlying mechanisms, the
rational for their use and an exploration of the systems used for these techniques. Additionally,
we will present the key features of the specific equipment used and finally discuss the specific

parameters necessary for the equipment used.

3.2 Thin Film Fabrication

3.2.1 Radio Frequency Magnetron Sputtering, RFMS

Sputtering, classified as a physical vapour deposition (PVD) technique, is widely used to produce
thin films, both within industry and research due to its compatibility with large area and volume
requirements, the diverse range of materials available for sputtering and its low cost [113]. All
sputtering techniques are conducted in an evacuated environment, in the presence of a specific
sputtering gas, under the influence of an electric field. The sputtering process occurs when gas
ions bombard the surface of a bulk solid target material, liberating atoms that are subsequently
deposited on a substrate. Testament to the utility of sputtering is the range of sputtering
variations, including but not limited to: reactive sputtering (the production of an oxide or nitride
material by inducing a chemical reaction between the sputtered species and the sputtering gas)
and co-sputtering (a single deposition process where multiple sputtering targets are actively
used).

Argon (Ar), is widely used as a sputtering gas because of its low reactivity with the sputtered
species in addition to its relatively high molecular mass, ensuring the ease of liberating atoms for
the target surface. The Ar gas is ionised through collisions with electrons (e™) accelerated by the
electric field between the anode (substrate holder / chamber walls) and cathode (target). These

Ar ions are then in turn accelerated towards the target surface, bombarding the target. The

15
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sputtered species then travel to the substrate, gradually depositing through several intermediate
stages of island growth, interconnected islands and eventually forming a continuous thin film
[114,115].

The Ar ions incident onto the target surface undergo 1 of 4 possible interactions:

1. Liberating (sputtering) energetic neutral species from the target, when the energy imparted

from the Ar ions is greater than the binding energy of the target atoms.

2. Ar ions are reflected as high energy neutral Ar. Induces a positive charge at the target

surface.

3. Secondary electron emission from the target surface. Induces a positive charge at the target

surface.

4. Ar ions impregnate the target material.

The categorisation of a sputtering system is generally defined by the nature of the applied
electric field, generally either a direct current (DC) or radio frequency (RF) power supply [113,
116]. This research was preformed using a radio frequency (RF) power supply, operating at
13.56 MHz. RF sputtering offers the advantage of being able to more reliably sputter insulating
materials when compared to DC sputtering, as the oscillating field polarity causes the target to
cycle between ion and electron bombardment, allowing the electrons to neutralise any positive
charge build up at the target surface. A diagrammatic view of a RF sputtering system can be
seen in figure 3.1. Due to this, RF sputtering could be used as a single thin film fabrication

methodology to produce all the thin films required for this work.

Substrate holder
Substrate

L—J
Radio Frequency
k7 Power Supply Unit

Vacuum chamber PP

Target material
Water cooling

Target: + -+ -]+

Substrate: | - | + | - | + | -

Figure 3.1: Diagram of a radio frequency sputtering system.

Another sputtering variant is magnetron sputtering (MS), achieved by the addition of a set of

permanent magnets below the target material, superimposing a magnetic field over the electric
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field from the power supply - both DC and RF sputtering can be used in conjunction with such a
magnet arrangement. The magnetic field acts to increase the plasma density close to the target
by trapping the primary and secondary electrons, which decreases the temperature rise at the
substrate, while offering no impedance to the action of the Ar ions. Due to the increased plasma
density, the number of Ar ionisation events are increased, leading to a higher deposition rate
even at lower deposition pressures due to an increase in plasma stability [113,115,116]. RFMS
has the advantage of high levels of efficiency and significantly greater film uniformity and step
coverage than techniques such as thermal evaporation, balanced by a slower rate of deposition

an increased thermal load to the target.

This research makes use of non-reactive radio frequency magnetron sputtering (RFMS), to
take advantage of both the individual advantages of RF and magnetron sputtering. Additionally,
this allowed for the beneficial film formation stages during growth necessary for this work, as
this research requires the formation of both thin (nominally 10 nm) discontinuous metal films
and thick (50 nm and above) continuous dielectric films. RFMS offers a single, low cost, low
temperature methodology to produce both film structures with excellent quality and high re-
producibility in house. Specifically, in this research two pre-existing custom built, multi-target
vacuum vessels were used, namely Chamber 2 (maximum of 3 target materials) and Chamber
1 (maximum of 4 target materials). Each RFMS system was pumped to high vacuum (106
mbar) through a combination of a primary diffusion pump and a backing rotary vane pump. In
both these systems, a range of RF powers were used, depending on the target material, ranging
from 40W (silver) - 120W (silicon dioxide). Additionally, the operating, or sputtering, pressure
was optimised for each system to ensure the highest possible film quality at 5 mTorr for Cham-
ber 2 (used for silver, silicon dioxide and yttrium oxide) and 3 mTorr for Chamber 3 (used for
AZO and ZnO). Prior to each experimental series, each sputtering system was loaded with the

necessary targets for this work.

3.2.2 Evaporation Deposition

Evaporation deposition is another method for the formation of thin films. The process can be
clearly visualised if you consider a pot of boiling water, as shown in figure 3.2.

As with sputtering, evaporation deposition is conducted in an evacuated environment, within
a vacuum chamber, to increase the mean free path of the evaporated species, to prevent a chemical
reaction and to minimise cooling during travel. There are a number of advantages to thermal
evaporation such as a higher deposition rate than that of sputtering and high film purities.

This allows for the deposited thin film to make the transition to a high quality continuous film
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Boiling Water Evaporation Deposition
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Figure 3.2: Schematic comparison between boiling water and evaporation deposition.

at smaller nominal thicknesses. However, evaporation requires the operator to more seriously
consider the effect of shadowing [115,117]. Shadowing, also called step coverage, is a phenomenon
that occurs during deposition on a rough or structured substrate, such as an integrated circuit
of a multilayer sample [118]. As during an evaporation process the source material and the
substrate remain in fixed positions, the evaporated species arrive at the substrate form a single
direction, resulting in a high contribution of line of sight deposition, any areas of high roughness or
containing protruding features can block the deposition onto surrounding areas, severely affecting

the uniformity of the produced thin film.

3.2.3 Thermal Oxidation of Silica

Thermal oxidation describes a process where an oxidising agent diffuses into a surface and reacts,
under high temperature, to produce a uniform oxide film. This technique is widely used both
within research and industry for increasing the thickness of the silica (Si03) layer on a silicon
walfer.

The oxide growth is described by the Deal-Grove model [119,120] can also be used to calculate
the time necessary for the growth of a specific thickness at a given temperature. This model
predicts that the oxidising reaction only occurs at the oxide / substrate interface, which leads

to the oxidising agent needing to initially diffuse from the bulk gas to the samples surface, then
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diffuse through any existing oxide layer, before finally reacting with the substrate. It is important
to note that in the case of silicon, there will always be an intrinsic, naturally occurring silica layer,
with a nominal thickness of 2 nm, which is created at atmospheric conditions. The formation of

this native oxide layer is also described by this model.

Thermal oxidisation can occur in either a wet or dry environment which will influence the
growth rate of the oxide layer. In a wet environment, the oxidising agent is water vapour, usually
as steam due to the high temperature, while in a dry environment molecular oxygen acts as the
oxidiser. While dry oxidisation allows for a slower growth rate, the oxide produced has a higher
density and dielectric strength when compared to wet oxidisation, in addition to the high quality
and cleaner substrate / oxide interface achievable [120,121]. A comparison the necessary growth

time for a range of oxide thicknesses can be seen in figure 3.3.
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Figure 3.3: Thermal oxide growth times, calculated with the Deal-Grove model, at a growth
temperature of 1100°C in two distinct environments, a wet environment (red circles) and a dry

environment (black squares).

This research uses dry oxidisation to produce silica films on a silicon substrate. The slower
growth rate and inherent long growth time for thick films, does not diminish the quality of the
silica layer produced. An electric high temperature oven (able to achieve a maximum temperature
of 1200 °C) was used to heat the silicon substrates to the desired temperature and maintain this

temperature until enough time had passed to allow for the growth of specific oxides thicknesses.
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3.3 Thin Film Thickness Characterisation

It is a necessity within thin film technology to be able to assess the thickness of these films. Thin
film thickness can be measured in a variety of ways, from full contact physical techniques, such
as with a stylus, to non-contact post-fabrication techniques, such as via thin film interference.
The method chosen is heavily dependent on the thin film material under investigation and the
assumed or targeted thickness. In this research, two methods for investigating the thin film
thickness have been used, at two distinct stages of sample preparation. The first method is to
monitor the film thickness in situ as it grows during RF magnetron sputtering, while the second

method makes use of thin film interference to calculate the thickness of a fabricated film.

3.3.1 Quartz Crystal Microbalance

A quartz crystal microbalance or QCM, when used within thin film technologies, enables in situ
monitoring of thin film fabrication, monitoring both the growth rate and film thickness for a
wide range of fabrication techniques and is often referred to as quartz crystal monitors [122]. A
QCM can in some cases be used for more than monitoring, as they can be used to control the
process, allowing for real time adjustment to achieve a desired growth rate or can terminate the
growth process when the desired thickness is achieved, and are therefore often described as a
quartz crystal controller or QCC.

A QCM calculates the growth rate and thickness of a thin film by assessing the frequency
change of a quartz resonator due to the mass change at the surface. As a quartz crystal is a well-
known piezoelectric material, an AC voltage applied across the crystal can be used to produce a
highly stable resonance allowing for the precise identification of the resonant frequency. During
a deposition process, material will accumulate on the surface of the quartz crystal, increasing
the effective thickness of the quartz. As the resonant thickness of a quartz crystal is, in part,
dependent on the thickness of the crystal, the deposited mass can be considered as the quartz
crystal increasing in thickness [123], where the additional mass can be calculated according to

the Sauerbrey relationship [?,124,125]:

2
Af = iAm
A\/Pqliq

Where: Af is the change in frequency; fo is the resonant frequency of the quartz crystal;

(3.1)

Am is the mass change due to the deposited material; A is the crystal area; pq is the density of
quartz; and pi4 is the shear modulus of quartz. With the change of mass, Am, calculated from
the Sauerbrey equation, and the know density of the deposited material, the thickness can be

calculated using the density relationship:
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Am 1
=— X p (3.2)

t

Where: ¢ is the thickness of the material deposited onto the quartz crystal, p is the density
of the deposited material and A is the exposed area of the quartz crystal.

While this technique allows for the calculation of the deposition thickness on the quartz
crystal, this is of little of interest, as the goal is to be able to identify the thickness of material
deposited onto the substrate. Consequently, a correlation between the know thickness (the
thickness deposited onto the quartz crystal) and the desired thickness (the thickness deposited
onto the substrate) must be found. It can be easily visualised, that if the crystal and the substrate
are equidistant and were orientated identically to the source, or target material, then these two
thicknesses would be the same. However, it is often the case that due to the directional nature
of many thin film fabrication techniques, to achieve this, would result in a significant shadowing
effect on either the substrate of QCM. As such, it is common that the QCM and substrate
are positioned differently to ensure that the QCM does not impede the thin film fabrication on
the substrate. Which introduces an inherent discrepancy in the thickness and rate measured at
the QCM to that experienced at the substrate. Therefore a tooling factor (TF) is introduced
to adjust the values calculated, where when the QCM is located below the substrate / closer
to the source the tooling factor will be below 100%, while when the QCM is above / further
from the source the tooling factor will be above 100%, as shown in figure 3.4. The tooling
factor can be calculated as the ratio of the independently measured deposition thickness (d) to
the QCM measured deposition thickness (t), scaled by the assumed tooling factor used for said
deposition [118,122,123].

d
TFtrue - Z X TFassumed (33)

Substrate

Substrate

RAAAAAA

Tooling factor above 100% Tooling factor below 100%

Figure 3.4: Diagram showing how the value of the tooling factor will change depending on the

relative positions of the substrate and the quartz crystal microbalance.
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In this research, a quartz crystal microbalance was used to monitor the real time thickness and
growth rate of thin films, during both thermal evaporation and RF magnetron sputtering with
tooling factors individually calculated for each material ranging from 120% for silicon dioxide to
349% for silver. This enabled the production of consistent thin films with the desired nominal

thin film thickness necessary for the work.

3.3.2 Thin Film Interference - Filmetrics

Thin film interference is an optical, non-destructive method for assessing the thickness, refractive
index and roughness. This phenomenon is well understood and has been observed in nature and
scientifically studied extensively, where this effect arises from light matter interactions as the
interference of light reflected from the upper and lower interface of a thin film, as shown in figure
3.5, influence the overall reflectance of the sample. As with other forms of interference, thin film
interference can be either constructive, when ¢t = mi)\, resulting in an increase of reflectance,
or destructive, when ¢ = (m + %)i)\, resulting in a decrease of reflectance, where: t is the thin
film thickness; n is the refractive index of the thin film material; A is the wavelength of light;
and m is an integer value. Where we assume that the light is incident onto the thin film material

form air.

Incident beam Reflected beams

n;

Interface

Thickness, t

lhnickness, t n,

Interface

Figure 3.5: Diagram of thin film interference, where the interference occurs between the light
reflected from the upper and lower interface of the thin film material. The incident beam is

shown at an angle, however experimentally this is performed very near the normal incidence.

At each interface, a certain percentage of the incident light will be reflected, and another
percentage will be transmitted, as described by the Fresnel equations. The light reflected at
the two interfaces, as shown in figure 3.5, will interfere, where the nature of this interference
will depend on the phase difference of the two light beams. The phase difference can manifest

as either constructive or destructive interference. These two conditions can be identified by
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calculating the difference in optical path difference (OPD) [4,126].

OPD = ny(AB + BC) — ny(AD) (3.4)

Where, we can see from figure 3.5, that: AB = BC = and AD = 2.t.tan(0).sin(61).

_t
cos(02)

Then, by using Snell’s Law (nisin(61) = nasin(fz)) we can rearrange equation 3.4.

OPD = n2(cos(92)) — 2.t.tan(fz).ns.sin(02) (3.5)
1 — sin?(6s)
OPD = 2nytcos(02) (3.7)

Where, if the OPD is equal to an integer number of wavelength (OPD = mA), there will be
constructive interference. Allowing for any material specific phase changes at reflection.

If the above measurement of a uniform thin film is conducted instead with a white light
source, the broadband reflectance of the film will show inherent wavelength specific high and
low reflectance, due to the wavelength dependence of the interference condition. This effect can
clearly be seen from different thicknesses of silicon dioxide or titanium nitrate, which produce
highly specific colours at certain thicknesses in addition to the coloration of different insects and
birds [127]. Simultaneously, this broadband measurement can be used to calculate n and k for
the material across the wavelength range used. Additionally, by monitoring the periodicity and
amplitude of the reflectance versus wavelength, it is possible to quantify the surface or interface
roughness.

This research uses the normal incidence broadband reflectance of thin films, fabricated via
RF magnetron sputtering and thermal oxidation of silicon, to assess the quality of the mater-
ial by comparing the calculated refractive index to those available within the literature, while

simultaneously allowing for an independent measurement of the thin film thickness.

3.4 Laser Annealing

Nanofabrication and nanostructuring have become key aspects in modern research and tech-
nologies, where there are two distinct approaches that can be taken to achieve the necessary
surface morphology, namely, top-down and bottom-up strategies. Top-down processes, such as
traditional forms of lithography, allow for unparalleled levels of control and reliability, however

there are significant restrictions to the maximum processing area and the processes is expensive
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in terms of time and necessary equipment. Conversely, bottom-up processes, which make use
of chemical driven self-assembly processes, can be used to rapidly produce significantly larger
areas with low cost and readily available equipment, with a notable loss to the reproducibility
and control over the final structure. Photonic processing, processes making use of light in place
or more traditional energy sources such as heat, acts as an intermediate between top-down and
bottom-up techniques, by allowing for large area rapid processing with exceptional levels of con-
trol and reliability [2,128]. Photonic processing has been used for remarkable benefits for both
fabrication and post-processing, allowing for previously unattainable devices and structures to
be achieved easily, where such processes are generally performed with high power lasers, both
pulsed and continuous wave systems [2].

Laser annealing (LA) is a photonic technique that allows for the selective processing of the
key element within the sample, based on the absorption of the processing wavelength by a specific
material within the sample. This research focuses on the laser annealing of thin, discontinuous
metal films on various substrates, to produce and modify plasmonic nanoparticle templates

(PNT), with a custom laser delivery system, as shown in figure 3.6.
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Figure 3.6: Schematic diagram of the custom laser delivery system used for laser annealing in

this research.

It is more accurately to consider laser annealing as two distinct processes, differentiated by the
number of laser pulses used. With one laser pulse, the as deposited metal film is transformed into
a nanoparticle template through laser induced self-assembly, or LISA [128,129]. The LISA process
is a rapid thermal process, where the high absorption of the processing wavelength in an active,

discontinuous layer, most commonly a metallic thin film, induces a dramatic local temperature
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rise of up to 5000 °K, where the temperature rise is proportional to the heat conduction of the
thin film material. When the temperature rise is above the melting temperature of the thin film
material, the material undergoes a phase transition and melts. The molten metal poorly wets
the substrate, where the poor wetting of the substrate increases the likelihood of the liquid phase
breaking up. Subsequently the molten metal experiences a heightened rate of cooling at the edges,
and the molten metal breaks into nano-scale droplets due to the Rayleigh instability and cools
back to the solid state producing a PNT [130-132]. The time necessary for the metallic film to
achieve room temperature, or cooling time, is comparable to the pulse length of the processing
laser (25 ns). Such nanoparticle templates are often bimodal in nature, where there are two
distinct families of nanoparticle sizes, one larger and one smaller, giving rise to a characteristic
double peaked optical response. At higher laser fluences (energy densities), the size difference of
the two nanoparticle families is reduced.

When using a multi-pulses sequence, the first pulse acts to produce the nanoparticle template,
as described above (LISA), while the following pulses change the surface morphology, or induce
a modification of the nanoparticle arrays (MONA) [128]. This process is driven by the selective
heating of the larger nanoparticles, which melt and reform into smaller nanoparticles, where
there is a mass transfer to the pre-existing smaller nanoparticles, in the opposite action to that
described by Ostwald ripening, allowing for multiple laser pulses to form a more homogeneous
nanoparticle template. This allows of a minimised size distribution.

This research produces arrays of LA areas, with a MONA-LISA process, at two laser wavelengths
of 248nm and 193nm in 25 ns laser pulses at a repetition rate of 1 Hz, with the collimating optics
and the condenser lens producing a 2-dimensional top-hat beam profile. Throughout this work,
the primary parameters under investigation are the laser fluence (350m.Jem=2 — 900mJem =2 in
a 2.45 mm x 2.45 mm square spot) and number of pulses (1 - 15 pulses) to produce a series of

nanoparticle arrays for individual assessment and characterisation.

3.5 Plasma Etching

Plasma etching, or plasma patterning, is a form of post-fabrication surface modification, com-
monly used within the semiconductor industry to produce very precise patterns and structures
for electrical devices and components.

Plasma etching operates by bombarding the sample surface with ions and high energy neutrals
from a plasma, where an appropriate plasma species must be selected to ensure a suitable etching
rate. Additional concern must be paid to ensure that any chemical reaction that may occur

between the plasma and the etched material will not result in the formation of a dangerous
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compound. In the case where plasma etching is used to alter the structure of a metallic surface,
the formation of a volatile compound during the process can act to increase the etch rate and
improve the resolution of the patterning. The etching process is equivalent to sputtering, which
inherently leads to the impregnation of the surface with the plasma species. This results in a
two-fold surface modification, the first coming from the alteration of the surface topography,
while the second stems from the influence of the implanted plasma species [133,134].

This research makes use of an oxygen in argon plasma (10% Oz in Ar) to etch and modify
the surfaces, enabling the direct modification of the interface between subsequent thin film layers

for a sample.

3.6 Finite-Difference Time Domain Method

Finite-difference time-domain method (FDTD), is a widely popular mathematical modelling
technique used to solve Maxwell’s equations, allowing for theoretical solutions to electromagnetic
problems. The basis for FDTD is to discretise, in both time and space Maxwell’s equations
using central difference approximations. This methodology can be used in one, two- or three-
dimensional calculations with relative ease [128,129,135].

FDTD method can be described as a ”leap-frog” technique. This stems from the calculation
process, where first the electric component is solved at time ¢, then the magnetic components are
solved at time ¢+ and repeated until the required [136,137]. Where a diagrammatic representation

of this can be seen in figure 3.7.
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Figure 3.7: Diagram of the Yee one dimensional scheme for updating electromagnetic fields in

both space and time.

A FDTD computational cell must be set up with a specific boundary condition at each face
of the cell. There are a few boundary conditions that can be used in the z, y and z axes that will
influence the nature of the calculated solution. For this research, the computational cells have
been built with Bloch periodic boundaries on the x and y axis and perfectly matched layer (PML)

boundary in the z axis. The periodic boundary conditions allow for the construction of a simpler
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computational cell containing, perhaps a single nanoparticle, which will be periodically duplicated
in neighbouring cells, thus creating an ideal nanoparticle template. The PML boundary is
included to absorb all the light incident to it, which prevents any reflections form the cell edge. A
PML is comprised of multiple layers (commonly multiples of 4), where each layer has a gradually
increasing refractive index and a minimal interface, preventing any incident fields escaping once
they enter the PML boundary. This allows for the simulations to calculate the response of the
structure contained within the computational cell. An example computational cell can be seen

in figure 3.8.
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Figure 3.8: Schematic view of a 3D computational cell complete akin to those used in the research.
The cell contains a plane wave light source (white) two flux planes (red) and a single layer sample

under investigation (blue).

This research makes use of FDTD in two ways, firstly to calculate the optical reflectance,
transmission and absorption spectra of a nanoparticle template and secondly to simulate the

temperature rise and cooling rate of specific layers within the sample structure.

3.7 Optical Characterisation

The samples produced for this research were fabricated to have specific optical properties. It
is therefore inherently vital that the optical properties of these samples are quantified. Optical
assessment is one of the most diverse types of characterisation available thanks to the depth
of knowledge that exists relating to the field of optics and photon - matter interactions. This
research uses optical characterisation to both assess the as fabricated samples, both the as grown
and the nanoparticle templates, as well as to probe the viability of the samples to act as sensing

surfaces or components within a sensing device.
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3.7.1 Optical Reflectance Spectroscopy, ORS

One of the simplest, most effective and widely used ways to identify and characterise a plas-
monic nanoparticle template is to assess their optical response. While this can be accomplished
via either reflectance, transmission or adsorption spectroscopy, this research makes use of pre-
dominantly reflectance spectroscopy in a variety of ways.

The optical reflectance of a material, R, is defined as the ratio of the intensity of light reflected

from the material, I,,,, to the intensity of light incident onto the material, Iy:

I

R:K

(3.8)

This enables the calculation of the reflectance spectrum of any given material or surface.
However, the intensity of the light incident on the material is inherently a combination of both
the light source, which is not necessarily known, and the ambient light condition, which is a
value that is susceptible to large temporal fluctuations. As a result, it is preferable to modify
equation 3.8 to remove Iy, which will allow us to account for any variation or unknowns in the
lighting conditions. This process can be demonstrated if we consider the case where we wish to

calculate the reflectance of a thin film as shown in figure 3.9.

Optical fibre
Light source Light detection

Reflectance probe

Reflectance probe head

6 light delivery fibres
4 1 central light collection fibre

M e
N Substrate

Figure 3.9: Schematic of the experimental set up used to measure the reflectance of a sample.

Using the definition of reflectance, we can see that the reflectance of the thin film:

I
Rrp = % (3.9)
0

At this point we must also consider the reflectance of a known material, or 'reference mirror’:

ITe
Rrey = Tf (3.10)
0

With these two simultaneous equations, we can remove the need for the Iy term in the final
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reflectance equation, by initially rearranging equation 3.10, to produce an equation for Iy,

]}ef
Iy = —— 3.11
"= Rs (3.11)

This equation for Iy (3.11) can now be substituted into the equation for the reflectance of
the thin film, equation 3.9:
Irp

Rrp = T, X Ry (3.12)
ref

The final stage is to correct for the dark current of the detector used:

AR = Irr = Ipark Ryey (3.13)
Iey — IDark

While this equation only accounts for the reflectance of a single wavelength, we can calculate
the broadband reflectance by using a spectrometer to measure the broadband reflected intensities
of a thin film and repeating this calculation for all wavelengths. This allows us to calculate the
reflectance, or absolute reflectance (AR), of any material by measuring the reflected intensities
of the sample, a reference mirror, which has a known reflectance, and the dark spectrum. During
this research, a range of reference mirrors were used: aluminium (Al), silver (Ag), gold (Au) and
silicon (Si), where the mirror used would depend on the sample structure (as it is preferable to
use a material not found in the sample), and the spectral range under investigation.

In addition to the calculation and assessment of the absolute reflectance, this research will
also present the calculated Reflectance Relative to the Effective Substrate or RRES. Here, the
reflected intensities of the sample are normalised to the reflected intensities of the effective
substrate, rather than to a reference mirror. The RRES spectra show a minimised response from
the underlying structure, when compared to the calculated absolute reflectance for the same
nanoparticle template. This allows the response of the nanoparticle template to be more easily

identified.

I ample — I ar
RRES — Sample — “Dark (3.14)
Izt sub — IDark

The effective substrate is defined as the complete structure that exists below the layer that is
laser processed. For example, if we consider a sample consisting of a silicon wafer substrate, a 100
nm of thermally grown silica interlayer and a 10 nm thin silver film that will be laser annealed:
Si/85i02(100nm)/Ag(10nm), here we would define the effective substrate as the silicon wafer
and silica interlayer: Si/5i02(100nm).

Through the calculation of the AR and / or RRES, the optical response of a given plasmonic
nanoparticle template can be seen. As the focus of this work is to assess the functionality of laser

fabricated PNT for optical sensors, this is of vital importance. All of the absolute reflectance and
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Figure 3.10: Schematic showing the three distinct areas of every laser processed sample: the ’As

Grown’ area; the 'Laser Annealed’ areas; and the "Effective Substrate’ area.

reflectance relative to effective substrates have an error bar indicating the error in the spectral
position of the primary LSPR peak, generated from measurements of duplicate samples. This

error is between 3 and 5 nm for all samples discussed in this work.

3.7.2 Raman Spectroscopy

The technique of Raman spectroscopy allows for the accurate identification of a chemical molecule
via monochromatic optical probing (usually using a laser source) of the vibrational states of
specific chemical bonds through the analysis of the scattered light. Raman scattering can be
subdivided into Stokes and anti-Stokes scattering, where by the frequency of the scattered photon
is distinctly different to that of the probing photon by one vibrational energy mode, as show in
in figure 3.11. The inelastic nature of the Raman signal results in Raman scattering being an
inherently weak phenomenon when compared to an elastic event such as Rayleigh scattering,
where it can be considered that 1 in 10 million scattering events are Raman events. Raman
scattering most often refers specifically to Stokes scattering, where there is a specific red-shift
to the scattered photon. While it is possible to acquire a Raman spectrum using anti-Stokes
scattering, the necessary population inversion of the vibrational states (see figure 3.11) further
reduces the number of relevant scattering events. Despite this, due to its specificity, reliability
and ease of use, Raman scattering has become a technique that is universally recognised and
widely used across the entire scientific community for chemical identification [138,139].

Raman spectroscopy systems are designed around a traditional scattering system, where a
narrow bandwidth laser source is used. Raman spectroscopy is compatible with a wide range
of wavelengths, from ultra-violet (244 nm - 364 nm) to visible (457 nm - 660 nm) to infra-

red (785 nm - 1064 nm), as the characteristic Raman peaks are independent on the incident
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Figure 3.11: Diagrammatic view of the mechanisms behind Stokes, anti-Stokes and Rayleigh

scattering.

(pumping) wavelength. However, wavelength selection can have a significant influence on the
experimental results based on the material under investigation: infra-red wavelengths act to
suppress fluorescence; while visible wavelengths are more suited to inorganic materials; and
ultra-violet wavelengths allow for improved assessment of bio-molecules. In addition to selection
based on material type, the wavelength of the Raman system directly influences the signal to

noise ratio, as the Raman scattering is proportional to the frequency (v*) [138].

There are two main variations of a Raman spectroscopic systems, either a 90° or 180° systems,
where the angle dictates the detection angle of the Raman scattered signal. A 90° system, most
commonly used for assessing a liquid sample, is one where the pumping laser and the scattered
signal are perpendicular. While in a 180° system, both the pumping laser and the Raman signal
pass through the objective lens (this style is more common and are generally described as a

Raman microscope), as shown in figure 3.12 [138].

Despite the power of Raman spectroscopy, the inherent weakness of Raman spectroscopy is the
necessity for inelastic scattering events. This has led to extensive research into a methodology
for increasing the intensity of the Raman signal. Since the discovery of an increase in the
measured signal from a roughened silver electrode, Surface Enhanced Raman Spectroscopy, or
SERS [140-143], has become a tool that has led to Raman spectroscopy being able to detect single
molecules. SERS makes use of plasmonic nanoparticle templates to enhance either the Raman
scattered light, or the probing laser line and can significantly enhance the signal by many orders
of magnitude, as shown in equation 3.15 [144], where Mgy, f/MRaman is the number of molecules

excited during the SERS and Raman spectra, Ssurf/SRraman is the geometric area of the analyte
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Figure 3.12: Diagram of a 180° Raman spectroscopic microscope.

film and Igurf/IRaman is the intensity of the SERS and Raman measurement respectively. The
ideal SERS surface must have a high uniformity (monodisperse nanoparticle size distribution
and uniform interparticle distance) and provide a high field enhancement (via the LSPR effect).
Such surfaces are commercially available, on a rigid substrate. However, to date there does not

exist a robust and flexible SERS surface, either within the literature or commercially.

G — ISurfISSurfoRaman
IRaman‘rSRamaanSurf

(3.15)

In this research, Raman spectroscopy and a Raman microscope has been used to identify the
unique Raman spectra from specific compound(s), as well as using SERS to assess the ability of

a plasmonic nanoparticle template to enhance this signal.

3.8 Surface Analysis

Wolfgang Pauli once said God created the volume, but the surface was invented by the devil. As
the surface of any material at any scale, represents an interface between two phases, the physical
and chemical properties at the surface will differ, in some cases significantly, from those of the
bulk material. This effect is felt predominantly in the top most atomic layers of the material and
is of note when one considers the extent to which scientific research focuses on the controlled
structuring and usage of surfaces. This work has used surface characterisation to assess the exact
nature of the surface morphology, of both the as grown and the laser processed areas, as well as

to quantify the exact atomic makeup of the sample surface.
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3.8.1 Scanning Electron Microscope, SEM

A scanning electron microscope, or SEM, functions fundamentally in the same way as a tra-
ditional optical microscope, where in place of a white light source, a focused electron beam is
scanned, sometimes described as rastering, across the sample surface as shown in figure 3.13.
As a SEM makes use of electrons in place of photons of light, the resolution is not limited by
the diffraction limit, as the De Broglie wavelength of an electron is significantly smaller than
the wavelengths of visible light, which allows a skilled user to achieve images with up to 1 nm

resolution.
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Figure 3.13: Schematic comparison of a visible light microscope and a scanning electron micro-

scope.

At heart, a SEM comprises of:

An electron source

An ultra-high vacuum column containing a series of apertures, electromagnetic lenses and

scan coils

A high vacuum sample chamber

A selection of electron detectors

e A computer interface.
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When the electron beam impacts the surface of a sample, the electron beam penetrates the
sample surface, to a depth depending on the accelerating voltage applied, with interactions at
different depths producing different signals, for example reflected or backscattered electrons,
secondary electrons and x-rays, as shown in figure 3.14. Each interaction often requires the use
of a specifically optimised detector. A SEM can be fitted with a variety of electron sources,
including a tungsten filament (SEM) or a field emission gun (FEG-SEM). The electron source
dictates the nature of the electrons in the beam, as a tungsten filament produces hot electrons
via thermionic emission, while a field emission gun uses field electron emission. A field emission
gun produced by applying a high voltage across a sharpened single tungsten crystal so that
the potential difference at the tip causes electron emission. This allows for improved imaging
resolution as the electron beam is narrower, significantly brighter and has improved coherence
than the beam produced by a tungsten filament under the same voltage. The narrowness of the
electron beam in a FEG-SEM acts to increase the depth of field, allowing for greater topographical

information and a characteristic 3D appearance to the SEM micrographs [145].
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Figure 3.14: Diagram showing the different electron interactions possible as a function of depth

below the surface.

This research uses a FEG-SEM to achieve high resolution micrographs of the structure of the
fabricated nanoparticle templates and the as grown thin films. This enables an understanding of
the exact surface structure - size, shape and surface distribution - of the nanoparticles, as well as
how subsequent laser pulses influence this structure. In combination with the optical response,
quantified via ORS, it is possible to have a complete understanding of the nature of a plasmonic

nanoparticle template.

3.8.2 X-ray Photoelectron Spectroscopy, XPS

X-ray photoelectron spectroscopy (XPS), sometimes called electron spectroscopy for chemical

analysis or ESCA, is a highly sensitive technique for the assessment of the elemental composition
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(apart from hydrogen); chemical sate of the cations or anions; and the chemical shift of the
sample surface. XPS is a surface characterisation method that is used universally by physicists,
chemists and material scientists. One of the key reasons for the widespread usage of XPS, is its
extreme surface sensitivity, as the phenomenon at the heart of XPS is the photoelectron effect.
An XPS scan will probe up to a maximum depth of 3 nm below the surface, ensuring that the
analysis contains surface specific information that is not diminished by the signal from the bulk

material [146].

Ejected photoelectron

4 Incident x-ray
\‘, -
\ rd
oo 0o oo — Y
| o
,/
i

Figure 3.15: Schematic of the photoelectron effect, where the energy of the incident x-ray must

exceed the work function of an electron to eject it.

The photoelectron effect [147] occurs when an incident photon, generally ultra violet and
above, with enough energy to overcome the work function of the material, causes the ejection
of an inner shell electron, as shown in figure 3.15. The kinetic energy of the released electron is

dependent on the energy of the incident photon and the work function or binding energy:

Ekinetic = hf - Ebinding (316)

While it is the kinetic energy of the electrons that is detected by the XPS system, through
a hemispherical analyser, it is the characteristic, material specific binding energy that allows for

such reliable elemental identification.

Ebinding = hf — Eginetic (317)

The hemispherical analyser is an electrostatic system which acts to separate the incoming
electrons according to their kinetic energy, such that electrons with higher energies travel through
the analyser with a larger radius, working in a similar way to a prism splitting light by wavelength
according to the speed of the different wavelengths of light in the medium. The analyser consists
or two hemispheres with a potential applied between them, where electrons enter the analyser,

undergo dispersion and exit to a detector [146]. This research uses XPS to identify the surface
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Figure 3.16: Schematic of an XPS system. Electron beam paths are shown in red, while x-ray

paths are shown in yellow.

presence and abundance of specific compounds and ions on a plasmonic nanoparticle template
after the deposition from solutions at predetermined concentrations. XPS was selected because
of its high surface sensitivity, allowing low quantities of a material at the surface being detected,
as other, more penetrating surface analysis techniques lose surface specificity due to the increased

contribution form the bulk material.



Chapter 4

Naked Nanoparticle Localised
Surface Plasmon Resonance

Spectroscopy

4.1 Introduction

This chapter will discuss an investigation into the use of a naked, or nonfunctionalised, laser
fabricated plasmonic nanoparticle template as a LSPR spectroscopy sensing surface for the de-
tection of heavy metals, like lead, adsorbed from solution. Detailed studies of the fabrication of
these plasmonic nanoparticle templates as a function of laser fluence and the number of treat-
ment pluses are shown to achieve a sensing surface with the greatest possible sensitivity, as well
as the response from the fabricated nanoparticle templates after exposure to solutions of specific

concentrations.

4.1.1 Localised Surface Plasmon Resonance Spectroscopy

Surface sensing has a number of advantages when compared to solution sensing: it requires less
sample for testing; can be easily scaled up; can provide real time analysis; and enables multiple
parallel assays to be run on a single sensor [148], allowing for duplexed sensing. Of note is that
label-free sensing, such as LSPR spectroscopy, have been seen to achieve comparable sensitivity
with the more common labelled sensing such as ELISA [149]. To the extent that label-free surface
sensing has been shown to be able to detect biological analyte in the attomolar regime, proving
the power and sensitivity of surface sensing [139].

LSPR spectroscopy, is a highly sensitive, label-free surface sensing platform, where the optical
response of a nanoparticle templates is assessed before, during and after a given process has
occurred, for example a drug delivered to a specific site of the growth of a thin film. The
resultant optical reflectance shift caused by the process being completed or at any given point

during it can be calculated [139]. LSPR spectroscopy makes us of the extreme sensitivity of
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a plasmonic nanoparticle template (or single plasmonic nanoparticle) to minute changes in the
local dielectric environment or refractive index, due to either surface adsorption or a chemical
reaction. The sensitivity can be favourably compared with other surface sensing techniques,
with the additional benefit of simplified sensor fabrication - as at a fundamental level, all that
is needed is a nanoparticle template [150]. In addition to this, the low cost of the necessary
measurement instrumentation - a way to measure the real-time reflectance of the sensor - results
in a surface sensing technique that has gain remarkable popularity. Although LSPR spectroscopy
has found a home within pharmacology [151], it has become increasing popular as a method for
measuring the surface absorption of heavy metals [152-155]. This area of research is of significant
real-world importance as a build-up of heavy metals in the human body have severe negative
effects on health with the additional concern that there is no biological route to dissipate this
build up. While it may be natural to compare LSPR sensing with surface plasmon polariton
(SPP) sensing [156], LSPR, spectroscopy has several advantages when compared to SPP sensing,
the most prevalent of which are the greater surface sensitivity and reduced sensitivity to bulk
index changes in the solution because of the reduced field decay length [?].

While LSPR spectroscopy offers a diverse sensing platform that can be used to assess both
the progress and successful completion of a given process, a distinct issue towards the more wide-
spread usage of LSPR spectroscopy is the necessity to functionalise the plasmonic nanostructure.
This functionalisation, while greatly advantageous, as it promotes maximum and uniform sur-
face adsorption of the analyte, the necessity of its use adds an obvious level of complexity to
the sensor fabrication. While vital in some cases, particularly when considering the case of a
duplexed sensor, it acts to limit the more widespread use of LSPR spectroscopy by adding an
inherently complex process to fabrication and simultaneously limits the possible usage of the
single sensor to the analyte favoured by the functionalisation.

It was suggested that in the case where the surface adsorption of the analyte was assured
by a separate mechanism, such as filtration, the need to utilise a process designed to maximize
surface adsorption would be greatly diminished if not negated completely. As such, it was further
suggested that if a LSPR spectroscopy-based sensing surface could be built into the surface of a
water filter, a filter specifically designed to selectively filter heavy metals for example, where the
surface adsorption was guaranteed by said filter, then it could be possible for a LSPR spectroscopy
sensor to be functional without the need for functionalisation. Heavy metal poisoning, defined as
the build-up of a heavy metal(s) in the soft tissues of the body to a toxic level [157], is a serious
problem as there is no biological route for the removal of these heavy metals from the body, and
chronic exposure can lead to serious physical and mental symptoms from muscle tremors, low

circulation and unexplained pain to mood swings, forgetfulness and depression.
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From this, a series or research objectives were established, where the successful completion
of each would provide enough evidence to claim that naked nanoparticle sensing is applicable in

certain applications:

e Fabricate and assess the optical response of a series of plasmonic nanoparticle templates.

e Prepare a series of solutions of a heavy metal, across a range of suitable concentrations.

e Assess the optical response of the plasmonic nanoparticle templates after the evaporative

deposition of the heavy metal from solution.

e Identify any spectral shift due to the suspected surface presence of the heavy metal.

e Quantify the surface composition of the nanoparticle templates to identify the surface

abundance of the heavy metal.

e Investigate if it is possible to correlate the surface abundance of the heavy metal to the

measured spectral shift.

Where these research objectives were used to produce a research plan described below, with

figure 4.1, showing a diagrammatic version of the experimental plan.

(a) RF Magnetron Sputtering (b) Laser Annealing (c) Optical Reflectance Spectroscopy

Rotating substrate
holder o_six

b

F A
% a8 lamey

350 miem®

500 micm
650 micm®

800 micm*

(f) XPS Analysis
(d) Evaporation of Pb,SO, Solution
(c) Optical Reflectance Spectroscopy under vacuum

T

>

L|

Figure 4.1: Diagrammatic visualisation of the experimental methodology used for the fabrica-
tion, processing, treatment and characterisation applied in this work. Beginning with (a) the
fabrication of a silver metallic thin film, (b) the laser annealing of this film, (c) its optical char-
acterisation, (d) its treatment with the various concentrations of lead salt solutions and finally

(e) the post treatment optical characterisation and (f) analysis with XPS.
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4.2 Experimental Results

4.2.1 Proof of Concept

The first and most vital stage of this investigation is to identify a suitable material to monitor
the surface presence of. One of the most common heavy metals associated with heavy metal
poisoning is lead, it was a clear candidate for this work as in addition to the detection of metallic
lead we would be able to identify in parallel the presence of any lead salts.

As such, an aqueous solution was prepared to the maximum possible solubility, 44 part per
million (ppm), of the selected lead salt, in this case lead (II) sulphate (Pb3SO,4) for the initial
testing with a series of laser fabricated naked PNTs. As an increasingly popular use of LSPR
spectroscopy is as a filtration monitoring system, a lead salt was selected due to leads high
toxicity and the inherent necessity to have be able to assess its abundance in any given water
supply. While other lead salts are available, with higher water solubility, most are salts containing
nitrogen, chlorine or iodine which could react with the silver nanoparticles, significantly reducing
or even quenching the LSPR response of the nanoparticle template. The initial testing would
be conducted by placing a fixed volume of the aqueous solution atop each of the individual
nanoparticle templates and allowing the solution to evaporate to mimic the action of a filtration
surface actively trapping the analyte. This process would act to provide an insight into how the
various types of nanoparticle template morphologies would influence the ability of that template
to act as a sensing surface as well as identifying the morphology that could provide the greatest
spectral shift.

Consequently, a number of grids of PNT’s were produce for this work fabricated from a
thin layer of silver (Ag) on a commercial, 4” n-type silicon (Si), (100) wafer substrate with
the associated native oxide layer. The precursor discontinuous silver thin film was fabricated
via radio frequency magnetron sputtering (RFMS) in a high vacuum chamber (base pressure
of < 10=%mbar), from a round (3”) Ag target (99.99% purity), in the presence of argon (Ar)
(99.999% purity), at a fixed flow rate of 4 standard cubic centimetres per minute (sccm) resulting
in a working pressure of 5 mTorr in the vacuum chamber. The power applied to the target was
set to 40 W while the Si substrates was rotated at 12 revolutions per minute (rpm) to ensure a
uniform deposition. Finally, the deposition time was set in conjunction with the use of a quartz
crystal microbalance to achieve an effective thickness of 10 nm.

Initially is was unknown which nanoparticle morphology would be best suited for a sensing
surface. However, it was clear that an assessment of as wide a range of surface structures, in-
cluding bimodal and monodisperse arrangements, in addition to hemispherical and multifaceted

nanoparticles, would allow for the best understanding of any influence on the sensing ability
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due to templates morphology. As such, following the growth process, the Ag film was subjected
to a UV MONA-LISA process. The initial LISA process is a rapid thermal process, where the
high absorption of the processing wavelength in an active, discontinuous layer, most commonly a
metallic thin film, induces a dramatic local temperature rise of up to 5000 K, where the temper-
ature rise is proportional to the heat conduction of the thin film material. When the temperature
rise is above the melting temperature of the thin film material, the material undergoes a phase
transition and melts. The molten metal poorly wets the substrate, where the poor wetting of
the substrate increases the likelihood of the liquid phase breaking up. Subsequently the molten
metal experiences a heightened rate of cooling at the edges, and the molten metal breaks into
nano-scale droplets due to the Rayleigh instability and cools back to the solid state producing
a PNT [130-132]. The time necessary for the metallic film to achieve room temperature, or
cooling time, is comparable to the pulse length of the processing laser (25 ns). Such nanoparticle
templates are often bimodal in nature, where there are two distinct families of nanoparticle sizes,
one larger and one smaller, giving rise to a characteristic double peaked optical response. At
higher laser fluences (energy densities), the size difference of the two nanoparticle families is
reduced. The following pulses change the surface morphology, or cause a modification of the
nanoparticle arrays (MONA) [128]. This process is driven by the selective heating of the larger
nanoparticles, which melt and reform into smaller nanoparticles, where there is a mass transfer
to the pre-existing smaller nanoparticles, in the opposite action to that described by Ostwald
ripening, allowing for multiple laser pulses to form a more homogeneous nanoparticle template.
This allows of a minimised size distribution. This was done using a Lambda Physik LPX 305i,
krypton fluorine (KrF) excimer laser system, delivering unpolarised 248 nm light at up to 1200
mJ per pulse (25 ns pule width, 1 Hz repetition rate). The sample was exposed to four specific
fluences: 350m.Jem ™2, 500m.Jem ™2, 650mJem ™2 and 800m.Jem ™2, with 6 different numbers of
treatment pulses, 1, 2, 3, 5, 10 and 15 pulses to produce 24 individual PNTs.

Due to the hydrophobic nature of the PNTs, the aqueous solution was seen to exhibit a
contact angle of between 74°and 61°, prevented the uniform wetting of the entire nanoparticle
templates as shown in figure 4.2, where the deposition pattern exhibited a distinct and highly
terraced coffee-ring.

From this, it was concluded that to more reliably assess the ability of naked nanoparticle
templates to operate as a LSPR spectroscopy sensor, a method was needed to alter the wetting
conditions. As the wetting of a surface by a liquid depends on the surface and the liquid equally,
it was concluded that the preferred methodology would be to modify the lead solution. This was
identified as the appropriate method for a variety of reasons, but primarily it was selected due to

the existing evidence that creating a binary liquid with an alcohol would influence the wetting
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Figure 4.2: Tmages of 2uL droplets of 44 ppm aqueous solution of lead (IT) sulphate on each of

the plasmonic nanoparticle templates, before (left) and after (right) the solution has evaporated.

sate [158], in addition to the fact that any surface modification of the nanoparticles would run

counter to the goal of this work.

(a)

Figure 4.3: Images of 2uL droplets of: (a) 100:0 aqueous PdSOy to ethanol; (b) 75:25 aqueous
PdSO, to ethanol; and (c) 50:50 aqueous Pd2 SOy to ethanol, evaporated on a series of plasmonic

nanoparticle templates, fabricated with 350 — 800mJem ™2 and 1-15 pulse.

Subsequently, the 44 ppm solution was mixed to produce a series of different ratios of aqueous
PbS0Oy4 to ethanol, to identify the mixture that would allow for the most uniform wetting of the
nanoparticle templates. As expected from the available literature, the most uniform wetting
exhibited by the 50:50 mixture, as shown in figure 4.3(c). As the lead salt used in this work
is insoluble in alcohol, it was found that if the ethanol ratio was increased beyond 50%, then
the PbySO, salt would precipitate out of the solution. Additionally, as can be seen in figure
4.4, there was a dramatic change to the static contact angle caused by the introduction of the
ethanol, allowing for significantly greater surface wetting.

From the evaporation of the 22 ppm solution of 50:50 aqueous PdSO,4 and ethanol, it was
possible to identify if one of the naked nanoparticle templates was able to show a spectral shift
due to the surface presence of metallic lead and the lead salt. This can be clearly identified from
the comparison of the reflectance after the evaporation of a 0 ppm solution (50:50 solution of
water and ethanol) and a 22 ppm solution of PbSO, in aqueous ethanol, as shown in figure 4.5,

where the calculated spectral shift can be seen in figure 4.6.
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Laser Fluence Ethanol Percentage Static Contact Angle
Laser Pulses
mlem?2 % °(+3°)
0 65
1 25 36
50 i5
350
0 72
15 25 41
50 22
0 67
1 25 38
50 14
500
0 68
15; 25 39
50 13
0 61
1 25 45
50 14
650
0 74
15; 25 37
50 18
0 65
b 25 29
50 15
800
0 74
15 25 32
50 16

Figure 4.4: Tabulated static contact angle measurements of the 350 —800m.Jem =2 1 and 15 pulses
templates, showing the influence of the ethanol concentration on the contact angle achieved on

each of these PNTs.
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Figure 4.6: Comparison of the measured spectral shift across all of the produced plasmonic

nanoparticle templates shown in 4.5.

From the analysis of the optical reflectance of these laser fabricated PNTs, the spectral shift
(A)X), can be calculated as the magnitude of the difference between the spectral position of the
primary reflectance peak before and after the evaporation of any solution and the position of the
same peak after the evaporation of the 22 ppm solution, as AX = Apeakoppm — APeak22ppm. While
it was initially hypothesized that a monodisperse arrangement of hemispherical nanoparticle
would offer the greatest spectral shift, it was necessary to assess the individual PNTs to see if
this was correct. In the case that the nanoparticles presented a bimodal distribution, where there
exist two distinct nanoparticle size families with correspondingly two unique optical reflectance
peaks were apparent in the reflectance profile, both peaks were assessed individually. While it
was evident that there was a distinct and measurable spectral shift caused by the evaporation
of the PbSO, solution, it was equally evident that the spectral shift observed was not constant
from all the templates, as shown in figure 4.7. As each PNT was treating identically, with the
same solution, it can be concluded that this variation in the magnitude of the spectral shift seen
from one PNT to another must be caused by the surface morphology. It can be seen that while
there are distinct differences in the optical reflectance measured for the PNTs produced with
1 pulse, it is evident that the nanoparticle templates fabricated with successive laser treatment
pulses, such as 5 and 10 pulses, the spectral shift is diminished, resulting in spectral shifts up to a
maximum of 10 nm for 10 pulses and decreasing even further to 3 - 5 nm for 15 treatment pulses,
as highlighted in figure 4.8. Therefore, it was concluded that, in contradiction to the original
theory, that the preferred morphology for a PNT to be used as a surface sensing platform is a

bimodal distribution.
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Figure 4.8: Normal incidence optical reflectance spectroscopy (ORS) spectra showing the absolute
reflectance of the nanoparticle templates fabricated with 350m.Jem =2 and (a) 1 pulse and (d)
15 pulses as fabricated (0 ppm) and after the evaporation of the 22 ppm Pb2S04 solution.
Spectra (b) and (e) show the normalised absolute reflectance for these two nanoparticle templates.
SEM micrographs (c) and (f) show the surface morphology for the 1 and 15 pulses templates

respectively.

4.2.2 Naked Nanoparticle Sensing

From this, it was decided that a series of new identical PNT grids would be produced on a
single silicon wafer substrate, using the same laser fluences as previously (350 — 800m.Jem™2),
but with a different pulse progression of 1 - 6 pulses, as it was evident that with 5 treatment
pulses there was a low spectral shift and the use of further treatment pulses did not equate to a
greater spectral shift. In parallel to the production of these UV MONA-LISA grids, a series of
PbyS0O, in aqueous ethanol solutions, at the 50:50 ratio previously identified, of 0, 4, 8, 12, 16
and 20 ppm were produced to assess the sensitivity of these naked nanoparticle templates. Due
to the low maximum solubility of PbySO, in water (44ppm) and its insolubility in alcohol, higher
concentrations could not be produced. Now it would be possible to have one laser fabricated

grid to remain untouched and act as a control, while each of the remaining six grids could be
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tested with an individual concentration. It was further considered that in place of the individual
treatment of each PNT with a fixed volume droplet, each of the PNT grids would be initially
washed with 0.1 mL of pure ethanol, to minimise surface contamination and then submerged in
0.2 mL of the specific concentration solution, as this would be analogous to the situation that
a real time sensor would experience. Once exposed to the specific solution, the PNT grid was
placed within a vacuum chamber to simultaneously speed up the evaporation, or drying time, as
well as acting to maximise as much as possible the uniform wetting and prevent the formation
of a coffee-ring.

From the UV MONA-LISA grids produced as above, two of these laser fabricated plasmonic
nanoparticle templates warrant greater discussion, namely 500mJem ™2 1 pulse and 500mJem =2
6 pulses, described as 1x500 and 6x500 henceforth. These templates were selected due to the
difference in their optical response after the evaporation of the various Pby SO, solutions, where
the 1x500 template showed a systematic change in optical response with increasing solution
concentration, while the 6x500 template did not show a strong relationship between the seen
optical shift and the solution concentration. Additionally, both laser annealing conditions result
in two distinct bimodal distributions of large NP’s in a sea of smaller NP’s, with differently sized
nanoparticle families as seen in figure 4.9, where the 1x500 template showed a systematic change
with solution concentration, while the 6x500 template showed an erratic variation of the spectral
response. It was identified that the 1x500 template showed the most significant relationship
between the Pby SO, solution concentration and the calculated spectral shift, while conversely
the 6x500 template showed the least promising relationship, where the discrepancy can only be
due to the nanostructure, suggesting that the quality of the produced sensor may depend heavily
on the size, shape and surface coverage of the PNT. Despite the 6x500 nanoparticle template
showing no clear link between the spectral shift and the solution concentration, it was identified
that there was a clear spectral shift achieved with each solution, subsequently it was proposed
that with further analysis it may be possible to gain an understanding of the reason for this
erratic relationship.

Of particular note is the blue-shift or shift towards shorter wavelengths (negative values of
reflectance shift), seen from both templates. This phenomenon runs contrary to the response seen
with traditional LSPR spectroscopy, where the binding of the analyte to the functionalisation
inducing a characteristic red-shift. This can be clearly understood when we consider a traditional
LSPR spectroscopy, where the analyte is captured by the functionalisation, thereby altering the
local dielectric environment and increasing the refractive index. However as in this work we
present naked PNTs, the analyte, specifically Pb++ and PbSO3, have instead adsorbed directly

onto both the metallic nanoparticles and Si substrate. Due to the difference between the Fermi
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energies (Er) of silver and lead (5.49 eV and 9.47 eV respectively), the physical proximity of
the atoms could allow for an electron transfer from higher energy states in the lead to vacant,
lower energy states in the conduction band of silver until an equilibrium state was achieved.
This transfer of electrons, would increase the number of electrons within the silver, increasing
the number of oscillators and shifting the plasma frequency to higher energies, where this can
be seen diagrammatically in figure 4.10.

Essential for the assessment of the naked nanoparticle templates to relate the spectral shift
to the concentration of the solution, a LSPR spectroscopy sensor is used to assess the surface
abundance, through adsorption, of the analyte. As such, a highly sensitive methodology for
quantifying the surface composition and abundance of the PNT’s was required. It was identified
that XPS would be used to accurately identify the surface state of the 1x500 and 6x500 PNTs, to
quantify both the surface composition and the chemical state of the sensor surface. These selected
PNTs were analysed at Aristotle University of Thessaloniki, in collaboration with Professor Panos
Patsalas and group, using an Axis Ultra DLD XPS system, equipped with: a monochromatic
Al Ka x-ray source; a 0.5 m hemispherical analyser; and a multichannel detector. The XPS
measurements were acquired using a pass energy of 20 eV resulting in a full width at half
maximum (FWHM) of the Ag-3d peak of less than 500 meV. An example of the acquired spectra
can be seen in figure 4.11.

The surface abundance and chemical state analysis of these PNTs showed that, in addition
to Si and Ag, inherent to the structure of the nanoparticle templates, and trace amounts of C
and O, the XPS showed significant amounts of lead as both metallic Pb*+ and PbSO3, with
their 4f peaks separated by a characteristic 5.2 eV, as shown in figure 4.12 (a and b). Again, it is
clear for the 1x500 template, that there is a strong link between the measured spectral shift and
the quantity of lead adsorbed to the nanoparticle surface, while the 6x500 template again shows
little link, provided further evidence that the 1x500 template offers the superior sensing surface.
As shown in figure 4.12 (c), for the 1x500 template the surface abundance of silicon decreases
with the abundance of lead, we can conclude that, as both Pb*+ and PbSO; ions, the lead from
the solution will preferentially adsorb to the silicon in the gaps between the silver nanoparticles
and when we consider 4.12 (d), we can see that the 6x500 template does not show the same type
of response, suggesting that the lead is forces to adsorb directly to the nanoparticles themselves.

The true power of a LSPR spectroscopy sensor is derived form the ability to quantify the
surface presence of an analyte with a simple optical measurement. Therefore, to assess the
ability of these naked nanoparticle templates as a LSPR spectroscopy sensor style for detecting
and monitoring the presence of a heavy metal, in this case lead (as both Pb™" and PbSO3), it

is essential to correlate these two factors and to produce a calibration. In addition to a direct
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calibration between the spectral shift and the surface abundance of lead, it is possible to produce
a calibration between the spectral shift and the original solution concentration. In a real-world
environment, these two calibrations would allow for a single optical measurement to provide
information on both these factors simultaneously.

In the case of the 1x500 template, it was clear that such quantitative calibrations could be
produced due to the proportional nature of these two relationships. Conversely, from the spectral
shift and XPS results of the 6x500 template, it was clear that no quantitative relationship between
either the spectral shift and the solution concentration or the measured surface abundance of lead
and the spectral shift existed. Due to this, it was concluded that no further use could be made
of the 6x500 template, as there was no benefit using this template for an exclusively qualitative
comparison.

Due to the high level of reliability in the assessment of the spectral shift (maximum error
across 3 samples of £8nm), the limit of detection for the identification of the surface abundance
of the Pby SOy could be defined as any measurable spectral shift greater than 8 nm. However, as
can be seen in 4.13, there is an measured spectral shift of 38 nm from the 0 ppm solution (equal
mixture of ethanol and water), a realistic limit of detection should be considered to be a spectral
shift of greater than or equal to 40 nm. This spectral shit equates to a solution concentration of

4.5 ppm and a surface abundance of 0.009 atomic% of lead at the surface.

Sur face Abundanceof Lead(at%) = —1.9 x 107% x AX(nm) +1 x 1073 (4.1)

SolutionConcentration(ppm) = —0.29 x AX(nm) — 8 (4.2)

4.3 Conclusion

Here we have presented an alternative, simplified yet sophisticated route towards the fabrication
of a highly sensitive surface sensing platform, akin to a LSPR spectroscopy sensor, for the
detection of the surface presence of a heavy metal, in this case lead. This has been achieved
by utilising naked, or nonfunctionalised, nanoparticle templates which have the dual benefits of
further simplifying the fabrication of the sensing surface and broadening the scope of a single
surface. Here we have provided clear evidence that the lack of functionalisation does not equate
to the lack of a sensor. We demonstrate that when the surface adsorption of an analyte is ensured
via a separate mechanism, in this case the evaporation of a solution under vacuum, a naked PNT
can be used as a traditional functionalised template would be. We provide evidence for this by

demonstration that a naked nanoparticle template can be used to identify a surface abundance



4.3. CONCLUSION 53

of lead as low as 100 ppm (0.01 atomic %), as both Pb™* and PbSOj3, from a little as 0.2 mL of
solution.

Further to this, we have produced two calibration curves shown, in figure 4.13 and subsequent
equations 4.1 and 4.2, that provide evidence that a naked nanoparticle template fabricated with
1 pulse of 500m.Jem ™2 can be used to accurately and quantitatively assess the surface abundance
of both a given analyte and the original solution concentration, due in part to the clearly linear
nature of these relationships.

When considering the potential real-world applications for such a sensing platform, with
simple fabrication and necessary measurement equipment, could allow such a sensing system to
be used to simultaneously assess the concentration of the water source and monitor the filtration
process by quantifying the surface abundance on the filtration material, from a single optical
measurement.

While this research aims to provide a clear and definitive proof of principle for the use of a
naked PNT as a LSPR spectroscopy style sensing surface, the inherent hydrophobic nature of
the nanoparticle templates used and the subsequent use of a binary water:ethanol solution to
achieve uniform wetting, does necessarily hinder the potential for uptake as an in situ monitoring
system. However, the use of the binary water:ethanol solutions were not necessary to make this
work possible. Instead they were used to simplify the analysis by removing the need to qualify
the influence of the water contact angle. To more accurately represent the intended real-world
application, the XPS analysis was performed on samples that were submerged in the prescribed
solutions rather than the solutions being drop cast on to the selected nanoparticle templates.

While 24 nanoparticle templates were investigated optically, only two were selected for further
characterisation by XPS, to quantify the surface abundance of lead post evaporation. These two
PNTs were selected because they represent two distinctly different surface topologies with the
1x500 template exhibiting large (80 - 110 nm) nanoparticles in a sea of much smaller (3 - 10 nm)
nanoparticles, while the 6x500 template showed a more uniform distribution of smaller (20 - 60
nm) nanoparticles, but additionally because of their measured optical shift. While the 1x500
template showed an expected response, of the measured spectral shift generally increasing with
the solution concentration used, the 6x500 template presented a distinctly different relationship,
where there was minimal spectral shift that generally decreased with increased concentration. Of
note was the fact that for both the 1x500 and 6x500 template, the 12 ppm solution induced the
greatest spectral shift. Despite this unpromising result, the 6x500 template was further assessed
with XPS to identify if the surface abundance of the lead would suggest that an additional
way of assessing the change to the optical response would be required, such as to monitor the

change of peak reflectance (AR)orthechangeinpeakprofile(FW HM /Apear). However, from the
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XPS analysis it was evident that there exists a remarkably powerful link between the surface
abundance and the spectral shift. As such, we here present that it is additionally possible to tune
the sensitivity of a naked nanoparticle template through the modification of its nanostructure,
allowing for the further simplification of the fabrication of a duplex sensor by producing a series
of templates with different laser parameters rather than needing to accurately treat specific areas

for traditional functionalisation while preventing any cross-contamination.
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Figure 4.9: Optical reflectance spectroscopy (ORS) measurements of the naked plasmonic nano-
particle templates before and after the treatment with the various Pbe SO, solutions for the (a)
500m.Jem =2, 1 pulse and (b) 500m.Jem ™2, 6 pulses templates. With (c) and (d) showing the
spectral positions of the primary LSPR reflectance peak after the evaporation of each of the lead
solutions for the 1 and 6 pulses templates respectively. The associated SEM micrograph insets

show the structure of the as fabricated, naked PNT.
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Figure 4.10: Diagrammatic view of the Fermi Energy (EF) and work function () of silver (left)

and lead (right). The Fermi energy of lead is significantly higher than the Fermi energy of silver.

This would allow for electrons in the lead to transition to vacant higher energy states within

silver. This would result in an increase in the number of electrons (oscillators) within the silver

subsequently increasing the plasma frequency and blue-shifting the LSPR peak of silver.
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Figure 4.11: Example of the XPS spectra acquired to ascertain the surface composition of the

PNTs, focused on the Pb-4f peak, from the 500mJem ™2 1 pulse template exposed to the 12 ppm

solution.
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Chapter 5

Plasmonic Nanoparticle

Templates on a Polymer

Substrate

5.1 Introduction

Periods of history are often described by the material that defines them. As such, it could be
considered that we exist within the ”plastic age”. This can be seen by the extent to which we
interact with plastics, or polymers, in our daily lives, from drink bottles to food packaging we
are surrounded by polymers. Beyond that, the sheer volume of research undertaken worldwide
involving polymers [159-164] proves their importance. Polymers are a highly versatile family of
materials that can be utilised across an increasingly diverse range of applications due to their
low cost; high availability; transparency; ease of used in large-scale processing; and their ability
to adjust their properties to suit a given application; in addition to being flexible.

Flexible devices and technologies are becoming increasingly abundant in modern life, from
flexible display screens and electronic paper too Disney MagicBands™ [165]. This has led to a
much greater demand than ever before for flexible technologies using a wide range of different
substrate materials [166]. Among the driving force for this increased interest, is the desirability
of wearable devices and technology, especially for devices that can provide accurate, real time
information in situ and on demand, such as wearable sensors and monitoring systems. The key
milestone towards such devices, is the ability to fabricate the necessary nano- and microscale
structures on a suitable substrate [167-169]. When selecting a flexible polymer substrate, a
prime candidate for such a polymer is polyethylene terephthalate, or PET, thanks to its low cost
and variety of readily available forms. Despite the many advantages of a polymeric substrate,
polymers suffer from several disadvantages that makes the fabrication of highly specific structures
increasingly difficult due to their sensitivity to both temperature and many common chemicals

which leads to limited process compatibility.

99
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Despite the extensive use of Raman spectroscopy throughout all aspects of the scientific
community, the inherent weakness of Raman spectroscopy is the necessity for inelastic scattering
events. This has led to extensive research into a methodology for increasing the intensity of
the Raman signal. Since the discovery of an increase in the measured signal from a roughened
silver electrode, Surface Enhanced Raman Spectroscopy or SERS [140-143], has become a tool
that has led to Raman spectroscopy being able to detect single molecules. SERS makes use of
plasmonic nanoparticle templates to enhance either the Raman scattered light, or the probing
laser line and can significantly increase the signal to noise ratio of the measured signal by many
orders of magnitude. Such surfaces are commercially available, on a rigid substrate. However,
to date there does not exist a robust and flexible SERS surface, either within the literature or
commercially.

Beyond the use of a polymer substrate as a route towards flexible sensors and potential
wearable devices, is the possibility of using a flexible or elastic substrate to be able to mechanically
tune the response of an existing plasmonic nanoparticle template through the alteration of the
surface distribution and interparticle distance [170-176]. This approach offers one of the few

available and reported routes towards an end user tuneable plasmonic system.

5.2 Results and Discussion

When using a known substrate, such as silicon, the laser annealing window, the bracket of laser
fluence (energy density, mJem™2) and number of laser pulses that induce a transformation from
a discontinuous thin metallic film into a metallic nanoparticle template, are well known and un-
derstood both experimentally and theoretically. Therefore, when this process is transplanted to
an untested substrate, like a polymer, the first task is to identify this processing window. How-
ever, initially it was prudent to understand the extent to which the laser interacts would interact
with the selected polymer. For this work, the polymer selected was polyethylene terephthalate,
or PET, because of its wide range of industrial viable variants of PET and the ease with which
a polymer like PET can be transplanted into large scale processes like roll-to-roll fabrication.
Due to the absorption coefficient of PET (u, = 1.00 x 10°) at the processing wavelength (248
nm, from a KrF Excimer laser system). As seen in figure 6.1, there is clear transformation
in the optical response of the PET, even when processed with exceptionally low laser fluences.
The laser annealing has induced a transformation from the smooth, untreated PET to a distinct
island, globule like structure post processing. This provides clear evidence that the absorption
of the laser line causes the PET surface to melt and re-solidify. This suggests that when laser

annealing a metallic silver film on a PET substrate, there would be a two-fold surface modifica-
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tion: the absorption in the metallic thin film producing a nanoparticle template; and the direct
absorption in the PET substrate altering the PET surface, producing a significantly different

surface morphology.
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Figure 5.1: Calculated optical reflectance spectroscopy (ORS) absolute reflectance of the unpro-
cessed and laser annealed areas of PET, for a range of fluences. The inset SEM micrographs
show the surface structure of the processed areas where the coloured borders correlate to the

plot colours.

When considering a PET / Ag sample structure, the absolute reflectance from even the
as deposited silver thin film is significantly lower than that seen when using a silicon substrate,
which can be attributed to the transparency of the PET substrate. The inherently low reflectance
profile of a transparent material compared to a highly reflective material like silicon allows for
the reduced reflectance. The silver film was deposited via radio frequency magnetron sputtering,
in a high vacuum chamber (base pressure of < 10~%mbar), from a round (3”) Ag target (99.99%
purity), in the presence of argon, Ar (99.999% purity), at a fixed flow rate of 4 standard cubic

centimetres per minute (sccm) resulting in a working pressure of 5 mTorr. The power applied
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to the target was set to 40 W while the PET substrates was held on a carrier wafer rotating at
12 revolutions per minute (rpm) to ensure a uniform deposition, to a nominal thickness of 10
nm, resulting in the formation of a thin discontinuous film, with a reflectance profile significantly

lower than that of bulk silver.

When considering the laser annealed silver thin film, figure 6.2, we can see that even in the case
of low fluence and minimal laser pulses, in particular the 25m.Jem ™ 21pulse and 50m.Jem ™2 1pulse
areas, there is the appearance of a subtle reflectance peak that suggest that a nanoparticle
template has been produced. The collaborating SEM micrograms prove that there has been
a transformation from a thin film to a nanoparticle template. As seen in figure 6.2. These
nanoparticle templates were produced at a significantly lower processing window than that used
when working on a silicon substrate (above 200m.Jem ™= 2.As seen, a fluence above 150m.Jem =2
causes the complete ablation of the silver thin film on PET, while of silicon this same fluence
is insufficient to produce a nanoparticle template. Due to the inherent interaction of the laser
line with the PET substrate, we can conclude that the absorption of the laser in the substrate
hinders the production of a plasmonic nanoparticle template.

Additionally, the nanoparticle templates produced on PET are of a much lower quality than
those produced on a silicon substrate, based on the low surface coverage of the nanoparticles
and the associated large inter-particle distance. The highly disperse structure of the template,
in parallel with the transparent nature of the PET, affects the optical profile of the template by
minimising the magnitude of the reflectivity as well as shifting the spectral position of any LSPR
peak that may exist.

The dramatic difference between the structure of the plasmonic nanoparticle templates fab-
ricated on a PET substrate and a template produced on a silicon substrate, could be explained
by considering the discrepancies of the thermal conductivity; specific heat capacity; and thermal
bulk of these two substrates. Consequently, it can be theorised that a silicon substrate is better
able to deal with the energy dissipation necessary during laser annealing, in both a LISA and

MONA-LISA process.

5.2.1 Interlayer Materials

To address this discrepancy of thermal properties and improve the ability of a PET substrate to
support the laser fabrication of a nanoparticle template, it was suggested that the inclusion of an
interlayer or ’barrier’ material, could be used to modify the properties of the substrate, allowing
for a more successful laser annealing process and the fabrication of a higher quality nanoparticle

templates. In addition to the modification of the thermal properties, these interlayer materials
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Figure 5.2: Calculated optical reflectance spectroscopy (ORS) absolute reflectance of the unpro-
cessed and laser annealed areas of the thin silver film on a PET substrate, for a range of fluences.
The inset SEM micrographs show the surface structure of the processed areas where the coloured

borders correlate to the plot colours.

could be used as an active functional layer, essential for the operation of a given device, such as
a charge transport layer or a dielectric / conducting layer.

Four specific interlayer materials were identified for investigation, due to the range of physical,
thermal and electrical properties they span, as seen in table 6.1. As well as providing a wide
range of properties for instigation, these materials are all established within their relevant fields,
namely: silicon dioxide (Si03) is a classic material used in electronics; yttrium oxide (¥203) is a
highly versatile dielectric material; and indium-tin oxide (I7°0) and aluminium-doped zinc oxide
(AZO) are used extensively as transparent conductors. All of these materials were deposited as
thin films using room temperature RF magnetron sputtering in a high vacuum chamber (base
pressure of < 10~%mbar), from round (3”) targets, in the presence of argon (99.999% purity) and
in the specific cases oxygen (99.999% purity), at a fixed flow rates to produce working pressure
of 3 - 5 mTorr (depending on the material). Each of these interlayer materials were deposited
onto a PET substrate to a range of thicknesses. This allowed for an investigation into both
the influence each of the interlayer materials has on the laser annealing process as well as the

identifying the influence of interlayer thickness.
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Each of these interlayer materials produced a significant change to the optical profile of the
resultant nanoparticle templates, but further discussion will be focused on the 100 nm thicknesses
of each interlayer material, as this interlayer thicknesses exhibited the greatest influence on the
nanoparticle templates. As shown in figure 6.3, the inclusion of the interlayer material induced,
in cases where there was not total ablation, the formation of a bed sheet like structure. The
associated SEM micrograms in figure 6.3, show an obvious creasing and wrinkling of the interlayer
/ silver composite, which can most clearly be seen in the case of the PET / SiOy / Ag sample.
Across all the investigated interlayer thicknesses, but most easily observed with an interlayer
thickness of 100 nm, it is evident that the ablation threshold, the laser fluence or number of
treatment pulses required before the silver thin film is fully ablated has been lowered below that
seen without the interlayer material. Additionally, in some cases the interlayer material was
ejected or delaminated from the substrate, as evidenced by the presence of large areas of exposed

PET, seen as dark areas in the SEM micrographs.
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Figure 5.3: SEM micrographs and associated Optical Reflectance Spectroscopy (ORS) spectra of
a sample series demonstrating the influence of the different interlayer materials on the formation
of laser fabricated plasmonic nanoparticle templates for a single laser energy and an identical
pulse progression. Each of the barrier samples shares a structure (PET / Barrier material [100nm]
/ silver film [10nm]) to understand the effect of the individual barrier layers. Additionally, the
PET / silver film [10nm] sample is included for comparison. The inset SEM micrographs show
the surface structure of the processed areas where the coloured borders correlate to the plot

colours.

In addition to the experimental investigation, a computational investigation into the absorp-
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tion of the laser line in the PET substrate, the silicon dioxide interlayer and the silver thin
film. This study was conducted via 3-dimensional finite - difference time - domain (3D FDTD)
method. For this investigation, the silica interlayer material was selected for simulation due to
the optical response from the experimental PET / silica / silver sample showing the highest
potential as an effective interlayer to facilitate the laser fabrication of a nanoparticle template
on a PET substrate.

These computational simulations, as seen in figure 6.4, show that at either of the possible
processing wavelengths (248 nm from KrF and 193 nm for ArF), the absorption of the laser
line in the PET substrate and the silica interlayer are consistent at 50% (39% — 54%) and 3%
(0% — 5%) respectively, across all of the simulated silica thicknesses. When considering the
absorption within the silver film however, at the three experimental silica thicknesses produced:
50 nm; 100 nm; and 150 nm, we can see that at 193 nm the achieved absorption is at a relative
maximum (29% — 35%) while with 248 nm the situation is reversed as the absorption can be
seen reach a minimum (7% — 11%). From this, it was concluded that the low absorption in the
silver film and the high absorption in the PET substrate could easily lead to the ablation and
delamination observed. The discrepancy in the absorption and the resultant thermal heating
could lead to this effect by exploiting the low interface adhesion as a mechanism to dissipate the

energy gained by the substrate.
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Figure 5.4: The absorption and inset the dielectric function of the PET substrate, silica interlayer

and the silver thin film.

5.2.2 Interface Modification

The modification of the processing window is inherent when using a different substrate, as evid-
enced in figure 6.2. However, the significant increased probability of ablation; the delamination
of the interlayer material; and the wrinkled, creased, bed-sheet like structure can be clearly at-
tributed to the presence of the interlayers, seen in figure 6.3. It was suggested that in addition to

a modification of the properties of the substrate, the inclusion of the interlayer material alters the

Ag Absorption (%)
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layer adhesion within the sample, which would attribute to the ease of delamination seen during
laser annealing. This low layer adhesion would simultaneously hamper our ability to fabricate
a nanoparticle template. Overcoming this phenomenon represents a clear milestone towards the
laser fabrication of a plasmonic nanoparticle template, via laser annealing, on a PET substrate.

To counter this lowering of layer adhesion, there exist two primary routes towards addressing
this layer adhesion, through a physical or chemical process. While a chemical process has several
advantages and would be highly successful in increase the adhesion at the PET / interlayer,
by necessity, the procedure would need to be unique for each of the interlayer materials used.
This significantly complicates the process and forces the inclusion of several additional variables
on top of the interlayer thickness and material. Consequently, it was concluded that a physical
process would be beneficial, despite the lower adhesion possible. A physical process was selected
as it would allow for a single process to be used with all the interlayer materials to increase the
interface adhesion. This would allow for the direct identification of the layer adhesion on the
laser annealing process. To increase the layer adhesion, the PET surface was roughened prior to
the deposition of the interlayer material, via plasma etching. This was performed with a Tegal
Plasmaline 415 Asher plasma asher, using 2% oxygen in argon (2%0O2 in Ar) gas to produce a
plasma with 100 W of applied power at a working pressure of 15 mTorr. The PET substrate
was treated for one hour (60 minutes) to modify the surface roughness, as shown in figure 6.5.
From figure 6.5, we can see that there is a significant modification to the PET surface, where
the transmission of the PET substrate fell from 97% to 65%. The modified substrate, henceforth
described as plasma-etched PET or PE.PET, was then deposited with the established interlayer

barrier materials, using the RF magnetron sputter deposition technique discussed previously.

Untreated PET Plasma Etched PET

Figure 5.5: Image showing the difference between the untreated (left) and plasma etched (right)

PET with an increased surface roughness prior to the deposition of a barrier material.

As the surface of the PE.PET has inherently been modified, it is conceivable that the mag-
nitude of the surface adsorption of gases will be dramatically increase. Due to this, before the
deposition of the interlayer materials, the PE.PET substrate was held under vacuum within the
deposition chamber for 30 minutes to allow for the substrate to out-gassing and to ensure the

quality of the interface produced. This technique allowed for increased layer adhesion demon-
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strated by the much lower sample damage form routine handling and the increased sample lifetime
when compared to the untreated PET substrate. While it is of worth to note that the exten-
ded lifetime and improved sample stability of the PE.PET samples, they are still significantly
more fragile samples than those produced on a silicon substrate. As it was previously identified
that the interlayer materials produced the greatest influence on the production of a nanoparticle
template at a thickness of 100 nm, all the barrier materials were deposited onto the PE.PET
substrate to this thickness before being topped with a 10 nm discontinuous film of silver and

subsequently laser processed.
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Figure 5.6: The optical reflectance spectroscopy (ORS) calculated absolute reflectance for the
interlayer materials deposited onto both the untreated and plasma treated PET treated with a
number of laser pulses at a laser fluence of 25mJem™2. Where the PET / Ag and PE.PET / Ag

are included for comparison.

As shown in figure 6.6, we can see that for the case of both the PE.PET / silver (no interlayer)
and PE.PET / silica / silver, the modification of the PET surface had a significant improvement
on the optical profile of the laser fabricated nanostructure. The PE.PET /silver sample demon-
strate a clear LSPR peak when treated with low fluences and low numbers of laser pulses (most
evidently when processed with one laser pulse at 25m.Jcem~2). Beyond this, the response seen
from subsequent laser pulses suggest that additional laser pulses allow for the modification of

the optical response of the nanoparticle template, comparable with the behaviour achieved on a
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silicon substrate. Additionally, in the case of the PE.PET / silica / silver, all the investigated
laser pulses appear to demonstrate a bimodal optical response, with two clear peaks, where again
successive laser pulses onto the sample show some modification to the optical response.

In the case of the other interlayer materials, but most prominent in the case of the ITO in-
terlayer, the optical response of the laser processed areas have been quenched, with a reflectance
below 1% for all laser fluences and pulses used. Further to this, from the direct comparison
between the plasma treated and untreated PET substrate, we can conclude that our ability to
successfully fabricate a plasmonic nanoparticle template on a polymeric substrate has been im-
proved by the combination of increasing the surface adhesion and modification of the substrate’s
properties. This improvement can be attributed to a combination of the increased thermal bulk
of the sample due to the inclusion of the interlayer as well as the enhanced layer adhesion due to
the increased surface roughness from the plasma treatment of the substrate. The phenomenon
of the low reflectance in all cases of the roughened PET substrate can be attributed to the base
optical response of the substrate at two stages. Initially, the untreated PET substrate is inher-
ently transparent and as such has a very low optical reflectance, with a reflectivity of 4% - 6%,
while when the substrate is plasma etched, the PE.PET which has caused an increased to the
surface roughness, significantly increasing scattering and further reducing the optical spectral
reflectance. These two factors, in combination with the low ablation limit of the interlayer /

silver composite results in an overall low reflectance profile of the laser annealed areas.

5.2.3 SERS Effect on Flexible Substrate

This low reflectance from the laser annealed areas of both the PET / interlayer / silver and
PE.PET / interlayer / silver samples, makes the traditional reflectance spectroscopy method-
ology for characterising and identifying the presence of the plasmonic nanoparticle template
unreliable. Consequently, another method for the identification of an additional route towards
this. As such, it was concluded that a Raman microscope (Thermo Scientific DXR2) could be
used to simultaneously probe the ability of these laser fabricated plasmonic nanoparticle tem-
plates to act as a surface enhanced Raman spectroscopy (SERS) surface, while also allowing for
the identification of a plasmonic structure and to quantify their spectral position. The Raman
spectra were measured with a 532 nm probe wavelength at 0.5 mW in a 100um spot size, using a

spectroscopic detector with a maximum spectral range of 100 —3500cm ™ !operating at 16— 279C.

To this end, an establish Raman active compound, namely the dye rhodamine 110 chloride
(Rh110) (Sigma Aldrich, > 88% purity, Amas = 496nm), was selected due to the corresponding

low fluorescence associated with the pumping wavelength of the Raman microscope used (532
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nm). The rhodamine dye was produced at three stock solutions at specific concentrations (40mM,
40puM and 40nM) in ethanol that could be used to assess if there was any SERS enhancement,
while also proving a route towards identifying the nanoparticle template that results in the
greatest enhancement. This would allow for a single measurement to provide evidence that a
plasmonic nanostructure exists with a LSPR. peak that lies near the pumping laser wavelength
of the Raman microscope while simultaneously assessing the quality of a potential SERS surface.
Two samples were selected for assessment with a Raman microscope: the PE.PET / silver
[10 nm]; and the PE.PET / silica [100 nm] / silver [10 nm] samples. These samples were
selected based on their optical reflectance spectroscopy (ORS) measurements of these two samples

demonstrated the clearest indication of a LSPR peak that could allow for a SRES enhancement.

Before any SERS behaviour can be characterised, the inherent detection limit of the Raman
microscope must be established. To identify the minimum concentration detectable and to align
with the standard concentrations used for SERS measurements, the stock solutions of the Rh110
dye were assessed on the as deposited, 10 nm thin silver film of 3 substrates: plasma etched PET;
plasma etched PET / silica [100 nm] composite; and a silicon wafer, as a reference and control
sample. Each concentration was evaporated on the as deposited silver film as a microliter (1uL)

droplet and allowed to evaporate under ambient conditions. These Raman spectra can be seen

in figure 6.7.
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Figure 5.7: Raman spectra from the three stock solutions, 40 mM (red), 40 pM (blue) and 40 nm
(pink) of Rh110 dye, as well as the spectra from the as deposited silver thin film (black). Three
samples were investigated, Si/Ag, PE.PET/Ag and PE.PET/SiO2/Ag. As can be seen across
all samples, the milli-molar (mM) concentration demonstrates a large fluorescence peak despite

the selection of a dye with a minimal fluorescence at the laser line of the Raman microscope.

The detection limit of the Raman system, shown by the concentration that displays a clear

Raman signal with a minimum number of counts, can be seen to be the 40 nM solution across
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all three substrates, but most clearly on the PE.PET / silica / silver sample. While the silicon
sample exhibits significantly higher counts in all cases than both PET samples, this is to be
expected, as the silicon has a significantly higher visible optical reflectance, particularly at the
probing laser wavelength (532 nm). Subsequently, the selected laser annealed areas on all three
of the tested substrate samples (PE.PET / silver, PE.PET / silica / silver and Si / silver) were
exposed to the Rh110 solution as described previously (1uL droplets placed on the selected
areas and allowed to evaporate under ambient conditions) using the 40 nM concentration, as this
concentration most closely resembles the concentrations used for the testing of a SERS surface
seen in literature. From each sample, the laser annealed areas were selected based on their optical
response and how likely is was that this LSPR peak would allow for a SERS enhancement. As
such, the 500mJem ™2, 25mJem ™2 and 50mJem ™2 laser processing fluences were selected for the
Si/Ag, PE.PET/Ag and PE.PET/Si02/Ag samples respectively, where the measured Raman
spectra can be seen in figure 6.8.

The Raman signal from both PE.PET substrates across all the laser annealed areas exhibit
almost identical spectra, where the identifiable Raman peaks that can be seen can be attributed
to the PET substrate and not the rhodamine dye. For the case of the silica interlayer and
the case of the PE.PET / Ag sample treated with 1 pulse, the distinct, broad double peaks
around 1400cm~! and 1500cm ™!, are indicative of carbon d- and g- bands, which is indicative
of sample burning. The evidence of sample burning (the burning of the Rh110 dye) provides a
significant indication that the LSPR of these nanoparticle templates is centred close to the laser
wavelength (532 nm) and therefore enhancing the probing laser, leading to this burning, rather
than enhancing the Raman signal. The lack of any SERS enhancement could be attributed to
the spectral position of the LSPR peak not corresponding to the Raman peaks of the dye, but the
evidence of burning suggest that the LSPR peak must lie close to the laser line and consequently
should be providing some signal enhancement. Alternatively, due to the inherent low reflectivity
and therefore the low measurable signal from the PE.PET samples and the low concentration
used, it is possible that the signal is sufficiently low so that it is below the detection limit of the
Raman microscope.

To establish which of these effects led to the lack of signal enhancement, a second experimental
test was designed, where a second sample series was produced and processed identically to the
PE.PET / silver and PE.PET / silica / silver samples described previously. However, this
time the samples were exposed to the 40uM concentration before measuring with the Raman
Microscope, to identify if the apparent lack of enhancement could be attributed to the low
measurable signal rather than the lack of any enhancement. These spectra can be seen in figure

6.9. It can be clearly seen that for the case of the PE.PET / silver sample, that there are
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Figure 5.8: Raman spectra from the 40 nM solution of Rh110 dye, as well as the spectra from the
as deposited silver thin film (black). The selected laser fluences investigated were selected due
to the spectral position of the expected LSPR peak position. Three samples were investigated,
Si/Ag, PE.PET/Ag and PE.PET/SiO2/Ag. The dominant peaks between 1400 — 1500cm !

are characteristic of the d- and g¢- bands of carbon, indicative of burning.

a number of laser processed areas which demonstrate an enhancement to the detected signal,
despite no obvious optical fingerprint of a nanoparticle templates seen from the ORS spectra.
This enhancement can be seen in the Raman signal allows for the identification of multiple Rh110
specific Raman lines, as well as increasing the measurable signal by orders of magnitude when
compared to the signal of the same concentration of the as deposited silver film (black line in
figure 6.9. In contrast, when we consider the PE.PET / silica / silver sample, we can see that
of all the assessed laser annealed areas, only one demonstrate an enhancement of the Raman
signal, namely the 50mJem ™2, 2 pulses template. This template is not only the only template
to exhibit a SERS enhancement, but also the template across both PE.PET samples that show

the cleanest enhancement with the most obvious Raman peaks.

From the measure Raman spectra, the two laser processing conditions, one for each sub-
strate, identified that resulted in a significant signal enhancement when compared to the same
concentration applied to the as deposited silver film. As can be seen in figure 6.10, both the
PE.PET/Ag and the PE.PET/SiO3/Ag sample demonstrate an obvious enhancement when
compared to the same concentration evaporated on the unprocessed silver film, caused by the
laser fabrication of a plasmonic nanoparticle template on the PET substrate. Further to this,
the greatest enhancement can be seen from the PE.PET / silica / silver sample, where the mag-
nitude of enhancement can be seen to allow for the reliable identification of the compound under
investigation by allowing for the clear distinction between the Rh100 specific Raman lines and

the Raman signal from the PET substrate, showing a SERS enhancement factor of G = 45. As



5.3. CONCLUSIONS 73

As Grown
—— 1Pulse

20000 —— 2 Pulses
PE.PET / Ag [10 nm] 3 Pulses
40uM Rh110 @ 25 mJem™ ‘ —— 5Pulses
L —— 10 Pulses
m 15 Pulses
o [
£ 10000 +
2
‘@
c
2
< EHR L
= 0 T =
20000
g PE.PET/ SiO, [100nm] / Ag [10 nm]
14 40uM Rh110 @ 50 mJcm™
10000 - J K
1“‘47‘7*b{‘\{1\1\ ‘lm ﬂ\ /} I e
S e e
0 500 1000 1500 2000 2500 3000 3500

Raman Shift (cm™)

Figure 5.9: Raman spectra from a solution of 40uM Rh110 dye in ethanol evaporated onto the
laser processed areas from two PE.PET substrate samples. The highest signal can be identified
from each sample as 25m.Jem ™2, 1 pulse for the PE.PET/Ag sample and 50m.Jcem =2, 2 pulses
for the PE.PET/Si0O2/Ag sample. Both of these laser treated areas demonstrate an enhanced
signal, with clear Rh110 specific Raman peaks, that cannot be seen when the identical solution

was evaporated onto the untreated silver film.

such this measurement, simultaneously provides evidence that a plasmonic nanoparticle tem-
plates have been successful laser fabricated on a flexible and transparent polymer substrate,
while also allowing for confirmation that such a template can be used as a SERS substrate for

the enhancement of the Raman signal of a given compound.

5.3 Conclusions

The ability to reliably and with control, produce a nanostructure on a flexible polymer substrate
represent a clear and distinct barrier that needs to be overcome before such substrates can
become more widely utilised, and this is no less the case for the field of plasmonics. Therefore,
the development of a methodology for the laser fabrication of a plasmonic nanoparticle template
on a PET substrate is necessary to develop a flexible polymer SERS surface as well as other
applications.

The transfer of the laser annealing process from a rigid silicon substrate to the PET polymer,
introduce a series of difficulties, including the significant decrease of the available processing

window and additional interactions of the laser line with the substrate. This equates to a
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Figure 5.10: Raman spectra of Rhodamine 110 chloride on two different plasmonic nanoparticle
templates, one fabricated in a PE.PET/Si02(100nm)/Ag(10nm) structure processed with 0 and
2 pulses of 50mJem =2 (left) and one fabricated in a PE.PET/Ag(10nm) structure processed
with 0 and 1 pulses of 25m.Jem ™2 (right). Spectra showing the variation of Raman signal caused

by the Ag nanostructuring caused by the laser annealing process.

dramatic loss of control in the fabrication and the nanoparticle templates that were produced,
had an exceptionally low optical reflectance and lacked a clear LSPR peak. Resulting in the
direct transference of the laser annealing process onto a polymer substrate not being possible.

However, this is not a complete road block towards the use of such a substrate.

The thermal mass, specific heat capacity and the thermal conductivity of PET is notably
lower than that of silicon, which could account for the difficultly of producing a nanoparticle
template. To counter this, an interlayer material could be used to counteract this discrepancy
of the properties. The addition of an interlayer or barrier material introduced another series of
challenges, but primarily the remarkable ease of delamination during the laser annealing process
and producing the wrinkling and creasing of the interlayer / silver film complex without any
modification of adjustment of the processing window. It can be concluded that the thermal and
electrical properties of the substrate and sample cannot be used exclusively to predetermine the

success or failure of the laser annealing process.

Therefore, in addition to the addition of an interlayer, it was clear that a method for in-
creasing the layer adhesion, by increasing the surface roughness of the PET substrate prior to
the deposition of the interlayer, allow for a significant decrease of the observed delamination.
However, and more vitally, the combination of increase interface strength and the presence of a
barrier material allow for both production and modification of a plasmonic nanoparticle template
through laser annealing, allowing for the use of a polymer substrate to be used as a leaser anneal-

ing substrate. Beyond facilitating the production and alteration of a nanoparticle template, the
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combination of an interlayer material and increased interface strength, enabled the plasmonic
nanoparticle templates to be used as an effective surface enhanced Raman spectroscopy sub-
strate, allowing for the enhancement of the measurable signal from the a Raman active, namely
the dye rhodamine 11o chloride, by 4 orders of magnitude, allowing for the clear identification
of both the dye specific and substrate specific Raman lines that was impossible without the

presence of the laser fabricated nanoparticle templates.
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Chapter 6

Plasmonic Nanoparticle

Templates on a Polymer

Substrate

6.1 Introduction

Periods of history are often described by the material that defines them. As such, it could be
considered that we exist within the ”plastic age”. This can be seen by the extent to which we
interact with plastics, or polymers, in our daily lives, from drink bottles to food packaging we
are surrounded by polymers. Beyond that, the sheer volume of research undertaken worldwide
involving polymers [159-164] proves their importance. Polymers are a highly versatile family of
materials that can be utilised across an increasingly diverse range of applications due to their
low cost; high availability; transparency; ease of used in large-scale processing; and their ability
to adjust their properties to suit a given application; in addition to being flexible.

Flexible devices and technologies are becoming increasingly abundant in modern life, from
flexible display screens and electronic paper too Disney MagicBands™ [165]. This has led to a
much greater demand than ever before for flexible technologies using a wide range of different
substrate materials [166]. Among the driving force for this increased interest, is the desirability
of wearable devices and technology, especially for devices that can provide accurate, real time
information in situ and on demand, such as wearable sensors and monitoring systems. The key
milestone towards such devices, is the ability to fabricate the necessary nano- and microscale
structures on a suitable substrate [167-169]. When selecting a flexible polymer substrate, a
prime candidate for such a polymer is polyethylene terephthalate, or PET, thanks to its low cost
and variety of readily available forms. Despite the many advantages of a polymeric substrate,
polymers suffer from several disadvantages that makes the fabrication of highly specific structures
increasingly difficult due to their sensitivity to both temperature and many common chemicals

which leads to limited process compatibility.

7
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Despite the extensive use of Raman spectroscopy throughout all aspects of the scientific
community, the inherent weakness of Raman spectroscopy is the necessity for inelastic scattering
events. This has led to extensive research into a methodology for increasing the intensity of
the Raman signal. Since the discovery of an increase in the measured signal from a roughened
silver electrode, Surface Enhanced Raman Spectroscopy or SERS [140-143], has become a tool
that has led to Raman spectroscopy being able to detect single molecules. SERS makes use of
plasmonic nanoparticle templates to enhance either the Raman scattered light, or the probing
laser line and can significantly increase the signal to noise ratio of the measured signal by many
orders of magnitude. Such surfaces are commercially available, on a rigid substrate. However,
to date there does not exist a robust and flexible SERS surface, either within the literature or
commercially.

Beyond the use of a polymer substrate as a route towards flexible sensors and potential
wearable devices, is the possibility of using a flexible or elastic substrate to be able to mechanically
tune the response of an existing plasmonic nanoparticle template through the alteration of the
surface distribution and interparticle distance [170-176]. This approach offers one of the few

available and reported routes towards an end user tuneable plasmonic system.

6.2 Results and Discussion

When using a known substrate, such as silicon, the laser annealing window, the bracket of laser
fluence (energy density, mJem™2) and number of laser pulses that induce a transformation from
a discontinuous thin metallic film into a metallic nanoparticle template, are well known and un-
derstood both experimentally and theoretically. Therefore, when this process is transplanted to
an untested substrate, like a polymer, the first task is to identify this processing window. How-
ever, initially it was prudent to understand the extent to which the laser interacts would interact
with the selected polymer. For this work, the polymer selected was polyethylene terephthalate,
or PET, because of its wide range of industrial viable variants of PET and the ease with which
a polymer like PET can be transplanted into large scale processes like roll-to-roll fabrication.
Due to the absorption coefficient of PET (u, = 1.00 x 10°) at the processing wavelength (248
nm, from a KrF Excimer laser system). As seen in figure 6.1, there is clear transformation
in the optical response of the PET, even when processed with exceptionally low laser fluences.
The laser annealing has induced a transformation from the smooth, untreated PET to a distinct
island, globule like structure post processing. This provides clear evidence that the absorption
of the laser line causes the PET surface to melt and re-solidify. This suggests that when laser

annealing a metallic silver film on a PET substrate, there would be a two-fold surface modifica-
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tion: the absorption in the metallic thin film producing a nanoparticle template; and the direct
absorption in the PET substrate altering the PET surface, producing a significantly different

surface morphology.
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Figure 6.1: Calculated optical reflectance spectroscopy (ORS) absolute reflectance of the unpro-
cessed and laser annealed areas of PET, for a range of fluences. The inset SEM micrographs
show the surface structure of the processed areas where the coloured borders correlate to the

plot colours.

When considering a PET / Ag sample structure, the absolute reflectance from even the
as deposited silver thin film is significantly lower than that seen when using a silicon substrate,
which can be attributed to the transparency of the PET substrate. The inherently low reflectance
profile of a transparent material compared to a highly reflective material like silicon allows for
the reduced reflectance. The silver film was deposited via radio frequency magnetron sputtering,
in a high vacuum chamber (base pressure of < 10~%mbar), from a round (3”) Ag target (99.99%
purity), in the presence of argon, Ar (99.999% purity), at a fixed flow rate of 4 standard cubic

centimetres per minute (sccm) resulting in a working pressure of 5 mTorr. The power applied
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to the target was set to 40 W while the PET substrates was held on a carrier wafer rotating at
12 revolutions per minute (rpm) to ensure a uniform deposition, to a nominal thickness of 10
nm, resulting in the formation of a thin discontinuous film, with a reflectance profile significantly

lower than that of bulk silver.

When considering the laser annealed silver thin film, figure 6.2, we can see that even in the case
of low fluence and minimal laser pulses, in particular the 25m.Jem ™ 21pulse and 50m.Jem ™2 1pulse
areas, there is the appearance of a subtle reflectance peak that suggest that a nanoparticle
template has been produced. The collaborating SEM micrograms prove that there has been
a transformation from a thin film to a nanoparticle template. As seen in figure 6.2. These
nanoparticle templates were produced at a significantly lower processing window than that used
when working on a silicon substrate (above 200m.Jem ™= 2.As seen, a fluence above 150m.Jem =2
causes the complete ablation of the silver thin film on PET, while of silicon this same fluence
is insufficient to produce a nanoparticle template. Due to the inherent interaction of the laser
line with the PET substrate, we can conclude that the absorption of the laser in the substrate
hinders the production of a plasmonic nanoparticle template.

Additionally, the nanoparticle templates produced on PET are of a much lower quality than
those produced on a silicon substrate, based on the low surface coverage of the nanoparticles
and the associated large inter-particle distance. The highly disperse structure of the template,
in parallel with the transparent nature of the PET, affects the optical profile of the template by
minimising the magnitude of the reflectivity as well as shifting the spectral position of any LSPR
peak that may exist.

The dramatic difference between the structure of the plasmonic nanoparticle templates fab-
ricated on a PET substrate and a template produced on a silicon substrate, could be explained
by considering the discrepancies of the thermal conductivity; specific heat capacity; and thermal
bulk of these two substrates. Consequently, it can be theorised that a silicon substrate is better
able to deal with the energy dissipation necessary during laser annealing, in both a LISA and

MONA-LISA process.

6.2.1 Interlayer Materials

To address this discrepancy of thermal properties and improve the ability of a PET substrate to
support the laser fabrication of a nanoparticle template, it was suggested that the inclusion of an
interlayer or ’barrier’ material, could be used to modify the properties of the substrate, allowing
for a more successful laser annealing process and the fabrication of a higher quality nanoparticle

templates. In addition to the modification of the thermal properties, these interlayer materials
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Figure 6.2: Calculated optical reflectance spectroscopy (ORS) absolute reflectance of the unpro-
cessed and laser annealed areas of the thin silver film on a PET substrate, for a range of fluences.
The inset SEM micrographs show the surface structure of the processed areas where the coloured

borders correlate to the plot colours.

could be used as an active functional layer, essential for the operation of a given device, such as
a charge transport layer or a dielectric / conducting layer.

Four specific interlayer materials were identified for investigation, due to the range of physical,
thermal and electrical properties they span, as seen in table 6.1. As well as providing a wide
range of properties for instigation, these materials are all established within their relevant fields,
namely: silicon dioxide (Si03) is a classic material used in electronics; yttrium oxide (¥203) is a
highly versatile dielectric material; and indium-tin oxide (I7°0) and aluminium-doped zinc oxide
(AZO) are used extensively as transparent conductors. All of these materials were deposited as
thin films using room temperature RF magnetron sputtering in a high vacuum chamber (base
pressure of < 10~%mbar), from round (3”) targets, in the presence of argon (99.999% purity) and
in the specific cases oxygen (99.999% purity), at a fixed flow rates to produce working pressure
of 3 - 5 mTorr (depending on the material). Each of these interlayer materials were deposited
onto a PET substrate to a range of thicknesses. This allowed for an investigation into both
the influence each of the interlayer materials has on the laser annealing process as well as the

identifying the influence of interlayer thickness.
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Each of these interlayer materials produced a significant change to the optical profile of the
resultant nanoparticle templates, but further discussion will be focused on the 100 nm thicknesses
of each interlayer material, as this interlayer thicknesses exhibited the greatest influence on the
nanoparticle templates. As shown in figure 6.3, the inclusion of the interlayer material induced,
in cases where there was not total ablation, the formation of a bed sheet like structure. The
associated SEM micrograms in figure 6.3, show an obvious creasing and wrinkling of the interlayer
/ silver composite, which can most clearly be seen in the case of the PET / SiOy / Ag sample.
Across all the investigated interlayer thicknesses, but most easily observed with an interlayer
thickness of 100 nm, it is evident that the ablation threshold, the laser fluence or number of
treatment pulses required before the silver thin film is fully ablated has been lowered below that
seen without the interlayer material. Additionally, in some cases the interlayer material was
ejected or delaminated from the substrate, as evidenced by the presence of large areas of exposed

PET, seen as dark areas in the SEM micrographs.

o 08
PET /Ag [10nm] PET/Y,0, [100nm]/Ag [10nm]
074+ 2 074
50 mJem 50 mdom?

084 061

054 05+
0af ! i
03 L . +

024

01+ S

4« 500 600 700

o PET/SiO, [100nm] / Ag [10nm]
50 mJom™
064

05+
04+
03+
02F

Absolute Reflectance

O e

PET/ITO [100nm]/Ag [10nm]
50 mJem™® —— As Grown
—— 1 Pulse
—— 2 Pulses
—— 3 Pulses
5 Pulses
—— 10 Pulses
15 Pulses

Figure 6.3: SEM micrographs and associated Optical Reflectance Spectroscopy (ORS) spectra of
a sample series demonstrating the influence of the different interlayer materials on the formation
of laser fabricated plasmonic nanoparticle templates for a single laser energy and an identical
pulse progression. Each of the barrier samples shares a structure (PET / Barrier material [100nm]
/ silver film [10nm]) to understand the effect of the individual barrier layers. Additionally, the
PET / silver film [10nm] sample is included for comparison. The inset SEM micrographs show
the surface structure of the processed areas where the coloured borders correlate to the plot

colours.

In addition to the experimental investigation, a computational investigation into the absorp-
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tion of the laser line in the PET substrate, the silicon dioxide interlayer and the silver thin
film. This study was conducted via 3-dimensional finite - difference time - domain (3D FDTD)
method. For this investigation, the silica interlayer material was selected for simulation due to
the optical response from the experimental PET / silica / silver sample showing the highest
potential as an effective interlayer to facilitate the laser fabrication of a nanoparticle template
on a PET substrate.

These computational simulations, as seen in figure 6.4, show that at either of the possible
processing wavelengths (248 nm from KrF and 193 nm for ArF), the absorption of the laser
line in the PET substrate and the silica interlayer are consistent at 50% (39% — 54%) and 3%
(0% — 5%) respectively, across all of the simulated silica thicknesses. When considering the
absorption within the silver film however, at the three experimental silica thicknesses produced:
50 nm; 100 nm; and 150 nm, we can see that at 193 nm the achieved absorption is at a relative
maximum (29% — 35%) while with 248 nm the situation is reversed as the absorption can be
seen reach a minimum (7% — 11%). From this, it was concluded that the low absorption in the
silver film and the high absorption in the PET substrate could easily lead to the ablation and
delamination observed. The discrepancy in the absorption and the resultant thermal heating
could lead to this effect by exploiting the low interface adhesion as a mechanism to dissipate the

energy gained by the substrate.
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Figure 6.4: The absorption and inset the dielectric function of the PET substrate, silica interlayer

and the silver thin film.

6.2.2 Interface Modification

The modification of the processing window is inherent when using a different substrate, as evid-
enced in figure 6.2. However, the significant increased probability of ablation; the delamination
of the interlayer material; and the wrinkled, creased, bed-sheet like structure can be clearly at-
tributed to the presence of the interlayers, seen in figure 6.3. It was suggested that in addition to

a modification of the properties of the substrate, the inclusion of the interlayer material alters the

Ag Absorption (%)
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layer adhesion within the sample, which would attribute to the ease of delamination seen during
laser annealing. This low layer adhesion would simultaneously hamper our ability to fabricate
a nanoparticle template. Overcoming this phenomenon represents a clear milestone towards the
laser fabrication of a plasmonic nanoparticle template, via laser annealing, on a PET substrate.

To counter this lowering of layer adhesion, there exist two primary routes towards addressing
this layer adhesion, through a physical or chemical process. While a chemical process has several
advantages and would be highly successful in increase the adhesion at the PET / interlayer,
by necessity, the procedure would need to be unique for each of the interlayer materials used.
This significantly complicates the process and forces the inclusion of several additional variables
on top of the interlayer thickness and material. Consequently, it was concluded that a physical
process would be beneficial, despite the lower adhesion possible. A physical process was selected
as it would allow for a single process to be used with all the interlayer materials to increase the
interface adhesion. This would allow for the direct identification of the layer adhesion on the
laser annealing process. To increase the layer adhesion, the PET surface was roughened prior to
the deposition of the interlayer material, via plasma etching. This was performed with a Tegal
Plasmaline 415 Asher plasma asher, using 2% oxygen in argon (2%0O2 in Ar) gas to produce a
plasma with 100 W of applied power at a working pressure of 15 mTorr. The PET substrate
was treated for one hour (60 minutes) to modify the surface roughness, as shown in figure 6.5.
From figure 6.5, we can see that there is a significant modification to the PET surface, where
the transmission of the PET substrate fell from 97% to 65%. The modified substrate, henceforth
described as plasma-etched PET or PE.PET, was then deposited with the established interlayer

barrier materials, using the RF magnetron sputter deposition technique discussed previously.

Untreated PET Plasma Etched PET

Figure 6.5: Image showing the difference between the untreated (left) and plasma etched (right)

PET with an increased surface roughness prior to the deposition of a barrier material.

As the surface of the PE.PET has inherently been modified, it is conceivable that the mag-
nitude of the surface adsorption of gases will be dramatically increase. Due to this, before the
deposition of the interlayer materials, the PE.PET substrate was held under vacuum within the
deposition chamber for 30 minutes to allow for the substrate to out-gassing and to ensure the

quality of the interface produced. This technique allowed for increased layer adhesion demon-
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strated by the much lower sample damage form routine handling and the increased sample lifetime
when compared to the untreated PET substrate. While it is of worth to note that the exten-
ded lifetime and improved sample stability of the PE.PET samples, they are still significantly
more fragile samples than those produced on a silicon substrate. As it was previously identified
that the interlayer materials produced the greatest influence on the production of a nanoparticle
template at a thickness of 100 nm, all the barrier materials were deposited onto the PE.PET
substrate to this thickness before being topped with a 10 nm discontinuous film of silver and

subsequently laser processed.
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Figure 6.6: The optical reflectance spectroscopy (ORS) calculated absolute reflectance for the
interlayer materials deposited onto both the untreated and plasma treated PET treated with a
number of laser pulses at a laser fluence of 25mJem™2. Where the PET / Ag and PE.PET / Ag

are included for comparison.

As shown in figure 6.6, we can see that for the case of both the PE.PET / silver (no interlayer)
and PE.PET / silica / silver, the modification of the PET surface had a significant improvement
on the optical profile of the laser fabricated nanostructure. The PE.PET /silver sample demon-
strate a clear LSPR peak when treated with low fluences and low numbers of laser pulses (most
evidently when processed with one laser pulse at 25m.Jcem~2). Beyond this, the response seen
from subsequent laser pulses suggest that additional laser pulses allow for the modification of

the optical response of the nanoparticle template, comparable with the behaviour achieved on a
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silicon substrate. Additionally, in the case of the PE.PET / silica / silver, all the investigated
laser pulses appear to demonstrate a bimodal optical response, with two clear peaks, where again

successive laser pulses onto the sample show some modification to the optical response.

In the case of the other interlayer materials, but most prominent in the case of the ITO in-
terlayer, the optical response of the laser processed areas have been quenched, with a reflectance
below 1% for all laser fluences and pulses used. Further to this, from the direct comparison
between the plasma treated and untreated PET substrate, we can conclude that our ability to
successfully fabricate a plasmonic nanoparticle template on a polymeric substrate has been im-
proved by the combination of increasing the surface adhesion and modification of the substrate’s
properties. This improvement can be attributed to a combination of the increased thermal bulk
of the sample due to the inclusion of the interlayer as well as the enhanced layer adhesion due to
the increased surface roughness from the plasma treatment of the substrate. The phenomenon
of the low reflectance in all cases of the roughened PET substrate can be attributed to the base
optical response of the substrate at two stages. Initially, the untreated PET substrate is inher-
ently transparent and as such has a very low optical reflectance, with a reflectivity of 4% - 6%,
while when the substrate is plasma etched, the PE.PET which has caused an increased to the
surface roughness, significantly increasing scattering and further reducing the optical spectral
reflectance. These two factors, in combination with the low ablation limit of the interlayer /

silver composite results in an overall low reflectance profile of the laser annealed areas.

6.2.3 SERS Effect on Flexible Substrate

This low reflectance from the laser annealed areas of both the PET / interlayer / silver and
PE.PET / interlayer / silver samples, makes the traditional reflectance spectroscopy method-
ology for characterising and identifying the presence of the plasmonic nanoparticle template
unreliable. Consequently, another method for the identification of an additional route towards
this. As such, it was concluded that a Raman microscope (Thermo Scientific DXR2) could be
used to simultaneously probe the ability of these laser fabricated plasmonic nanoparticle tem-
plates to act as a surface enhanced Raman spectroscopy (SERS) surface, while also allowing for
the identification of a plasmonic structure and to quantify their spectral position. The Raman
spectra were measured with a 532 nm probe wavelength at 0.5 mW in a 100um spot size, using a
spectroscopic detector with a maximum spectral range of 100 —3500cm ™ !operating at 16— 279C.

To this end, an establish Raman active compound, namely the dye rhodamine 110 chloride
(Rh110) (Sigma Aldrich, > 88% purity, Amae = 496nm), was selected due to the corresponding

low fluorescence associated with the pumping wavelength of the Raman microscope used (532
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nm). The rhodamine dye was produced at three stock solutions at specific concentrations (40mM,
40puM and 40nM) in ethanol that could be used to assess if there was any SERS enhancement,
while also proving a route towards identifying the nanoparticle template that results in the
greatest enhancement. This would allow for a single measurement to provide evidence that a
plasmonic nanostructure exists with a LSPR. peak that lies near the pumping laser wavelength
of the Raman microscope while simultaneously assessing the quality of a potential SERS surface.
Two samples were selected for assessment with a Raman microscope: the PE.PET / silver
[10 nm]; and the PE.PET / silica [100 nm] / silver [10 nm] samples. These samples were
selected based on their optical reflectance spectroscopy (ORS) measurements of these two samples

demonstrated the clearest indication of a LSPR peak that could allow for a SRES enhancement.

Before any SERS behaviour can be characterised, the inherent detection limit of the Raman
microscope must be established. To identify the minimum concentration detectable and to align
with the standard concentrations used for SERS measurements, the stock solutions of the Rh110
dye were assessed on the as deposited, 10 nm thin silver film of 3 substrates: plasma etched PET;
plasma etched PET / silica [100 nm] composite; and a silicon wafer, as a reference and control
sample. Each concentration was evaporated on the as deposited silver film as a microliter (1uL)

droplet and allowed to evaporate under ambient conditions. These Raman spectra can be seen

in figure 6.7.
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Figure 6.7: Raman spectra from the three stock solutions, 40 mM (red), 40 pM (blue) and 40 nm
(pink) of Rh110 dye, as well as the spectra from the as deposited silver thin film (black). Three
samples were investigated, Si/Ag, PE.PET/Ag and PE.PET/SiO2/Ag. As can be seen across
all samples, the milli-molar (mM) concentration demonstrates a large fluorescence peak despite

the selection of a dye with a minimal fluorescence at the laser line of the Raman microscope.

The detection limit of the Raman system, shown by the concentration that displays a clear

Raman signal with a minimum number of counts, can be seen to be the 40 nM solution across
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all three substrates, but most clearly on the PE.PET / silica / silver sample. While the silicon
sample exhibits significantly higher counts in all cases than both PET samples, this is to be
expected, as the silicon has a significantly higher visible optical reflectance, particularly at the
probing laser wavelength (532 nm). Subsequently, the selected laser annealed areas on all three
of the tested substrate samples (PE.PET / silver, PE.PET / silica / silver and Si / silver) were
exposed to the Rh110 solution as described previously (1uL droplets placed on the selected
areas and allowed to evaporate under ambient conditions) using the 40 nM concentration, as this
concentration most closely resembles the concentrations used for the testing of a SERS surface
seen in literature. From each sample, the laser annealed areas were selected based on their optical
response and how likely is was that this LSPR peak would allow for a SERS enhancement. As
such, the 500mJem ™2, 25mJem ™2 and 50mJem ™2 laser processing fluences were selected for the
Si/Ag, PE.PET/Ag and PE.PET/Si02/Ag samples respectively, where the measured Raman
spectra can be seen in figure 6.8.

The Raman signal from both PE.PET substrates across all the laser annealed areas exhibit
almost identical spectra, where the identifiable Raman peaks that can be seen can be attributed
to the PET substrate and not the rhodamine dye. For the case of the silica interlayer and
the case of the PE.PET / Ag sample treated with 1 pulse, the distinct, broad double peaks
around 1400cm~! and 1500cm ™!, are indicative of carbon d- and g- bands, which is indicative
of sample burning. The evidence of sample burning (the burning of the Rh110 dye) provides a
significant indication that the LSPR of these nanoparticle templates is centred close to the laser
wavelength (532 nm) and therefore enhancing the probing laser, leading to this burning, rather
than enhancing the Raman signal. The lack of any SERS enhancement could be attributed to
the spectral position of the LSPR peak not corresponding to the Raman peaks of the dye, but the
evidence of burning suggest that the LSPR peak must lie close to the laser line and consequently
should be providing some signal enhancement. Alternatively, due to the inherent low reflectivity
and therefore the low measurable signal from the PE.PET samples and the low concentration
used, it is possible that the signal is sufficiently low so that it is below the detection limit of the
Raman microscope.

To establish which of these effects led to the lack of signal enhancement, a second experimental
test was designed, where a second sample series was produced and processed identically to the
PE.PET / silver and PE.PET / silica / silver samples described previously. However, this
time the samples were exposed to the 40uM concentration before measuring with the Raman
Microscope, to identify if the apparent lack of enhancement could be attributed to the low
measurable signal rather than the lack of any enhancement. These spectra can be seen in figure

6.9. It can be clearly seen that for the case of the PE.PET / silver sample, that there are
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Figure 6.8: Raman spectra from the 40 nM solution of Rh110 dye, as well as the spectra from the
as deposited silver thin film (black). The selected laser fluences investigated were selected due
to the spectral position of the expected LSPR peak position. Three samples were investigated,
Si/Ag, PE.PET/Ag and PE.PET/SiO2/Ag. The dominant peaks between 1400 — 1500cm !

are characteristic of the d- and g¢- bands of carbon, indicative of burning.

a number of laser processed areas which demonstrate an enhancement to the detected signal,
despite no obvious optical fingerprint of a nanoparticle templates seen from the ORS spectra.
This enhancement can be seen in the Raman signal allows for the identification of multiple Rh110
specific Raman lines, as well as increasing the measurable signal by orders of magnitude when
compared to the signal of the same concentration of the as deposited silver film (black line in
figure 6.9. In contrast, when we consider the PE.PET / silica / silver sample, we can see that
of all the assessed laser annealed areas, only one demonstrate an enhancement of the Raman
signal, namely the 50mJem ™2, 2 pulses template. This template is not only the only template
to exhibit a SERS enhancement, but also the template across both PE.PET samples that show

the cleanest enhancement with the most obvious Raman peaks.

From the measure Raman spectra, the two laser processing conditions, one for each sub-
strate, identified that resulted in a significant signal enhancement when compared to the same
concentration applied to the as deposited silver film. As can be seen in figure 6.10, both the
PE.PET/Ag and the PE.PET/SiO3/Ag sample demonstrate an obvious enhancement when
compared to the same concentration evaporated on the unprocessed silver film, caused by the
laser fabrication of a plasmonic nanoparticle template on the PET substrate. Further to this,
the greatest enhancement can be seen from the PE.PET / silica / silver sample, where the mag-
nitude of enhancement can be seen to allow for the reliable identification of the compound under
investigation by allowing for the clear distinction between the Rh100 specific Raman lines and

the Raman signal from the PET substrate, showing a SERS enhancement factor of G = 45. As
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Figure 6.9: Raman spectra from a solution of 40uM Rh110 dye in ethanol evaporated onto the
laser processed areas from two PE.PET substrate samples. The highest signal can be identified
from each sample as 25m.Jem ™2, 1 pulse for the PE.PET/Ag sample and 50m.Jcem =2, 2 pulses
for the PE.PET/Si0O2/Ag sample. Both of these laser treated areas demonstrate an enhanced
signal, with clear Rh110 specific Raman peaks, that cannot be seen when the identical solution

was evaporated onto the untreated silver film.

such this measurement, simultaneously provides evidence that a plasmonic nanoparticle tem-
plates have been successful laser fabricated on a flexible and transparent polymer substrate,
while also allowing for confirmation that such a template can be used as a SERS substrate for

the enhancement of the Raman signal of a given compound.

6.3 Conclusions

The ability to reliably and with control, produce a nanostructure on a flexible polymer substrate
represent a clear and distinct barrier that needs to be overcome before such substrates can
become more widely utilised, and this is no less the case for the field of plasmonics. Therefore,
the development of a methodology for the laser fabrication of a plasmonic nanoparticle template
on a PET substrate is necessary to develop a flexible polymer SERS surface as well as other
applications.

The transfer of the laser annealing process from a rigid silicon substrate to the PET polymer,
introduce a series of difficulties, including the significant decrease of the available processing

window and additional interactions of the laser line with the substrate. This equates to a
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Figure 6.10: Raman spectra of Rhodamine 110 chloride on two different plasmonic nanoparticle
templates, one fabricated in a PE.PET/Si02(100nm)/Ag(10nm) structure processed with 0 and
2 pulses of 50mJem =2 (left) and one fabricated in a PE.PET/Ag(10nm) structure processed
with 0 and 1 pulses of 25m.Jem ™2 (right). Spectra showing the variation of Raman signal caused

by the Ag nanostructuring caused by the laser annealing process.

dramatic loss of control in the fabrication and the nanoparticle templates that were produced,
had an exceptionally low optical reflectance and lacked a clear LSPR peak. Resulting in the
direct transference of the laser annealing process onto a polymer substrate not being possible.

However, this is not a complete road block towards the use of such a substrate.

The thermal mass, specific heat capacity and the thermal conductivity of PET is notably
lower than that of silicon, which could account for the difficultly of producing a nanoparticle
template. To counter this, an interlayer material could be used to counteract this discrepancy
of the properties. The addition of an interlayer or barrier material introduced another series of
challenges, but primarily the remarkable ease of delamination during the laser annealing process
and producing the wrinkling and creasing of the interlayer / silver film complex without any
modification of adjustment of the processing window. It can be concluded that the thermal and
electrical properties of the substrate and sample cannot be used exclusively to predetermine the

success or failure of the laser annealing process.

Therefore, in addition to the addition of an interlayer, it was clear that a method for in-
creasing the layer adhesion, by increasing the surface roughness of the PET substrate prior to
the deposition of the interlayer, allow for a significant decrease of the observed delamination.
However, and more vitally, the combination of increase interface strength and the presence of a
barrier material allow for both production and modification of a plasmonic nanoparticle template
through laser annealing, allowing for the use of a polymer substrate to be used as a leaser anneal-

ing substrate. Beyond facilitating the production and alteration of a nanoparticle template, the
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combination of an interlayer material and increased interface strength, enabled the plasmonic
nanoparticle templates to be used as an effective surface enhanced Raman spectroscopy sub-
strate, allowing for the enhancement of the measurable signal from the a Raman active, namely
the dye rhodamine 11o chloride, by 4 orders of magnitude, allowing for the clear identification
of both the dye specific and substrate specific Raman lines that was impossible without the

presence of the laser fabricated nanoparticle templates.
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Chapter 7

Angle and Polarisation
Dependent Reflectance

Spectroscopy

7.1 Introduction

This chapter will focus on the development of a novel optical assessment technique for measuring
the angle and polarisation dependent reflectance for a plasmonic nanoparticle template, or any
given sample. Plasmonic nanoparticle templates have been used extensively across a wide range of
applications from memory devices [177], photovoltaic devices [178], photocatalytic surfaces [179]
and used extensively within sensing and sensor devices [180, 181]. Plasmonic nanoparticles are
compatible with such a highly divers and large number of applications due to their powerful
and unique optical properties that manifest at the nanoscale based, on the localised surface
plasmon resonance effect. This is a resonance oscillation of the surface electrons between the
electric field of the incident photons and the restoring force of the positive nuclei This results in
a significant increase of the scattering and absorption cross section, producing a characteristic
macroscopic reflectance peak [19,182]. There are many factors that dictate the exact position
of this LSPR peak from a plasmonic nanoparticle template, including the nature of the metal
they are made from, their size, shape and distribution over the surface and the local dielectric
environment, to name but a few [98]. These factors determine the spectral position of this
characteristic reflectance peak [7]. This reflectance peak is traditionally assessed normal to the
surface, or at normal incidence, where the angle of incidence and detection is 0°. However, this
does not necessarily allow for the full understanding of the optical properties of the nanoparticle
template. With the rapid and widespread development of flexible [173,173] and elastic [172,175]
plasmonic devices, the response of a plasmonic nanostructure at normal incidence is not a true
understanding of the optical properties.

There exists within the literature many studies into the optical properties [183] of a plasmonic
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nanoparticle template including the angular [183,184] or polarisation [185,186] dependent optical
properties, covering reflectance, absorption and transmission [187]. These computational and
theoretical investigations have focused on a wide variety of applications including LSPR tuning

[188], directional emission control [189-191], sensing [192,193] a perfect absorbing surfaces

7.2 Results and Discussion

7.2.1 Angular Reflectance System

This section will focus on the design, construction, calibration and the measurements from a
custom-built angle and polarisation dependent reflectance system produced as part of this re-

search.

Design, Construction and Calibration

At a fundamental level, a successful angular reflectance spectroscopy system must allow for
the selection and positioning of specific incidence angles onto a given samples and allow for
the selection of specific detection angles. Where the angle of incidence and detection could be
equivalent to ascertain the specular reflectance of a given sample but need not be to allow for
the measurement of the diffuse reflectance. These two principle requirements heavily dictate the
design and construction of an ARS system. The core of the ARS system is an analogue optical
diffractometer, traditionally used for the identification and measurement of the Brewster’s angle.
A diffractometer consists of a fixed position arm, a rotating arm and a rotating sample stage.
Both the sample stage and rotating arm are positioned accurately with a goniometer, fitted with
a Vernier scale, allowing for angular positioning with a precision of 1 arcminute (1’ or 1/60°%).
The core components of this diffractometer clearly allows for the two primary goals of selecting
and accurately positioning the incident and detection angles for any given measurement. Despite
the ease with which the diffractometer allows for the key requirements of this system, the base
system uses small scale telescope like assembly fitted with an adjustable slit and an eyepiece on
the light delivery and detection arrays respectively.

As most modern light sources and spectrometers are fitted with standardised optical fibre
connectors, it was established that the completed ARS system must be compatible with optical
fibres. Therefore, it was concluded that the light delivery and detection assemblies must be
redesigned. Due to the necessity to include optical fibres, and the inherent dispersion of light
from the tip of the fibres, there was a clear and obvious need to limit this dispersion due to two

specific situations: firstly the intensity of light incident to the sample could become sufficiently



7.2. RESULTS AND DISCUSSION 97

low to minimise the reliability of these measurements; and secondly the area of the sample
illuminated, in particular at steeper angles, which could become significantly larger than a single
plasmonic nanoparticle template. This would subsequently lead to the measured reflectance
being an amalgam of the reflectance for the areas illuminated by the light spot, rather than
that of a specific nanoparticle template. Due to this, it was established that in addition to
the light delivery and detection assembly allowing for optical fibre coupling, there is a need to
include collimating optics to minimise the dispersion and ensure parallel-beam illumination and
detection. To achieve this, a custom multi-layer acrylic mounting plate was fabricated that would
allow for the independent variation of the illumination-sample and sample-detection distance, to
ensure a high detected signal to noise ratio. Additionally, a vertical component to this mounting
assembly was fabricated with a hole that was subsequently threaded, to allow for a fibre coupled
collimating lens (Ocean Optics 74-UV collimating lens cover a wavelength range of 182 - 2500
nm) to be connected and securely held in place during use. This mounting plate assembly allows
for the implementation of both the optical fibres (Ocean Optics QP200-2-UV-VIS fibres covering
wavelength range of 300- 1100 nm) feeding in the illumination and detection as well as enabling
the use of the collimating optics to ensure parallel beams.

Despite the significant advantages of this acrylic assembly and the number of distinct advant-
ages it has over the original telescopes, the assembly was not capable of supporting the inclusion
of the liner polarisers, necessary to establish the polarisation specific reflectance and any polar-
isation transformation during reflection. The acrylic support struts, while sufficiently strong to
support the lenses and optical fibres, are unable to support the liner polarisers necessary to be
able to measure both the S-, P- and N-polarisation dependent reflectance from a given sample.
As such, the design of the acrylic illumination and detection mountings was taken as a base and
re-fabricated in aluminium, to increase the strength of the mounting assembly and to allow for
the inclusion of a bracket to hold the linear polarisers. As previously, these aluminium mounting
assemblies allowed for the alteration of the illumination-sample and sample-detection distance
to ensure a high signal to noise ratio, as well as having a threaded connection for the collimating
lens, as described previously, to connect too. For the measurements described in this work, the
illumination-sample and sample-detection distance were kept constant at the maximum possible
value of 125 mm and the collimating lenses were set to ensure the incident and reflected beams
wereparallel, with a spot size at the sample of 2 mm. The final design for this angular reflectance
system can be seen in figure 7.1.

The quality of any system is based on the confidence and reliability of the results it provides.
As such, it was necessary to devise a method for the calibration of the ARS system. This would

ensure that any results achieved from future experiments would be reliable and as accurate as
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Figure 7.1: Diagrammatic (A), and photographic (B) and (C), views of the custom built, go-
niometric system for the investigation of the angular reflectance of nanoparticle templates. This
system allows for the independent angular positioning of both the sample and detector to allow
for the measurements at the largest possible angular variation. Polarisers have been inserted
on both the illumination and detection fibres to allow for the identification and assessment of

individual polarisation reflectance.

possible. As the focus of this system is to assess the angular reflectance of a plasmonic nano-
particle template, it was therefore concluded that the measurement of the reflectance interference
peaks from a metallised diffraction grating, where the correlation between the calculated angular
position and the measured angular position of these reflectance peaks can be used to calibrate
both the reliability and precision of the angular measurements. Additionally, this test would al-
low for the quantification any 0 off-set inherent with the produced ARS system. This calibration
can be seen in figure 7.2. To achieve this calibration, the fabricated ARS system was modified
by removing the two linear polarisers and to the connection a red (653 nm, 5mW) laser diode in
place of a white light source to use a stable monochromatic light source and achieve a single set

of interference peaks.

It can be clearly seen that there is no systematic error or numerical off-set in the measured
reflectance peak position and as such we can conclude that there is no 0 off-set present. Further
to this, we can see that the calculated and know values lie comfortably within the experimental
error of the measured values. In addition to the experimental values being in strong agreement
with calculated and known values, demonstrating that the fabricated ARS system has a great
deal of reliability and has a high level of precision. This result provides significant confidence
in the angular positioning of the ARS system, where the precision of the angular position can

be read with an error of +1" over an specular range of 25° to 90°. Measurements of the angular



7.2. RESULTS AND DISCUSSION 99

- Experimental
Calculated / Known

d=2.0pum ) d=1.5pum

804 801

50+ 50 1

Imterference Peak (°)

204+ = 20+

¢
§
¢
q
b

Diffraction Spacing, d (um)
= ' i
+
o

0.0 + + + 0.0 t + t
1 2 3 1 2 3
Diffraction Order, m Diffraction Order, m

Figure 7.2: Calibration between the calculated angular position of the diffraction interference
peaks (top) and the know spacing of the diffraction grating (bottom) and the corresponding
experimentally measured angular position of the diffraction interference peaks and the grating
spacing calculated from these values. This has been performed for two specific metallic dif-
fraction gratings with a known grating spacing of 2.0um (left) and 1.5um (right). Each of the

experimental data points is the average of 3 measured values.

reflectance closer than 25 are not possible bue to the necessary size of the polariser mounting

bracket.

Angular Reference Calculations

To calculate the absolute reflectance (AR) of any given sample or material, the following standard
reflectance equation can be used:

I am e_-[ ar
AR—<Ska>XRmf (71)
IRef _IDark:

Where Isampie; IDark and Ig.y are the reflected intensities of the sample under investigation,
the dark spectrum and the reference material respectively and Rp.s is the known reflectance
of the reference material. It is here that one of the greatest complications associated with
angular reflectance spectroscopy (ARS) is found. The monochromatic angular reflectance and
the broadband polarisation dependent reflectance at normal incidence (0°) of a wide variety

of materials are readily available within the literature. However, there is no available reliable
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source for the broadband angle and polarisation dependent reflectance for any material. As such,
a method for the calculation of the theoretical reflectance of the standard reference materials
(silicon, gold, silver and aluminium) used in this research must be established before the angular
absolute reflectance of a nanoparticle template can be calculated.

It is well known that the reflectance at any angle of incidence of a dielectric material can be

calculated using the Fresnel equations:

g,

Figure 7.3: Image taken from: ‘Optics, Fourth Edition’; E. Hecht; Adelphi University; Addison
Wesley; 0-321-18878-0; Chapter 4, page 117, Figure 4.43. Image (a) shows the electric field vector
perpendicular to the plane of incidence — S polarisation. While image (b) show the case of the

electric field vector parallel to the plane of incidence — P polarisation.

Q _ ny1co0s81 — nocosts (7.2)
Ei)q " nycost + nocoss '
E _ nacosf — nycosby (7.3)
Ei)p " ngcost + nqcosbs '

Where ny and ny are the refractive indexes of medium 1 and medium 2 respectively, while
01 and 6 are the angles of incidence and refraction / transmission, where this can be seen in
figure 7.3. In the specific case of a reference material for ARS, we are considering light incident
onto a metallic reference material, so that ns is the refractive index of a metal. However, for the
case of a metal, the refractive index can only be fully described using a complex index such as
n = n + ik, so for our specific situation, where we are selecting medium 2 as a metal, we can

conclude that:

Ny = ng + tkg (74)

Additionally, to be able to solve the Fresnel equations numerically, there must be a numerical

value for 5, the angle of refraction or transmission. This presents a further complication as for a
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metal surface, the electric field component of an incident light wave is attenuated to practically
0, within a few nanometres of the surface, described as the skin depth, and therefore the intrinsic
value of 65 cannot be measured. Therefore, to solve this situation numerically, we can use Snell’s

Law (nysinfl; = ngsinfy)and a trigonometric identity (sinf? + cosf#? = 1)to describe cosf as:

2
cosly = \/1 - <nlsin91) (7.5)
no

Further to this, if we assume that medium 1 is a vacuum (n; = 1) and that medium 2 is a

metal (7ig = ng + iks), we can redefine equation 7.5 as:

TN
cosbly = \/1 - (Wszn&) (7.6)

Where from this, we can see that cosfs has inherently both a real () and imaginary (%)

component. As such, henceforth, we will define the solution to equation 7.6 to simplify the

further stages:

costly = R[cosbs] + iS[coshs] (7.7)

This now enables us to recreate the Fresnel equations by substituting 7.4 and 7.7 into equa-

tions 7.2 and 7.3:

_(Er 2 [ costy — (ng + iky)(R[costz] + iF[cosbs]) 2

s = <Ei>s B <c0591 + (ng + tk2) (R[cosbs] + i%[coseg])) (7.8)
_(Er 2 [ (na +iky)cosh) — (R[costz] + iS[cosbs]) 2

Fp = <Ez->P - <(n2 + ikg)cost + (R[cosbs] + i%[cos@ﬂ)) (7.9)

These equations allow for the calculation of the three-specific polarisation: S; P; and N
(where the N-polarisation is the mathematical average of S and P) reflectance of any material,
with known n and k values, for any angle of incidence (61). Subsequently, this allows for the
calculation of the reflectance of each of our reference materials and for the use of equation 7.1 to
calculate the angle and polarisation dependent reflectance of a plasmonic nanoparticle template.

The reference material of choice for these angular reflectance measurements is aluminium,
due to its highly uniform reflectance across the UV-VIS range, the ease of access of its n and
k values across a wide range of wavelengths and, potentially most importantly, the lack of alu-
minium within the assessed sample structure. To identify the specific polarisation response, the
S- and P-polarisations will be individually measured, while the natural (N) polarisation, will
be calculated as the mathematical average of S and P. If we consider the isolated S- and P-

polarisation reflectance of a plane surface, there is a theoretical expectation that there will be a
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general increase / decrease of the broadband reflectance of the sample respectively as we move to
steeper angles, while the natural or N-polarisation will again steadily increase at steeper angles
as it is the average of the two, as shown in figure 7.4. However, of note is the fact that with
our reference materials, we are considering the reflectance of a metallic surface, the reference
materials will not show a P - polarisation 0 reflectance minimum, more commonly referred to as
the Brewster’s angle or the polarisation angle (0 or 0p), as we would expect with a dielectric
surface. While the P - polarisation reflection of a metallic surface will exhibit a characteristic

minimum, this minimum will not reach 0 reflectance.

1.0+ m S -polarisation
e P -Polarisation
4 N - polarisation
Brewsters Angle, 8, = 60° for Silica[

084

Reflectance (R)

Angle of Incidence (°)

Figure 7.4: Graph showing the polarisation dependent reflectance from a planar surface of bulk
silica (Si03), where the Brewster’s angle or polarisation angle = 60°. Data from Refractiveln-

dex.org.

7.2.2 ARS Measurements

With the successful design, construction, calibration and preliminary calculations completed, it
was clear that a series of samples must be produced so that the angle and polarisation dependent
reflectance of a laser fabricated plasmonic nanoparticle template could be assessed. From previous
work, it was seen that when a sample consisted of a silica interlayer, thicker than that of the
native oxide, there was a clear variation in the observed colouration depending on the angle of
illumination and the angle of observation. This effect was not seen for samples where the silica
interlayer was not increased beyond the native oxide. As such, a sample series was proposed, so

that this colouration variation can be quantified, and the influence of the silica interlayer can be
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understood.

These samples were produced on a commercial n-type silicon (Si), (100) wafer substrate,
where the increased silica interlayer was grown using thermal oxidation in an electrical Carbolite
CWF1200 high temperature oven at 1100 °C for set periods of time to allow for the growth of
specific interlayer thicknesses. A series of samples were produced; however, this discussion will
focus of the 2 nm (native oxide) and 61 nm silica interlayer films. These silicon / silica substrates
were subsequently coated with a discontinuous layer of silver, produced via RF magnetron sput-
tering in a high vacuum chamber (base pressure of < 10~%mbar), from a round (3”) Ag target
(99.99% purity), in the presence of argon (Ar) (99.999% purity), at a fixed flow rate of 4 stand-
ard cubic centimetres per minute(sccm) resulting in a working pressure of 5 mTorr. The power
applied to the target was set to 40 W while the Si substrates was rotated at 12 revolutions per
minute (rpm) to ensure a uniform deposition. The deposition time was set in conjunction with
the use of a quartz crystal microbalance to achieve an effective thickness of 10 nm. Following the
growth process, all these samples were subsequently laser annealed following a UV MONA-LISA
process, using a krypton fluorine, KrF, excimer laser system, delivering unpolarised 248 nm light
up to 1200 mJ per pulse (25 ns pule width, 1 Hz repetition rate). The samples were exposed to
four specific fluences: 350mJem =2, 500mJem =2, 650mJem 2 and 800mJem ™2, with 6 different
numbers of treatment pulses, 1, 2, 3, 5, 10 and 15 pulses to produce 24 plasmonic nanoparticle
templates on each silica thickness so that the direct influence of the silica thickness on the angular
response.

Initially, it was necessary to understand the angle and polarisation dependent reflectance of
the as grown silica (Si/Si0z[zxnm] complex) and the as deposited silver film (Si/SiOz[xznm|/Ag[10nm]
complex), so the optical response of the untreated sample can be understood and to provide an
understanding of the extent of the influence of the thin film interference caused by the presence
of the silica interlayer. These spectra can be seen in figure 7.5. When looking at both the
native oxide silica and the native oxide silver composite, we can clearly see that while there is
a distinct and expected angular variation to the magnitude of the measured reflectance, there
is little variation to the spectral shape and characteristics. As the characteristic silicon peak is
maintained. Conversely, when we consider the 61 nm silica and silica silver composite, we can
see again that there is the expected increase and decrease of the overall reflectance of the S -
and P - polarisation reflectance respectively. However, in this case, there is an alteration of the
spectral profile. It can be most clearly seen with the silica interlayer silver composite, in the case
of the P - polarisation, where at steeper angles there is a significant shift of the reflectance to
the UV region, with a corresponding decrease in reflectance at longer wavelengths. This can be

attributed to the increased transparency of the silica interlayer at steeper angles, where a greater
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influence from the silicon substrate can be seen in the reflectance profile of the sample.

Si /sio, Si/Si0,/ Ag
B i - 1. w .
2nm & Lo ]
AER
61 nm i .

Weveerom i

Figure 7.5: Angle and polarisation dependent optical reflectance (ARS) spectra of the as grown
silica interlayer (left) and the as grown silver film (right) on an identical silicon wafer substrate.
These spectra are shown for both the native oxide thickness (2 nm) (top) and a 61 nm silica
interlayer (bottom). As expected, there is a general decrease of reflectance when considering the
P - polarisation, while conversely, there is a general increase in reflectance when considering the
S -polarisation, where the N - or natural polarisation is the mathematical average of the S - and

P - polarisation.

With this understanding of the optical response of the as grown films, both the silica interlayer
and silver thin film, we can more accurately assess the response from a plasmonic nanoparticle
template on both the native oxide (2 nm) and the 61 nm silica interlayer. This will allow us to
see if the presence of the nanoparticles induce an additional effect beyond those seen with the as
grown films. These spectra can be seen in figure 7.6. When considering the native oxide (2 nm)
silica interlayer, we can see that the reflectance across the specific S - and N - polarisations, that
there is minimal change to the spectral position of the LSPR peak. However, when we consider
the P - polarisation reflectance, we can see that in addition to a general decrease of reflectance,
the characteristic LSPR peak can be clearly seen to experience a blue - shift. As seen previously
with the as grown films, the S - and P - polarisation of both silica interlayer samples exhibit
an expected an overall increase and decrease of reflectance. With the specific S - polarisation
reflectance exhibiting a negligible spectral shift, with the primary LSPR peak being altered by
the incidence angle by 9nm and 15nm respectively across the native oxide and 61 nm silica
samples. However, when considering the P - polarisation reflectance of the 61 nm silica sample
there is significant variation beyond the changing magnitude of reflectance. As seen with both the
as grown 61 nm silica and silver films, at steeper angles, the characteristic silicon peak becomes

increasingly apparent while simultaneously reducing the reflectivity at longer wavelengths. In
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this case there is an additional affect to this, where the LSPR peak can be seen to undergo a
clear blue - shift at steep angles, shifting to shorter wavelengths and therefore higher energies.
This suggesting that the nanoparticle template shows a different optical profile at steeper angles
and that the overall observed colouration change cannot be solely due to a thin film interference
effect. Instead, this shift is at least in part due to the presence of these plasmonic nanoparticle
templates. The change of colouration observed with the naked eye, can be clearly seen when
considering the calculated N - polarisation reflectance, where this is the mathematical average of
the S - and P - polarisation reflectance. As seen with the P - polarisation reflectance, can be seen

to undergo a blue - shift at steeper angles in combination with a general increased reflectance.
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Figure 7.6: Angle and polarisation dependent optical reflectance (ARS) spectra of a plas-
monic nanoparticle templates fabricated with identical laser annealing parameters on a
Si/Si02(2nm)/Ag(10nm) (top) and Si/Si02(61nm)/Ag(10nm) substrates, where these plas-
monic nanoparticle templates were fabricated with 5 pulses of 500m.Jem ™2, Were the individual
polarisation dependant reflectance for the S - (left), N - (centre) and P - polarisation (right) can
be seen individually. The Inset SEM micrographs show the morphology of these nanoparticle

templates.

While the absolute reflectance allows for the visualisation of the complete reflectance of the
sample, where the absolute reflectance comprises of the optical influence from the substrate and
all additional layers, here we require an understanding of how the optical response of a plasmonic
nanoparticle templates changes depending on the incidence angle and the polarisation. As such,
by assessing the reflectance relative to the effective substrate, or RRES, spectra, where the reflec-

ted intensities of the complete sample are normalised by the sample’s effective substrate, which
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is here defined as the layers below the nanoparticle templates. In this specific case the effective
substrate is the composite of the silicon wafer substrate and the silica interlayer (Si/5i02). The
RRES spectra act to minimise the effect of the effective substrate while simultaneously enhancing
the prominence of the optical reflectance of the nanoparticle templates, to allow for a greater
understanding of the specific spectral position and nature of the LSPR peak associated. Due to
the significant blue - shift seen from the 61 nm silica interlayer film, the RRES spectra for the
S - and P - polarisation reflectance can be seen in figure 7.7. From the RRES spectra, it can
be identified that the blue - shift seen previously in the case of the P - polarisation is not solely
due to thin film interference within the silica layer as there is an obvious angular variation of the
optical response of the nanoparticle template. However, due to the minimisation of the effect of
the silicon silica substrate we can clearly see that the significant increase of reflectance below 400
nm can be attributed to the increased transparency of the silica at steeper angles, as the RRES
spectra clearly shows. Similarly, when we consider the specific S- polarisation, we again see a
minimal spectral shift of the dominant LSPR peak (17nm) however it can be seen that there is a
clear and distinct broadening of the LSPR, peak, where the contribution of the two nanoparticle

size families is equalised and subsequently acting to broaden the LSPR peak.
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Figure 7.7:  Angular reflectance relative to the effective substrate spectra for the
Si/Si05(61nm)/Ag(10nm) sample, where the specific S - polarisation (left) and P - polarisation

(right) are shown separately.

From the assessment of both the absolute reflectance and the reflectance relative to the
effective substrate, we can see that there are two parallel processes leading to the colouration
variation seen when the samples are viewed at different angles of illumination and detection.
Firstly, there exists interference within the silica interlayer and increased transparency of the

silica at steeper angles, when this layer is grown to a greater thickness than the native oxide. This

800
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interference leads to a modulation of the reflected light. Simultaneously, the optical response of
the nanoparticle template is altered by the angle of incidence. This phenomenon can be attributed
to the interaction of the specific polarisations with the inherent shape of the nanoparticles, as
seen in figure 7.8. If we consider the nanoparticles to be hemispherical and firstly consider a

reflectance measurement at normal incidence (where the angle of incidence and detection is

Angle of incidence = 0° Angle of incidence = 90°

E o

Figure 7.8: Diagrammatic explanation of the mechanism behind the reflectance peak shift found

in the P-polarisation ARS. As the ARS is measured at steeper angles, the P-polarisation is
probing the vertical axis of the PNP, while the S-polarisation always probes the horizontal axis

which will remain constant.

This correlation between the spectral position of the LSPR peak of the plasmonic nanoparticle
template at normal incidence (0°) and at steeper angles, such as (60° and 70°), we can use this
ARS system to gain a general, qualitative understanding of the morphology of the plasmonic
nanoparticle template. Based on the position of the LSPR peak at normal incidence and at
steep angles, considering both the S- and P-polarisations, it is possible to draw a conclusion
as to a relative ratio of the horizontal and vertical dimensions. Here we can take the example
of the 61 nm silica interlayer sample, where we can clearly see that the reflectance peak of
the P-polarisation is clearly located at a shorter wavelength than the peak identified in the
S-polarisation, suggesting that the vertical axis of the nanoparticle is smaller than the lateral
axis. This allows us to conclude that the vertical size (normal to the surface) is smaller than the
horizontal size and further to this we can assess that theses nanoparticles are indeed hemispherical

in shape.

7.3 Conclusions

Here we present the development, fabrication, calibration and selected real world measurements
from a unique, custom, goniometric, angle and polarisation optical reflectance measurement
system designed and built in house. This investigation offers a unique experimental investigation
of the angular reflectance of a nanoparticle template on specific silica interlayer thicknesses. We

present the distinct differences between the specific S -, P - and N - polarisation reflectance
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across a wide range of angles, from 0° (normal incidence) to 70°. From these nanoparticle
templates, we can provide evidence that the spectral shift seen in the N - polarisation is driven
by two complimentary mechanism, firstly the inherent thin film interference within the silica
interlayer and the secondly the specific polarisations probing the two axis (lateral and vertical)
of the individual nanoparticles, giving rise to the significant shift seen from the P - polarisation
reflectance and real world colour change. The comparison of the reflectance of the S - and P -
polarisation at normal incidence and at 70" , it is possible to gain a quantitative understanding of
the relative lateral and vertical size of the nanoparticles under investigation. This unique optical
measurement system can further be used to provide the only experimental method for the end
user of a given optical device, to modify the optical response to better suit the given application

based exclusively on the angle of incidence.



Chapter 8

Conclusions Future Work

8.1 Introduction

This research was conducted with the aim of providing clear evidence that a laser fabricated
plasmonic nanoparticle template on a silicon substrate and a polymer substrate can act as an
effective sensing surface. The nanoparticle template was fabricated with a custom laser annealing
methodology from a discontinuous 10 nm thin film produced via RF magnetron sputtering. Each
sample was processed with a range of laser parameters to produce the widest possible range of
nanoparticle morphologies; assessed optically via ORS; and where appropriate, additional surface
analysis techniques such as SEM imaging or XPS analysis. This chapter will discuss the key

conclusions from this work, as well as proposing avenues for future work.

8.2 Conclusions

The most vital conclusion from this work, is that the high control in the surface morphology of
the laser fabricated nanoparticle temples offered by laser annealing, enables the production of a
sensing surface of remarkable diversity and range of applications.

The initial investigation in chapter 4 focused on assessing a laser fabricated nanoparticle
template on a known substrate, namely silicon, to act as a sensing surface. We presented a
simple yet sophisticated alteration to an established LSPR sensing methodology. This involved
the removal of an inherently complicated functionalisation stage in the fabrication of a LSPR
spectroscopy sensor, to produce a maked nanoparticle sensing surface. Through the optical
characterisation of the as fabricated nanoparticle templates, the treatment of each template
with a lead salt solution, post treatment optical characterisation and finally the analysis of each
template via XPS, it was evident that the lack of functionalisation did not result in the lack of
a sensing surface. The naked nanoparticle sensing surface was able to detect a concentration of
100 ppm of lead at the surface. Of note was the discrepancy of the pre- and post-lead treatment
optical response of the naked nanoparticle sensing surface when compared to the behaviour seen

in the literature, with the naked nanoparticles showing a unique blue-shift. This unexpected
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phenomenon can be attributed to difference in the Fermi energies allowing for electron transfer
from higher energy states in the lead to vacant lower energy states in the silver due to the
adsorption of the lead directly onto the silver nanoparticles.

In chapter 5, focused on assessing the compatibility of laser annealing process on a PET
polymer substrate and assessing if a nanoparticle template on a PET substrate could also act as
a sensing surface. It was shown that a direct duplication of the laser annealing process, as both a
LISA and MONA-LISA process, did not allow for a duplication of the effect seen on a silicon sub-
strate. This can be easily explained by the dramatic difference between the physical properties of
silicon and PET. To counteract this, the inclusion of an interlayer materiel between the substrate
and the silver tin film into the sample structure, where a range of interlayer materials and thick-
nesses were investigated to cover a range of thermal and electrical properties. Of the investigated
interlayer materials and thicknesses, it was shown that the inclusion of a silicon dioxide interlayer
with a thickness of 100 nm allowed for the greatest improvement to the nanoparticle template
produced. Despite the improvement seen with the interlayer, there was a significant increase in
the probability of ablation and delamination at even low laser fluences. To counteract this low
layer adhesion, the PET substrate was roughened, via plasma etching, prior to the deposition of
the interlayer. The combination of the inclusion of an interlayer and the roughening of the PET
substrate, resulted in the most promising optical response seen in this investigation. However,
due to the transparent nature of the PET as well as the increased scattering associated with
increasing the surface roughening, the optical response of the produced templates was difficult to
identify through simple ORS measurements. However, an alternative methodology for probing
the LSPR of the produced nanoparticle templates was identified, namely probing a Raman active
compound adsorbed onto the PET / interlayer material / silver nanoparticles samples with a
Raman microscope. Beyond providing clear evidence that a plasmonic nanoparticle template had
been produced, this investigation proved that a plasmonic nanoparticle template on a plasma
etched PET substrate, covered with a 100 nm interlayer of silicon dioxide and capped with a 10
nm silver film produced the greatest surface-enhanced Raman spectra. The SERS enhancement
for this sample allowed for the clear detection of the specific Raman lines for both the rhodamine
110 dye and the PET substrate by 4 orders of magnitude.

Chapter 6 attempted to resolve several unanswered questions raised from the work present
in chapter 5, namely the exact influence that an interlayer has on the laser annealing process.
Due to the difficulty of transplanting the laser annealing process onto a polymer substrate, it
was shown previously, that the inclusion of an interlayer provides an improvement to the ability
to produce a nanoparticle template on a polymer substrate. However, this introduced a number

of new variables to the already variable rich process of laser annealing. Consequently, to min-
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imise the number of parameters under investigation in a single experimental series, the concept
of including an interlayer was simplified. This was achieved by using a well-known substrate,
silicon; a single understood interlayer, silicon dioxide; and single pulse, or LISA processing across
a specific laser fluence range. Allowing for a single variable, namely the silicon dioxide inter-
layer thickness to be investigated at a time. This was carried out simultaneously as both an
experimental and theoretical investigation. The theoretical computational study showed that at
specific silica thicknesses there was a significant increase in the absorption of the laser line in the
silver thin film, while at opposing thicknesses, the inverse was true where the absorption in the
silver film was minimised. These bands of high and low absorption of the laser line predicted in
the theoretical calculations was matched perfectly by the modification of the annealing window
at the corresponding thicknesses - high absorption in the silver leading to a narrowing and shift-
ing to lower energies, while low absorption in the silver film shits the annealing window to higher
energies. Further to this, analysis of nanoparticle templates with similar morphologies revealed
that irrespective of the interlayer thickness, these templates had experienced comparable: abso-
lute peak temperatures; cooling times; or time spent above the melting temperature of silver.
The multiple reflections of the laser line within the silica film off us an additional level of control
on the laser annealing process by allow the pre-determination of the level of absorption of the

laser pulse in the silver film.

Similarly, to the previous chapter, chapter 7 addresses a peculiar phenomenon identified when
viewing silicon / silicon dioxide / silver nanoparticle templates, at different angles of incidence or
angles of illumination, where the samples appeared to change colour. This effect, like that of an
opal, is one that to the best of the authors’ knowledge cannot be accurately measured with any
commercially available optical measurement system. Consequently, to fully analyse this effect,
it was necessary to design, engineer and construct a system that would allow for this. The
system was designed and built around a two-stage goniometric base comprising a sample stage
and rotating detector arm, that can freely rotate 360° and a fixed position illumination arm. The
illumination and detection arms deliver and acquire light through a fibre coupled collimating lens.
Additionally, due to the polarisation dependence of reflectance at steep angles, such as angles
above the Brewster’s angle, the system was built to incorporate a linear polariser into both the
illumination and detection arms. This custom-built system allows for the angle and polarisation
dependent absolute reflectance or transmission of any given sample to be accurately and reliably
measured. Measurements of silicon / silicon dioxide / silver nanoparticles at a range of angles,
showed that the spectral position of the LSPR peak in S-polarisation shown no variation, the
P-polarisation showed a clear blue-shift of the LSPR peak position at steeper angles. This effect

can be attributed to two compound factors: the S-polarisation probing the z —y place dimension
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of the nanoparticle template and having limited penetration into the silica interlayer; and the
P-polarisation probing the z axis of the nanoparticles and having high penetration into the silica
interlayer. We can therefore state that the colour change effect is due to the hemispherical shape

of the individual nanoparticles and a thin film interference effect caused by the silica interlayer.

8.3 Future Prospects

As is the case with all research, answering one question often produces two more. Here we will

present a possible route towards furthering the research presented here.

8.3.1 Naked nanoparticle monitoring

In chapter 4 we have presented the proof of principle of a novel approach to an existing sens-
ing methodology. The lack of functionalisation offers far more than the simplification of sensor
fabrication. The lack of specificity of the naked nanoparticle sensing surface means that a single
sensing surface could be used to monitor the surface adsorption of multiple compounds with
comparable levels of accuracy as shown here. This could provide the perfect in situ monitoring
technique for assessing the uptake of a filtering medium. This work would require the investig-
ation of the optical effect caused by the adsorption of multiple compounds individually onto a
naked nanoparticle template, again, cross calibrating the optical response change to the meas-
ured surface abundance. Following this, there would need to be an investigation into the ability
of a naked nanoparticle template to respond to multiple compound simultaneously - studying if
these compounds can be individually identified. Finally, it would be necessary to investigate if a

nanoparticle template produced on a filtration medium could be used for in situ monitoring.

8.3.2 The influence of an interlayer on laser annealing

Combining the insight gained from chapter 5 and 6, it may be possible to recreate the same
quality off nanoparticle templates as seen on silicon on a polymer substrate. To this end, it
would be necessary to recreate the multiple interfaces present in the silicon / silica / silver
structure on a polymer substrate. This would require the inclusion of a back-reflector to be
deposited onto the polymer. This new sample structure of polymer substrate / back-reflector
/ silica interlayer / silver thin film could allow us to exactly recreate the effects seen on silicon
on a polymer. The material selected for the back reflector either silicon, to more accurately
emulate the silicon situation, or aluminium, to maximise the reflection at the reflector / interlayer

interface. The inclusion of the back-reflector into the sample structure could allow for an identical
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laser annealing process to be carried out on a rigid substrate as on a flexible substrate, resulting
in the production of identical, high quality nanoparticle templates. If successful, even at lower
laser fluences that those used on a true silicon substrate, would mark a key milestone towards

the rapid and controllable process for flexible plasmonic devices and applications.

8.3.3 Angle and polarisation dependent reflectance

Chapter 7 describes not only a novel measurement technique but a viable route towards an end -
user tuneable plasmonic surface. The optical response of a plasmonic nanostructures is dictated
by the material, size, shape and surface coverage of the nanostructure the optical response is
fixed. If for a given application or system such as a Raman microscope, a single user may require
the use of multiple probing laser wavelengths and would equally require multiple SERS surfaces
corresponding to each laser used. This however could be vastly simplified by instead using a single
surface that can be positioned at a specific angle to achieve a desired LSPR peak wavelength.
To achieve this several theoretical computational studies must be undertaken. Primarily, an
investigation into the extent to which the nanostructures shape plays on the angle dependence
of the reflectance - do nanoscale pillars offer a greater variation to the optical response than a
hemispherical nanoparticle. Such a computational study could be used to guide an associated

experimental program aiming to attempt to recreate the effect of an angle tuneable LSPR surface.
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